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PUBLISHER’S PREFACE 


In making plans for new editions of our handbooks in mechanical engineering and in 
electrical engineering, it soon became clear that engineering science and practice had 
developed to such an extent that handbooks were growing beyond all practical bounds. 
They had become both bulky and inconvenient and contained much duplicated material. 
In order to solve the problems presented by these conditions, the editors of our various 
handbooks were asked to serve as an advisory editorial board. 

This board recommended, first, that the fundamental material underlying all 
engineering be published in a separate volume, and, second, that the existing handbooks 
as they are revised be issued in several volumes containing material closely related to 
the specialized branches of engineering. As a result of these recommendations, the Wiley 
Engineering Handbook Series has been initiated, which in the beginning will comprise the 
following: Eshbach’s ‘‘ Handbook of Engineering Fundamentals’’; Kent’s ‘‘ Mechanical 
Engineers’ Handbook”’ in two volumes, viz., ‘‘Power’’ and ‘‘ Design and Shop Practice’’; 
Pender’s ‘‘Electrical Engineers’ Handbook”’ in two volumes, viz., ‘‘Electric Power’’ and 
“Communication and Electronics.” 

This division has also made it possible to devote more space to the various topics so 
that the entire new series of handbooks contains more complete information on all topics 
than heretofore has been possible. It is our hope that this new plan will give engineers 
information that is more useful, more complete, and in more convenient form. 


JouN Witey & Sons, Inc. 


PREFACE TO THE ELEVENTH EDITION 
March 1938. 


Tue division of this handbook into two volumes has permitted a more thorough 
treatment of the material in the earlier editions and the inclusion of many new subjects. 
The development in the past ten years of many new materials of engineering and the 
improvement in tools, machinery and processes have made many of the data in the earlier 
editions obsolete. The book, therefore, has practically been rewritten. In the selection 
of material, the same principle has been applied that has governed the ten preceding 
editions, namely, that the book should cover the practice of mechanical engineering. 
The editor, and his collaborators, have presented the data that have been useful to them 
in their work as practicing engineers. 

In order to make this volume complete in itself, some duplication of material in the 
other volumes of this series was necessary; for example, the mathematical tables and 
some of the data on the materials of engineering. This duplication has been kept to a 
minimum, and in all cases the material has been revised to accord more closely with the 
needs of the mechanical engineer. 

The authorship of all special articles has been indicated in the text. Where no author 
appears, the material was prepared by the editor-in-chief. very effort has been made 
+o show all sources of material, and to give credit where credit is due. 

The publishers and the editor-in-chief extend their thanks to all who have assisted in 
the preparation of this work, to the collaborators, to the many industrial organizations, 
and to the individuals who have offered valuable criticism and suggestions. 


Rosert THurston Kent. 


ABSTRACT FROM PREFACE TO THE FIRST EDITION, 1895. 


Mors than twenty years ago the author began to follow the advice given by Nystrom: 
‘Every engineer should make his own pocket-book, as he proceeds in study and practice, 
to suit his particular business.’’ The manuscript pocket-book thus begun, however, soon 
gave place to more modern means for disposing of the accumulation of engineering facts 
and figures, viz., the index rerum, the scrap-book, the collection of indexed envelopes, 
portfolios and boxes, the card catalogue, ete. Four years ago, at the request of the pub- 
lishers, the labor was begun of selecting from this accumulated mass such matter as per- 
tained to mechanical engineering, and of condensing, digesting, and arranging it in form 
for publication. In addition to this, a careful examination was made of the transactions 
of engineering societies, and of the most important recent works on mechanical engineering 
in order to fill gaps that might be left in the original collection, and insure that no impor- 
tant facts had been overlooked. 

_ Some ideas have been kept in mind during the preparation of the Pocket-book that 
will, it is believed, cause it to differ from other works of its class. In the first place it 
was considered that the field of mechanical engineering was so great, and the literature of 
the subject so vast, that as little space as possible should be given to subjects which 
especially belong to civil engineering. 

Another idea prominently kept in view by the author has been that he would not 
assume the position of an ‘“‘authority’’ in giving rules and formule for designing, but only 
that of compiler, giving not only the name of the originator of the rule, where it was known 
but also the volume and page from which it was taken, so that its derivation may be 
traced when desired. | When different formule for the same problem have been found 
they have been given in contrast, and in many’ cases examples have been calculated by each 
to show the difference between them. In some cases these differences are quite remark- 
able. Occasionally the study of these differences has led to the author’s devising a new 
formula, in which case the derivation of the formula is given. 

Much attention has been paid to the abstracting of data of experiments from recent 
periodical literature, and numerous references to other data are given. In this r t 
the present work will be found to differ from other Pocket-books. ; ae 


WILuiaM Kent. 
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Greek Letters 


A a Alpha H » Eta 

B 8B Beta ® 8 6 Theta 

T y Gamma i Iota 

A 6 Delta Kk Kappa 
E «¢ Epsilon A 2d Lambda 
Z ¢ Zeta Mp Mu 


N » Nu Toor Taw 

ae Xi tT v_ Upsilon 
QO o Omicron ® ¢ Phi 

W =x Pi ex Chi 
Pp Rho wv y Psi 

=> os Sigma Q ow Omega 


Mathematical Signs and Abbreviations 


+ plus (addition). 

+ positive. 

— minus (subtraction). 
— negative. 

+ plus or minus. 

+ minus or plus. 

= equals. 


= equals or greater than. 


< equals or is less than. 


approximately equals. 


X multiplied by. 
j ab ora.b=aXb. 


+ divided by. 
/ divided by. 
a 15 
-=a/b=a+b. 15/16 = — 
b /' a VA 16 
2 
0.2 = —; 0.002 = —_. 
10 1000 id 


/ square root. 
a/ cube root. 


a/ 4th root. 

:is to, : : so is, : to (proportion). 

2:4::3:6, 2 is to 4 as 3 is to 6. 

: ratio; divided by. 

2:4, ratio of 2 to4 = 2/4. 

> greater than. 

< less than. 

° degrees, arc or thermometer. 

‘ minutes or feet. 

’’ seconds or inches. 

‘1 socents to distinguish letters, as a’, a’’, a’’’. 

Qj, 42, 43, Gb, ae, read a sub 1, a sub 8, ete. 

( ) [ ] { } parentheses, brackets, braces, 
vinculum; denoting that the numbers en- 
closed are to be taken together; as, 
(a+ bbe =4+3X 5 = 35, 

a2, 13, a squared, a cubed, 


a”, a raised to the nth power. 


Di Al genes 


1 


alt= te Qantas 
a a2 

109 = 10 to the 9th power = 1,000,000,000. 

sin a = the sine of a. 

sin-1 aq = the are whose sine is a. 

1 
sina” 
log = logarithm. 
loge or hyp log = hyperbolic logarithm. 

% per cent. 

Z angle. 

A triangle, 

sin, sine. 

cos, cosine, 

tan, tangent. 

sec, secant. 

versin, versed sine. 
cot, cotangent. 
cosec, cosecant. 
covers, co-versed sine. 

In Algebra, the first letters of the alphabet, 
a, b, c, d, etc., are generally used to denote 
known quantities, and the last letters, w, x, y, 2, 
etc., unknown quantities. 


sing! = 


Abbreviations and Symbols commonly used._ 
d, differential (in calculus). 
if , integral (in calculus). 


a 
Uh , integral between limits a and b. 


A, delta, difference. 

2, sigma, sign of summation. 

x, pi, ratio of circumference of circle to diam- - 
eter = 3.14159. 

g, acceleration due to gravity = 32.16 ft. per- 
second per second, 


Abbreviations 

ebm aoc «+++. absolute approx....... approximate 
AGG sieis, sis alternating-current AGP Le siete crane American Petroleum Institute 
PAST BO eat sous American Institute of Electrical AZRUOA sieve heist American Railway Association 

Engineers A.R.E.A..... American Railway Engineering 
A.I.M.E..... American Institute of Mining Association 

and Metallurgical Engineers AGS GAR sieeve American Standards Association 
BIND se ere amperes A.S.C.E...... American Society of Civil Engi- 
A.I, and S,I,. American Iron and Steel Institute neers 
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A.S.H.V.E.... American Society of Heating 
and Ventilating Engineers 
American Society of Mechanical 

Engineers 
A.S.R.E...... American Society of Refrigerat- 
ing Engineers 


A. SiMe 


ALB SB iaysiay.c American Society for Steel 
Treating 

A.S.T.M . American Society for Testing 
Materials 

AtM08 2. « » os atmosphere 

MOM Ls pina. dee avoirdupois 

TAR WW .Gias cory exe American wire gage 

Bie Occ tiss taper breadth 

Bet diteleprrerty fh Brown & Sharpe wire gage 

Dan crew 6 6 barometer, barometric 

i Dlrerereotates 2s barrel 

BG re arco oe Baumé 

BiG’... dscns Birmingham gage (tube and 

: sheet) 

Bia pesseee brake horsepower 

BAM... cian .. board measure 

Bur. of Std. Bureau 6f Standards 

Batiste we British thermal unit(s) 

‘BW. petra ae bushel (s) 

iBulbsiemciresrs bulletin 

Biw.Gs. sexes Birmingham wire gage 

Gyr arevelsieited scoters one hundred 

Gy, Cont... sac centigrade 

CARE 5 aati cubic centimeter(s) 

OEMs ater cubic feet per minute 

C.g.8 . centimeter-gram-second 

OMNES sete se ats + circular mil 

Gal A vata calorie(s) 

CENGiaonee ie centigram (s) 

OIF Seon creates circular 

GS Zoe ne oe wie centiliter(s) 

Colliers eerie a column 

OW. OMe va cubic centimeter(s) 

ous fi, Sona cubic feet 

OUe Ui ee ose t cubic inch(es) 

CWS Wis sivciacess cubic meter(s) 

GU. VG.n cae cubie yard(s) 

Oy lee eicterantenets cylinder 

Dr Oe savers diameter, depth 

Gdsie's Koutocs decibel (s) 

1D OP a aoe direct current 

Gets Sans iasente definition 

OGG cerac ure degree(s) 

IAIN: peice eles diameter 

Bua etars ini Ohe So there base of Naperian system of loga- 
rithms 

elders Urerete ciara Edison Electrical Institute 

1 THLE Sho a Aa electrical horsepower 

(14-0018 Ae ee electromotive force 

GFE aioe alee Aa efficiency 

OXbigah aims cave external 

Aa A Aree S Fahrenheit 

Binh ae a anne force 

Jyhy Pace ares tenis coefficient of fricton 

Ein. tan cee friction horsepower 

Pim, ates cies feet per minute 

EE. cevcnripeue dias foot, feet 

Ftielb one oie foot-pound(s) 

Race ccs chttenate acceleration due to gravity 

IDI. acne is gallons per minute 

eal. csican ects gallon(s) 

MU erscenrpnsiaeers gram (s) 

gM.-Cal. . oes gram-calorie(s) 

RCH, COTE ee grain(s) 

ED letters ey vere tee height 

EL ae rae gs, selene mercury 

HOM ees ores horizontal 


ELD. 3% caret horsepower 
Hp.-br. ci. 22. horsepower-hour(s) 
WY sg ete hour(s) 
hy ic cess hydraulic 
hiya oe = tered hyperbolic 
hyp. log... hyperbolic or Naperian loga- 
! rithm 
JE stsratetescsd ese,» current, electric; moment of in- 
ertia 
EBDta «asses indicated horsepower 
Imp. agamer Imperial 
Bs iwcnwagudtes inch (es) 
po Oe | ee ra inch-pound(s) 
Inst. C.E., 
ECG Wavaaes Institute of Civil Engineers 
Inst. M.E., 
EMBL ecco Institution of Mechanical Engi- 
neers 
ING dede mene internal 
SRS act dataorde, otek mechanical equivalent of heat 
Rost aectum es joule(s) 
kei sc eae kilogram (s) 
kg.-cal.....-.. kilogram-calorie(s) 
Keg int See: kilogram-meter(s) 
Wie weno kiloliter(s) 
es 3 ss syste kilometer (s) 
eye 2 Aerarerchate, kilovolt-ampere(s) 
RW 6 5 oe kilowatt(s) 
Ew-hreen on kilowatt-hour(s) 
Delete tee eee length 
| Pe he ec Be liter 
lat. ce o> see latitude 
TW aes oes Seas pound(s) 
Inve tec2 ee. linear 
logs Josue cas logarithm 
l0Ge- ts ose oe Naperian logarithm 
logip-scecnges common logarithm 
weedeags sate one thousand 
BD ssa eaten eee ee meter (s) 
Wade. oes meter-kilogram 
mmf ois .0 aes magnetomotive force 
ID Waccsh oer miles per hour 
TEE <5 Meuse agi maximum 
TAL, . Seiieceneee mile(s) 
Wn 22 eee minimum; minute 
THM... <i crieiare millimeter 
DS earn oS ae number (in mathematical tables) 
BRb cca s natural 


N.E.L.A...... National Electric Light Associ- 


ation (now Edison Electrical 


Institute) 

N.E.M.A..... National Electrical Manufactur- 
ers Association 

Note. Saeees number 

ODiF ae outside diameter 

OMe We. Slee ounce(s) 

eS .. pressure 

Doi PD anetemen page, pages 

Dcbige cntte cee power factor 

Proteinase Proceedings 

Dt nseaih creek pint(s) 

OQ) os taielers Chee quantity or volume 

CLA 4, pees quart(s) 

Pie Sars are tere radius 

va 11 Pear Peo square root of mean square 


r.p.m., or rev. 


per min.... revolutions per minute 


RY. a eee railway 

cA ge eae Society of Automotive Engineers 
SG Gee craic Standard (British) wire gage 
BAUT ase ee are saturated 

BOQ. oA veces second(s) 

BDL citer ere cre specific 
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Bprert. she specific gravity 

BPe Hee ae van specific heat 

0 ata es ec square 

Ags oni. square centimeter(s) 
SO. wuoes scree. square foot, square feet 
See, MS square inch(es) 

BE MCIN se sca css square kilometer(s) 

Fis et Ae standard 

SB Scat Aa BS tensile strength 

bempr sy LS2G4 t temperature 

ER EAIOR o saensis.5 Transactions 

WSS. a5. .. United States 

AORSUSNG eee United States Standard gage 


OGLE RS EA ultimate 

yi Oates Sarees velocity; volume 

Wali sitons sate velocity 

VOM Sree volume 

Desir GAR Biers versus 

Wer. Kade weight 
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This book is divided into sections, each section 
carrying its independent sequence of page numbers. 
For example, 3-15 indicates Section 3, page 15. 
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GENERAL PROPERTIES OF MATERIALS 


1. THE CHEMICAL ELEMENTS AND COMPOUNDS 


Table 1 gives a list of the chemical elements, together with their atomic numbers and 
their atomic weights. The atomic weights are the 1934 weights published by the Com- 
mittee on Atomic Weights of the International Union of Chemistry. Table 2, from 
Peele’s Mining Engineers’ Handbook, gives the chemical composition of the more impor- 
tant industrial compounds together with their molecular weights and specific gravity. 
Other properties of many of these compounds are discussed elsewhere in this volume and 
in Kent’s Mechanical Engineers’ Handbook—Power, comprising Vol. 2 of this series. 
For a complete discussion of the combinations and reactions of the more important of the 
chemical elements, and of chemical calculations, see Eshbach, Handbook of Engineering 
Fundamentals, Sec. 10, comprising Vol. 1 of this series. 


Table 1.—The Chemical Elements 
From report of Committee on Atomic Weights of Int. Union of Chemistry, 1934 


& 5 
3  |28 Atomic 8 |g Atomio 
Element 4 Element q 8 L Weight Element F a g Weight 
_ Actinium...}| Ac Holmium..... Hoy | 67, 1163/45 Radon..... Rn | 86 |222. 

Aluminum,.| Al Hydrogen..... H | 1.0078] Rhenium. .| Re | 75 |186.31 
Antimony. .| Sb Pn. ere ies « In 49 1114.76 | Rhodium..} Rh | 45 |102.91 
Argon: 2%. A WGI a ois exe 0x2 I 53 1126.92 | Rubidium..| Rb | 37 | 85.44 
Arsenic..... As Eridium: <<... «.. Ir re Nees | Ruthenium] Ru} 44 |101.7 
Barium..... Ba Fron c,.cras1e ere Fe 26 | 55.84 Samarium..| Sm | 62 |150.43 
Beryllium...} Be Kryptom..... Rr SG ozo 7, Scandium..|Se | 21 | 45.10 
Bismuth. . Bi Lanthanum...| La 57 |138.92 Selenium...|Se | 34 | 78.96 
Boron...... B eaden 46 50% Pb 82 |207.22 Silicon..... Si 14 | 28.06 
Bromine....| Br Tatham oe. «23 Li 3 6.940 | Silver..... Ag | 47 |107.880 
Cadmium., .| Cd Lutecium..... Tite |i zo Sodium Na] 11 | 22.997 
Calcium... .| Ca Magnesium...| Mg | 12 | 24.32 Strontium..| Sr | 38 | 87.63 
Carbon..... Cc Manganese....| Mn | 25 | 54.93 |Sulphur..../S 16 | 32.06 
Cerium..... Ce Masurium....| Ma | 43 |........- Tantalum..| Ta | 73 |181.4 
Cesium..... Cs Mercury...... Hg | 80 |200.61 Tellurium..| Te | 52 |127.61 
Chlorine. ...| Cl Molybdenum..} Mo | 42 | 96.0 Terbium...} Tb | 65 |159,2 
Chromium. .| Cr Neodymium...| Nd | 60 |144.27 Thallium..| Tl | 81 |204.39 
Cobalt..... Co Neoniicciseigts + Ne 10 | 20.183 | Thorium...} Th | 90 |232.12 
Columbium.| Cb Nickel Ni 28 | 58.69 Thulium Tm] 69 {169.4 
Copper..... Cu Nitrogen...... N Ta 4100 Bin eLi esstopessre Sn | 50 |118.70 
Dyprosium .}| Dy Osmium...... Os | 76 {191.5 Titanium..| Ti | 22 | 47.90 
Erbium....} Er OXVON se sess O 8 | 16.00 Tungsten. .| W | 74 |184.0 
Europium. .| Eu Palladium....| Pd | 46 |106.7 Uranium.. .| U 92 |238.14 
Fluorine....| F Phosphorus. ..| P 15 est 02) Vanadium .| V 23.30.95 
Gadolinium.| Gd Platinum..... Pt 78 |195. 23 Xenon..... Xe | 54 1131.3 
Gallium. ...| Ga Polonium..... Po 84 (210) | Ytterbium.} Yb} 70 {173.04 
Germanium.] Ge Potassium....| K 19 | 39.096 | Yttrium...] Y 39 | 88.92 
Gold teens. Au Praseodymium]} Pr 59 |140.92 WANG Aten: Zn | 30 | 65.38 
Hafnium Hf Protoactinum .| Pa th a eek ete Zirconium..| Zr | 40 | 91.22 
Helium..... He .002| Radium...... Ra | 88 1225.97 


2. PROPERTIES OF MATERIALS 


METALS.—The properties of the metals used in engineering are given in Table 3 and 
the notes accompanying it. Many of these metals, particularly the ferrous metals, and 
the more generally used non-ferrous alloys also are discussed in great detail in other sec- 
tions of this book, as indicated in the notes. 

NON-METALLIC MATERIALS.—For properties of non-metallic materials, see 
pp. 5-03 to 5-38. 

WOOD.—For properties of wood. see p. 5-20. 
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Table 2.—The More Important Industrial Compounds 
Name Formula . wt.| Sp. gr. Mol. wt | Sp. gr. 


Acetic acid...........- HC2H302 Magnesium carbonate. .}| MgCO3 3.04 
Alcohol (grain)........- C2H;:OH “ sulph. (epsom salt)} MgSO4-7 H2O | 246.50 | 1.68 
a8 (WOOE) /saseceere= CH;-0H Manganese dioxide..... MnO, 86.93 | 5.03 
Aluminia\ ce ssir dae ep as AlpO3 Mercurie chlor. (corro- 
Alum, ammonium...... Alo(SO4)3 sive sublimate)...... HegCle 271.52 | 5.40 
(NH4)2S04- Nitric acid............ HNO3 63.02 | 1.53 
24 H,O Phosphoric acid........ HPO3 80.05 | 2.30 
“ potassium....... Als(SO4)3° Potassium carbonate | K2CO3-2 HO | 174.23 | 2.04 
KeS0,4 (potash) 
24 H2O Potassium chlorate..... KCIO3 122.56 | 2.34 
Ammonia, . 5. <ssx%«1 +. NH,OH 35.03 | 0.88 3 chloride..... KCl 74.56 | 1.99 
Am chlor (sal-ammoniac)| NH4Cl 53.50 | 1.52 iy chromate. ...| KeCrO4 194.20 | 2.73 
Ammonium nitrate..... NH,NO3 80.05 | 1.73 oa cyanide..... KCN 65.11 | 1.52 
s sulphate... .| (NH4)2S04 132.14 | 1.77 a ferricyanide .| K3Fe(CN)g 329.20 | 1.81 
Arsenious oxide (white = ferrocyanide.} K,Fe(CNg)- 422.35 | 1.85 
arsenic) weer een ccrees As40g 74 3 H20 
Barium carbonate...... BaCO3 rar ue hydroxide KOH 56.11 | 2.04 

“ sulphate (blanc fixe)| BaSO4 40 (caustic potash) 

Boric acid............. H3BO3 : 43 s nitrate (salt- | KNO3 101.11 | 2.10 
Calcium acetate (acet. of] Ca(C2H302)>. Ae eee peter) 
lime) H,O “permanganate | KMnO, 158.03 | 2.70 
Calcium carbide....... CaCg i sulphate... .| KeSO4 174.27 | 2.66 
“  carbonate..... CaCO3 Silver nitrate (lunar 
“« oxide (quicklime)} CaO caustic)s, 2527.0 AgNO3 169.89 | 4.35 
“hydroxide Ca(OH): Sodium borate (borax)..! Na2B,407- 382.16 | 1.69 
(slaked lime) 10 H.O 
‘* phosphate Ca3(POx)2 **  earbonate (soda) | NagCO3 106.00 | 2.47 
(phos, of lime) “bicarbonate. .. .| NaHCO3 84.01 | 2.20 
“sulphate (plaster o chloride (salt). .| NaCl 58.46 | 2.17 
PAlisS) si. 2 <° CaSOq4 o*~ Cyanide. se. NaCN 49. .OM Rel se 
Carbon tetrachloride... .}| CCly “hydroxide NaOH 40.01 | 2.13 

° disulphide...... CSe (caustic soda) 

Cupric arsenite (paris “nitrate (Chile | NaNO3 85.01 | 2.27 

BLOOD): cisny-fcraaeerioss CuHAsO3 eS iN escoe saltpeter) 

Cupric oxide........... CuO “silicate (water | NaoSigOg 303.20 See 

“ sulphate (bluestone) | CuSO4-5H20 glass) 

Ferric oxide........... Fe203 , “sulphate NagSO4-7 H2O| 268.18 |...... 
Ferrous oxide.,........ FeO OAD be ketacte (Glauber salts) 

“sulphate (copperas)| FeSO4-7H2O ** ‘sulphite:...eee NaeSO3-7 HoO} 252.18 | 1.59 
Hydrochloric acid. ..... HCl Rly \osteese “ thiosulphate. . .] NagSo03- 5H2O| 248.22 | 1.73 
Hydrogen peroxide. .... H202 ALY At IR Bae Sulphur dioxide........ SO. 64:07 Ieee 
Lead acetate (sugar of | Pb(CgH302)2- Sulphuric acid......... H2S04 98:09 [Were 

lead) 3 H,0 Tartaric acid.......... HeC4Hy0g 150.05 | 1.75 
Lead carbonate (white | 2PbCOs- Sly bse ‘Tin chloride... ;.. .2./tose SnCly 260.84 | 2.28 

lead) Pb(OH)2 Vanadium oxide. ...... VoOs 182.00 | 3.36 
Lead monoxide(litharge)| PbO Zine chloride.......... ZnCle 136.29 | 2.91 

“oxide (red lead). ..| Pb3O4 “oxide (zine white) .| ZnO 81.37 | 5.78 
S sulphate. \.caosnns PbSO4 303 del Ge2duy. <) BOIDHATO.. ccd we ZnSO4-7 HeO | 287.55 | 1.97 


Notes for Table 3 


1. Aluminum.—The lightest of all useful metals except beryllium and magnesium, soft 
ductile and malleable. Color, white with a bluish cast. Very non-corrosive. Strength 
varies widely, depending on the alloying materials and treatment. For further properties 
see p. 4-25 to 4-49. F 

2. Antimony.—A brittle metal of bluish-white color, and highly crystalline or lami- 
nated structure. Burns in air with a bluish-white flame. Chiefly used for manufacturing 
such alloys as type-metal (antimony 1, lead 4), brittania (antimony 1, tin 9), and various 
anti-friction metals. Commercial antimony contains minute quantities of silver, arsenic 
tin, lead, copper, iron, nickel, cobalt and sulphur. Z 

3. Arsenic.—A chemical element midway between the metals and non-metals. It 
occurs in nature in combination with many metals and with sulphur. Arsenic compounds 
are used in the laboratory for titrating iodine solutions. Used in industry in dyeing, and 
vermin- and insect-poisoning compounds. Also used in medicine. Its soluble com- 
pounds are extremely poisonous. 

4, Barium.—A metal used in the manufacture of pigments and in pyrotechnic com- 
pounds. Also has been used in the commercial preparation of oxygen. 

5. Beryllium.—A light metal of silvery luster used in the production of light alloys. 
Will not decompose in water at any temperature below 212° F. (Continued on page 1-08) 
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1-08 GENERAL PROPERTIES OF MATERIALS 


6. Bismuth.—Color, light red. Highly crystalline, and so brittle that it can readily be 
pulverized. Expands in cooling. Tribe has shown that this expansion does not occur 
until after solidification. Bismuth is the most diamagnetic element known, a sphere of it 
being repelled by a strong magnet. Chiefly used in fusible alloys for electric fuses, plugs 
for automatic fire alarms and automatic sprinkler systems, and as stereotype metal in the 
printing industries. ; 

7. Brass and Bronze.—Alloys of copper, tin, zinc and other metals, covering a wide 
range of properties and uses, depending on the proportions of the alloying metals and upon 
the method of manufacture and treatment. See pp. 4-18 to 4-33. 

8. Cadmium.—Color bluish-white, lustrous, with a fibrous fracture. Used as an 
ingredient in some fusible alloys with lead, tin, and bismuth. Alloys of cadmium are used 
for the fusible tips of automatic sprinklers, safety fusible plugs for boilers, cadmium cliché 
metal for stereotype plates, and solders in which cadmium is substituted for part or all of 
the tin commonly used. A fraction of 1% cadmium is used as a deoxidizer for bronze 
telephone and telegraph wires and cables in Europe. It is also used as a deoxidizer in 
making nickel alloys. It is a better rust preventive than nickel and it may be used in 
combination with nickel in nickel plating, the first coat consisting of cadmium and the 
second coat of tarnish-proof nickel. 

9. Calcium.—A metal found in nature in the form of carbonate, limestone, marble, 
chalk, dolomite, gypsum, etc. Metallic calcium is used in an alloy for anti-friction metals 
for bearings. The carbonate is used in the preparation of the pigment whiting used in the 
paint and paper industries. Calcium bicarbonate is the cause of temporary hardness in 
water and calcium sulphate causes permanent hardness. 

10. Chromium.—A steel-white metal, harder than iron, copper, or nickel, and capable 
of taking a brilliant polish. In the massive form it is not affected by moisture, air, and only 
very slightly by dilute acids. Now produced on a large scale for use in stainless and alloy 
steels. Also used as a protective surface for metals in the form of plate. Chromuim 
compounds are used in the manufacture and application of dyes and pigments, tanning 
hides, and photography. 

11. Cobalt.—A silver-white metal, slightly harder than iron or nickel. Magnetic, in all 
temperatures up to 2100° F., then becoming non-magnetic. When polished is not appre- 
ciably affected by exposure to air or water. Dissolves in nearly all dilute acids, evolving 
hydrogen. Is not attacked by alkali solutions or fused alkalies. Used in the manufac- 
ture of ferrous and non-ferrous alloys. Steel containing cobalt and tungsten is used in 
permanent magnets for telephony. Non-ferrous alloys containing over 50% cobalt with 
varying amounts of tungsten, chromium, and occasionally molybdenum are used in high- 
speed cutting tools (see p. 21-25). 

12. Copper.—See p. 4—09. 

13. Gold.—The most malleable and ductile of all metals. One ounce Troy may be 
beaten so as to cover 160 sq. ft. of surface. The average thickness of gold leaf is 1/282000 
in. or 100 sq. ft. per ounce. One grain may be drawn into a wire 500 ft. long. Ductility 
is destroyed by the presence of 1/2000 part of lead, bismuth or antimony. Gold is hard- 
ened by the addition of silver or copper. By jewelers, the fineness of gold is expressed in 
carats, pure gold being 24 carats, 3/4 fine, 18 carats, etc. 

14. Indium.—A white, lustrous metal, very soft and ductile. Has high surface sta- 
bility at ordinary temperatures, but oxidizes and burns at temperatures above its melting 
point, especially if finely divided. Can be electroplated, simultaneously with other 
elements, from a sulphuric acid bath containing sodium citrate. Its addition to other 
metals increases their surface stability and hardness until the In is in excess. Of use in 
the automotive, electrical, jewelry, silverware, and dental industries. See article by 
W.S. Murray, Ind. & Engg. Chem., June, 1932. 

15. Iridium.—One of the rarer metals. Has a white luster, resembling that of steel. 
Is quite brittle when cold, but at white heat is somewhat malleable. Is extremely infusible 
and almost absolutely inoxidizible. For uses of iridium, methods of manufacturing it, 
etc., see W. L. Dudley, Iridium Industry, Trans.A.I.M.E., 1884. 

16. Iron.—For discussion of the properties of iron, see p. 2-03; of cast iron, see p. 2-03, 
and Foundry Practice, p. 20-03; of wrought iron, see p. 2-04; of steel, see pp. 2-12 to 2-48. 

17. Lead.—Brittle just below the melting point, with a crystalline fracture, malleable 
and ductile. Tenacity so low that it can be drawn into wire only with difficulty. Elas- 
ticity is low, and the metal flows under very slight stress. Rendered brittle, and easily 
fusible by the presence of antimony and arsenic. Penn. R. R. specifications call for not 
less than 99 1/2% metallic lead in No. 1 grade, and not less than 97 1/2% metallic lead for 
No. 2 grade. Shrinkage in casting, 0.3125 in. per ft. 

18. Magnesium.—Color, brilliant silver-white. Slightly malleable when cold, but 
very malleable and ductile at 660° F, Can be cast in iron molds or dry sand, and extruded 
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into Shapes or wire at 1022° F. Is stable in air at ordinary temperatures, but combines 
readily with oxygen and nitrogen at temperatures above its melting point. Is nearly 
non-corrosive, & film of oxide forming in the presence of moisture which prevents further 
oxidation. It is attacked by the acids H2SO4, HNO; and HCl, but is not attacked by 
alkalies. At red heat, it reduces CO, CO2, SO, SiO» and most metallic oxides and many 
hydrocarbons. In form of filings, wire or ribbon it burns in air with a dazzling brilliancy, 
and is used for flash and signal lights. Its heat of combustion is 10,710 B.t.u. per lb. 
Alloys readily with aluminum, copper, nickel, zinc, tin, cadmium, silver, silicon and other 
non-ferrous metals. Principally used as a deoxidizer of non-ferrous metals, and for alloy- 
ing with aluminum; 5% Mg added to aluminum gives about as much increase of strength 
and hardness as 10% of copper. Also used for laboratory reactions. See also p. 4-55. 

19. Manganese.—The pure metal is not used in the arts, but alloys of manganese and 
iron (spiegeleisen, containing below 25% Mn, and ferro-manganese, containing 25 to 
90% Mn) are used in the manufacture of steel. Metallic manganese when alloyed with 
iron, oxidizes rapidly in air. In steel manufacture it remoyes oxygen from the bath of steel. 

20. Mercury.—A silver-white metal, liquid at temperatures above —38° F. Unchange- 
able as gold, silver and platinum in the atmosphere at ordinary temperatures, but oxidizes 
to the red oxide when near its boiling-point. Easily tarnished by sulphur fumes, also by 
dust, from which it may be freed by straining through cloth. No metal, except iron or 
platinum, should be allowed to touch mercury. The smallest portions of tin, lead, zinc 
and even copper to a less extent, cause it to tarnish and lose its perfect liquidity. 

21. Molybdenum.—A silvery-white, malleable metal, softer than steel. Its tensile 
strength, drawn into wire, is about 1/2 that of tungsten or steel wire of equivalent diameter. 
Is resistant to acids; concentrated H2SO,4 and HCl attack it slowly, but moderately dilute 
HNO; and aqua regia dissolve it rapidly. Is attacked by fused, but not by liquid, caustic 
alkalies. Is not affected by air at ordinary temperatures, but oxide forms at a dull red 
heat. Used as a support for electric lamp filaments, windings for electric resistance fur- 
naces, X-ray apparatus, wireless telegraphy plates, and for alloying with steels to produce 
high strength. Steels with 1% Mo are used for permanent magnets, rustless steels and 
high-speed tools. See also p. 4-60. 

22. Nickel.—Color, silvery-white with a strong luster, not tarnishing in air. Ductile, 
hard, magnetic and as tenacious as iron. Loses its magnetic quality at 662° F. Can be 
welded to itself or to iron at a white heat. Resists cold sulphuric and hydrochloric acid, 
but is soluble in nitric acid or aqua regia. Chiefly used in alloys with copper, as German- 
silver, nickel-silver, etc., and also in the manufacture of steel to increase its hardness and 
strength; also used for nickel-plating. See also pp. 449 to 4-54. 

23. Platinum.—Color, whitish steel-gray; malleable, very ductile, and as unalterable 
by ordinary agencies as gold. Fused and refined, it is as soft as copper. Fusible only by 
the oxy-hydrogen blowpipe or strong electric currents. Combined with iridium, it forms 
an alloy of great hardness, which has been used for gun-vents, and for standard weights 
and measures. The most important uses of platinum in the arts are for vessels for chemi- 
eal laboratories and manufactories, and for the connecting wires in incandescent electric 
lamps, and for electrical contact points. Cubical expansion less than that of any other 
metal except the rare metals, and almost the same as glass. 

24. Potassium.—A metal forming the basis of many fertilizers. 

25. Silver.— Whitest of all metals, very malleable and ductile. ; 

26. Sodium.—One of the alkali metals used in the preparation of important organic 
compounds, dyes, medicinal substances and perfumes. Becomes an important reducing 
agent when alloyed with mercury. Sodium and potassium hydroxides are known as 
caustic alkalies or lye. f 

27. Steel.—A compound of iron and carbon, containing up to 1.7 carbon. Alloyed with 
other metals, it covers a wide range of properties and uses. For properties, uses and treat- 
ment of steel, see pp. 2-12 to 2-48. For properties and treatment of tool steel, see p. 21-25. 

28. Tantalum.—Has a modulus of elasticity of 27,000,000. The pure metal can be 
hammered into thin sheets or drawn into fine wire. Has the hardness of soft steel, and a 
tensile strength higher than steel or platinum. The coefficient of expansion is less than 
that of platinum, and it can be sealed into glass. At temperatures below 572° F., pure 
tantalum will resist all acids except fluoric. 

29. Tin.—White, lustrous, soft, malleable. Not sensibly volatile when at ordinary 
temperature. Malleability decreases with increase of temperature, until at about 390° F. 
it is very brittle. The presence of 1 to 2% of copper or lead increases its hardness. Chief 
uses are for coating of sheet-iron (called tin-plate) and for making alloys with copper and 
other metals. Commercial tin contains copper, iron, bismuth and other impurities. 

30. Tungsten.—A bright, steel-gray metal, hard but so ductile that it may be drawn 
into very fine wire. Its chief use is for filaments of incandescent electric lamps. It is 
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also used as an alloy in high-speed tool-steel, as it increases the hardness by keeping the 
carbon in solution. Its presence in high-carbon steels increases the magnetic retentivity, 
and it therefore is used in the steel of permanent magnets. See also p. 4-58. : 

31. Zinc.—Color, bluish-white; ductile and malleable. Volatilizes and burns in air 
when melted, with bluish-white fumes of zinc oxide. Compressive strength about 20,000 
lb. per sq. in. Shrinkage in casting 0.3125 in. per ft. Is practically non-corrosive in alr, 
a thin film of carbonate of zinc forming upon it. Its principal uses are for coating iron 
surfaces, called “‘ galvanizing,” and for making brass and other alloys. For additional 
properties of zinc and zinc alloys see pp. 4-10 to 4-13. 


3. SPECIFIC GRAVITY 


THE SPECIFIC GRAVITY of a solid or liquid substance is the ratio of the mass of a 
given volume of the substance to the mass of an equal volume of water at some standard 
temperature. The temperature commonly used in engineering work is 60° F. The tem- 
perature used by physicists is 4° C. In the metric system the specific gravity is equal 
to the density, i.e., to the weight in grams of one cubic centimeter. 

The specific gravity of gases is taken as the ratio of the masses of equal volumes of the 
given gas and of air or hydrogen, usually at 32° F. and 29.921 in. of mercury barometric 
pressure (0° C. and 760 mm. pressure). It is necessary to state which basis is used, 2.e., 
air = 1, or hydrogen = 1. 

Determination of Specific Gravity of Solids Determine the weight of the body in air; 
then submerge it in water and determine its weight. If W = weight in air, and w = 
weight when submerged, 

Specific gravity = W/(W — w). 
If the body is lighter than water, attach to it a weight, w;, sufficient to sinkit. Then 
Specific gravity = (W — w))/{(W — w)) — wv}. 
Given the specific gravity, referred to water at 60° F., 


Weight per cu. ft. = sp. gr. X 62.36. 
Weight per cu. in. = sp. gr. X 0.036088. 
Specific gravity = weight per cu. ft. X 0.016036. 
THE HYDROMETER.—The hydrometer is an instrument for determining the density 

of liquids. It usually is made of glass, and consists of three parts: (1) the upper part, a 
graduated stem or fine tube of uniform diameter; (2) a bulb, or enlargement of the tube, 
containing air; and (3) a small bulb at the bottom, containing shot or mercury which 
causes the instrument to float in a vertical position. The graduations are figures repre- 
senting either specific gravities, or the numbers of an arbitrary scale, as the Baumé, A.P.I1., 
Twaddell or Beck. 


The Baumé Hydrometer Scale is based on the following formulas: 

For liquids lighter than water 
Specific gravity 

For liquids heavier than water 
Specific gravity = 145/(145 — degrees Baumé) 

The relation of the two Baumé scales to the specific gravity, together with the correspond- 

ing weights per U.S. gallon, is given in Table 4. 

The A.P.I. Hydrometer Scale was adopted to avoid the confusion incident to two 
Baumé scales, and is recommended by the American Petroleum Institute, the U. 8. Bureau 
of Mines and the U. 8. Bureau of Standards for use in the petroleum and oil industries. 
It is based on the formula 

Degrees A.P.I. = 141.5/(Sp. gr. 60°/60° F.) — 181.5. 
The relation of the A.P.I. scale to specific gravity and the corresponding weights per U. S. 
gallon are given in Table 5. 

Beck Hydrometer Scale.—The relation between specific gravity and the Beck hydrom- 
eter scale is expressed by the formulas: 

For liquids heavier than water, Sp. Gr. = 170 + (170 — Beck degrees) 

For liquids lighter than water, Sp. Gr. = 170 + (170 + Beck degrees) 

Twaddell Hydrometer Scale.—The relation between specific gravity and the Twaddell 
hydrometer scale, used only for liquids heavier than water, is expressed by the formula 

, Sp. Gr. = (5 X Twaddell degrees + 1000) + 1000. 

The Salinometer is a hydrometer used for determining the density of brine solutions. 

The indications are 4 times as large as those on the corresponding Baumé scale. 


140/(130 + degrees Baumé) 
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Table 4.—Specific Gravities at 60°/60° F. Corresponding to Degrees Baumé 


Liquids Liquids Liquids Liquids Liquids Liquids 
Lighter than} Heavier than Lighter than | Heavier than Lighter than | Heavier than 
Water Water Water Water Water Water 
Deg. Deg. 
Bé. Lb. Lb. Lb. Lb. Lb. Lb. 
Sp. per | Sp. per Sp. per | Sp. per Sp. per | Sp. per 
Gr: || Us.) Gri- | U: 8. Gee Sa Gre) Us Ss: Gra UsSa Gris | Wrst 
gal. gal. gal. gal. gal. gal. 
(al Hee Sarat (eee 1.0000} 8.328] 34 |0. 8537/7. 108]1. 3063/10. 878 0.7071/5. 886]1. 8831/15. 682 
LD es Sa. ene 1.0069) 8.385} 35 | .8485/7.065]1.3182/10.977 7035/5. 856)1.9079]15. 888 
0 | ie Al eee 1.0140) 8.444] 36 | .8434/7.022/1.3303/11.078 7000]5. 827)1. 9333/16. 104 
Maa eae etl sve Sno“ 1.0211} 8.503} 37 | .8383/6.980|1.3426|11.180 6965|5.798)1.9595|16.317 
Aaa Persp ioe roi 1.0284) 8.564) 38 | .8333/6.939]1.3551}11.285 6931/5.769)1.9863|/16.541 
abe: dotiats Vie they 1.0357] 8.625] 39 | .8284/6.898]1.3679]}11.391 6897|5.741|2.0139]16.771 
C0 |S oe Ne 1.0432) 8.687} 40 | .8235/6.857|/1.3810]/11.500 6863)5.712|2.0423)17.007 
dea erates \cecens 1.0507) 8.750} 41 . 8187/6. 817}1.3942)11.610 6829/5. 685|2.0714|17. 250 
th Fees) lao oe 1.0584] 8.814] 42 | .8140])6.777/1.4078]11.723 6796|5.657|2. 1015|17. 500 
GEN encode owe « 1.0662] 8.879] 43 | .8092/6.738/1.4216]11.838 6763/5. 629}2, 1324]17.757 
10 |1.0000/8.328)1.0741| 8.944] 44 | .8046/6.699/1. 4356}11.955 6731)5.602|2. 1642/18.022 
11 |0.9929)8.269)1.0821) 9.011] 45 | .8000/6.661/1.4500)12.075 6699/5. 576}2. 1970)18. 295 
12 . 9859/8. 211}1.0902) 9.079] 46 | .7955)6. 623)1. 4647/12. 197 6667/5. 5549/2. 2137/18. 435 
13 .9790)8. 153/1.0985|) 9.148) 47 | .7910|6.586)1. 4796/12. 321 6635|5.522|2. 265618. 867 
14 .9722|8.096/1.1069) 9.217] 48 | .7865)6.548]1. 4948/12. 448 6604/5. 497/2. 3016/19. 166 
15 -9655/8.041/1.1154) 9.288] 49 | .7821)6.511}1.5104/12.578 6573)5. 471|2. 338719. 476 
16 .9589)7. 986) 1.1240) 9.360] 50 | .7778)6.476)1.5263/12.710 6542/5. 445|2.3771/19.795 
17 -9524|7.931)1.1328) 9.433] 51 .7735|6. 440)1,5426)12. 846 6512|5.420)2. 4167/20. 125 
18 - 9459/7. 877/1.1417) 9.508] 52 | .7692)6.404)1.5591/12.984 6482/5. 395|2. 4576/20. 466 
19 - 9396)7.825/1.1508) 9.583) 53 | .7650/6.369)1.5761/13.125 .6452)5.370/2. 5000/20. 819 
20 . 9333|7.772|1.1600| 9.660} 54 | .7609/6.334)1.5934/13.269 6422)5.345/2. 5439121. 184 
21 .9272|}7.721|}1. 1694) 9.738] 55 | . 7568/6. 300/1.6111}13.417 6393}5.320}2.5893|21.562 
22 .9211)7.670)1.1789) 9.817] 56 | .7527/6.266)1.6292) 13.567 6364/5. 296|2. 6364/21.954 
23 .9150)7.620|1.1885) 9.897] 57 | .7487/6.233)1.6477|13.721 6335/5. 272|2. 6852/22. 361 
24 .9091}7.570)1. 1983) 9.979] 58 | .7447/6.199)1. 6667) 13.879 6306/5. 248)2.7359|22. 783 
25, . 9032)7.522|1.2083)10.062] 59 | . 7407/6. 166|1.6860/14.041 6278/5. 225|2.7885|23.221 
26 . 8974|7. 473/1.2185)10.147] 60 | .7368)6. 134/1.7059|14. 206 6250|5. 201}2. 8431/23. 676 
27 .8917}7. 425) 1, 2288/10. 233] 61 . 7330/6. 102)1.7262)14.375 . 6222/5. 178)2.9000}24. 150 
28 . 8861)7. 378) 1. 2393)10.320} 62 | - 7292)6.070)1.7470)14.548 619515. 155/2.9592|24. 643 
29 . 8805) 7. 332|1.2500)10. 409} 63 | .7254)6.038/1.7683)14.725 6167|5. 132/3.0208}25. 156 
30 . 8750|7. 286|1.2609)10.500] 64 | .7216)6.007/1.7901)14.907 6140/5. 110)3.0851/25. 691 
31 .8696)7.241}1.2719)10.592) 65 | .717915.976)1.8125)15.094 6114/5. 088)3. 1522/26. 250 
32 . 8642/7. 1196/1. 2832)10.686] 66 | .7143)5.946)1. 8354)15.285 6087/5. 066|3. 2222) 26. 833 
33 .8589)7. 152/1.2946)10.781} 67 | .7107|5.916)1.8590)15. 481 
ASP I: 
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0 


.7927 


7883 
7839 
7796 
7753 
7711 
7669 
7628 
7587 
7547 
7507 
7467 
7428 
7389 
7351 
7313 
7275 
7238 
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600} 65 |0.7201 994) 83 |0.6597/ 5.491 
563} 66 7165 964} 84 6566) 5.465 
526] 67 7128 934) 85 6536} 5.440 
490} 68 7093 904) 86 6506) 5.415 
455] 69 7057 874] 87 6476) 5.390 
420] 70 7022 845] 88 6446) 5.365 
385} 71 6988 817} 89 6417) 5.341 
350} 72 6953 788) 90 6388] 5.316 
316} 73 6919 759) 91 6360} 5.293 
283) 74 6886 ZS, 6331) 5.269 


SPECIFIC GRAVITY OF VARIOUS SUBSTANCES.—The specific gravity of the use- 
Table 6 gives the specific gravity of various solids, except 


ful metals is given in Table 3. 


the metals and woods, and Tables 7 and 8 give the specific gravity of liquids and gases 
respectively. or specific gravity of the various woods, see p. 5-21. 
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Table 6.—Specific Gravity ’and Weight of Solid Substances, Except Metals and Wood 


Average phe edged 
Specific | Weight, pecific eight, 
Substance Guavity lb. oe Substance Gravity Ib. per 
cu. ft. cu. ft 
Asbestos itis aiatinctiers cian 2.1-2.8 153), of Gy petite danas «aed 2.08-2.4 140 
RBCS OR Bice stasis Aetacedictoiell)  wihaae aia 43. -| Bornblende. ..4. oi...) s5,2% 3.2-3.52 210 
Asphalt, ).../ cic se 0% <0 <% 1.39 Cy ee| Tei eecees Ge RS AA Gee 0. 88-0.92 55-57 
arMees cer «cided od cener oy 4.50 281 (| Leathers ocngee o - goes 0.86—-1.02 59 
VSB Ghre ators Jo less, ¥en « pecbiocete is 2.7-3.2 184 Lime, quick, in bulk..... 0.80.96 55 
DES EKAUG coger sobs! ¥ ova ax aabteyoia< + 2.55 159 Limestone. -<.< 0.52 «ae <j si0y 2.3-2.9 160 
TESTUGB GOT Ghis . co syeraloverabretus > = 2.2-2.5 147. | Magnesia, carbonate.... . 2.4 150 
Brick, (SOfbiecrrcas.dcicters = 1.6 100 times Wer ate ce a.0 187 
S & COTAIMOM ore = sxsievelers.-\s ere) Ti Zien Marble. cis taacom orc 2.56-2.88 170 
poe BAG teae ces seater ee 2.0 125 2.24-2.56 150 
BON | DRERBCO Nis, spsl ote reiters a0 2.16 135. |. oe. te § Guessed,.J546.00- 2.24-2.88 160 
be ey ERC 70, coh) a alaray sce corste-ciie 2.24-2.4 145 ECGs Oe bra cic Marek sre aes 2.80 175 
5 | BANGING J oa eis a 2.18 136s | Opa ores Sea herici 1,44-1.6 95 
Brickwork, mortar........ 1.6 LOO nee Dba oi a dao eros 1.7-1.8 111 
4 cement........ 1 Ag V1 gh EADGR coo eyed sre mcs nctate 0.70-1.15 58 
PB OF Gm strose tate ianes ahs ai eka tots ou 1.7-1.8 JOS. oh Paradies oes. des acs = cere 0.87-0.91 56 
Cement, American, natural.| 2.8-3.2 FEZ Pe Odden ob acne aisets aie 0.65-0.85 47 
+ portland . circ. ©, 3.05-3.15 190 | Phosphate rock.......... Bo2 200 
. FY) «  loGsesg.s +t 1.44 02 | Pitelis seb ncd das ccs sitet B13 72 
ad «barreled. . 1.84 115 Plaster-of-Paris..........| 1.5-1.8 103 
Me SLE Pot doth errr aieters 1,9-2.3 130 Porcelain. 225.46 952 soe 2.3-2.5 156 
Chalkis agitnadacmeltice:a 1.82.6 137, 94 Porphyry sae dines ses eee 2.6-2.9 172 
CU seis aes fates obs gis oresah ata ts kod ons 1.92-2.4 137 IOC de qran Raiee ic we bmeEe 0.37-0.90 40 
Coal, anthracite.......... 1.41.8 97 Riprap, limestone. ......- 1.3-1.4 80-85 
S". -DitUMINOUS, | csi 9) ~.6 1.2-1.5 84 A sandstone....... 1.4 90 
rg Mgmt se. 3 aerech sceleteis-s'e 1.1-1.4 78 * 1 a a Ra 105 
i  » -ohareoallsss..0 satis. 0.27-0.58 18 | Rubber, caoutchouc..... 0.92-0.96 59 
Gok enans eniyitcn oe. Badaes or 0.27 30.8 1,0-2.0 95 
Concrete jus. aoa. ti Selererece 8 1,.92-2.48 $44... | Daltugeic: cate Sve ote eters 0.78-1.25 49-78 
Cork Warace das Ate cares ee 0.22-0.26 15,9 | Salpeter’ occi00 occas cae 1.07 67 
Dolomite ss. stints -ssarorsivis,cceus 2.9 TSU 8 Samad. nk .. chisvsae deme ates eteere 1.44-1.76 100 
Earth, dry, loose.......... L.2 FSB hee WOE: wie dee «oe cee 1.89-2.07 125 
Ks et PaCKed ss te. hae re. 93... 4 Sandatones. . Focs.06,s.cmiie 2.24-2.4 145 
“moist, loose........ hes Si... } Serpentine... 6. sce cena 2.4-2.7 165 
Y re © Packedkcic ais cr. 1.6 100 Shales. 355 on ave mands 2.6-2.9 172 
5 mud, flowing....... hed 106 Slag, bank ....$05.<m0 tee 1.1-1.2 69 
is > -packedioxc. a 1,8 112 ‘ “* screenings... .. 1.5-1.9 107 
Bmeryirsini eevee: ore 4.0 250 * - maohines occowses'ds | 96 
Beldspary sus osveste nines: meet 2.5-2.6 159 Cis pies (SEE oc Soe ee oe 0.8-0.9 53 
Glass, common.........-. 2.5-2.75 HOS; Pelates. cose cece tate 2.72-2.88 175 
PL OEY G08] ter, cieylereetee 2.90-3.00 184° | Soapstone. «ce cavers con 2.65-2.8 170. 
Pier SLIT Hc, «achat wardatatete 3.2-4.7 h88: 'P 'Starahd..<. detustes caer aS 96 
eee) DIBRGh. wa tnet nese 2.45-2.72 161 | Stone, various........... 2.16-3.4 135-200 
COAGTON a cya etse- oist ieee ere 2.42.7 V6S bo. Porushede er gee 1.6 100 
Grates ccuresmasecaa betes 2.5-3.1 PSS oh UES oro cre lee wrarson eras 1.93-2.07 125 
Graphite... ceed uensieee 1,9-2.3 PAB a git DANG. « «eecuere Seats errs eet 2.6-2.8 169 
Gravel, dry, loose......... 1,4-1.7 90-105] Tar, bituminous......... 1,20 75 
BS paoked wescas6 1.6-1.9 100-120} Terra-cotta............. ieee) 119 
se EOL s. baila. Pore ecv ak 139 L2G. iP Dilete. Sess ae earges Soca 1,76-1.92 115 
Greenstoney.s.... sv cusssy 2.83.2 UST, of Dreplroales </ Sroyc.c aerate cto 2.72-3.4 185 
A Ee, ee ee Be lesz 82 


Table 7.—Specific Gravity of Liquids 


Water at 39.1° F. (Sp. gr. = 1.000) weighs 62.43 Ib. per cu. ft. 


Liquid 
Acid, acetio........... 
* > carbolic. oii. 
Y © Suorie:, .t. canareah 
SF THUTIATICS Gees enter 
ADIOS... eee ok 
‘* phosphoric...... 


““ sulphuric, 87%.. 
Alcohol, ethyl, 100% . . 
iH methyl, 100% 
Ammonia, 27.9%..... 
Benne’ sy cnushs + hee a 


Specific ae Specific Specific 
Gravity Liquid Gravity Goavite 
1.06 Carbon disulphide...} 1.293 0.913-0.917 
0.96 Ghloroform..<..... 1.480 .918 
1.50 Hither es. Joaee erent 0.736 .905 
1,20 Gasoline. 4..4eercek 0.66-0.75 . 78-0. 88 
1.54 Glycerine.......... 1.260 .92 
1.56 earonené. dt ceere 0.78-0. 82 955 
1.80 Lye, soda, 66%..... 1.70 . 88 
0,807." |\Naphthas.. 2. 2.2 0.76 873 
0.810 | Oil, cottonseed. .... 03 92 
OSC Ttgebard a. A cere .92 Water, 39.1° F...] 1.00 
0.69 “linseed, boiled. .} .942 a 2122 Eee eOL O58 
3.187 eeemnainerall. ©. 5/65 .92 ne BEM. een 1 O21 SUS 
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Table 8.—Specific Gravity and Physical Properties of Gases 


Specific Gravi . 
oe Daunte wt. and Vol. at peaks 
Gas Chemical] Molecular] 32° F. and At- . oe aati Cont ‘p* 

Symbol | Weight mospheric Pressure] Pete +ressure Beant G, 

» dalghs Lb. per Cu. ft. Pres- t 

i 1) Air = 1 cu. ft. per lb. sure 

Acetylene............| C2Hz | 26.0156 | 12.909 | 0.8987 | 0.07255 | 13.784 | 0.350 | 1.29 
BY Sack nem AH CEL stomite 28.9521 | 14.364 | 1.000 080728 | 12.387 | 0.238 | 1.40 
Ammonia............ NH; 17.0314 | 8.490 | 0.5911 | .04772 | 20.956 | 0.520 | 1.32 
POROS.. depiee »00Xbe A 39.9940 | 19.842 | 1.3814 | .11518 | 8.682] 0.124 | 1.66 
Clllorine so ciej-12 + mes < ace cl 70.9140 | 35.133 | 2.4460.| .19746 | 5.064] 0.121 | 1.32 
Carbon dioxide.......| COz 44.0000 | 21.830 | 1.5198 | .12269 | 8.151 | 0.217 | 1.30 
Carbon monoxide..... co 28.0000 | 13.892 | 0.9672 | .07808 | 12.807 | 0.243 | 1.40 
Ethylene............ CoH, | 28.0312 | 13.907 | 0.9682 | .07816 | 12.794 | 0.404 | 1.21 
Helium..............| He 4.002 1.986) |"0, 1383 |. O1T16" || 89,606 101.25 011. 66 
Hydrochloric acid. ...| HCl 36.4648 | 18.091 | 1.3152 | .10617 | 9.419 | 0.191 | 1.40 
Hydrogen........... H 2.0156 | 1.000 | 0.0696 | .00562 |177.936 | 3.400 | 1.41 
Methane............ CH, 16.0317 | 7.954 | 0.5538 | .04470 | 22.371 | 0.593 | 1.32 
Methyl chloride... ... CH;Cl | 50.4804 | 25.045 | 1.7436 | .14076 | 7.104] 0.24 | 1.20 
Nitric oxide.......... NO 30.008 | 14.888 | 1.0365 | .08367 | 11.939 | 0.231 | 1.40 
Nitrogen............ N 28.016 | 13.900 | 0.9677 | .07812 | 12.801 | 0.244 | 1.41 
Nitrous oxide........ N20 44.016 | 21.838 | 1.5204 | .12274 | 8.147 | 0.226 | 1.31 
OxyPGn Senco cand en fe) 32.0 15.876 | 1.1053 | .08923 | 11.207 | 0.217 | 1.40 
Sulphur dioxide. ..... SO» 64.06 | 31.782 | 2.2127| .17863 | 5.598 | 0.154 | 1.25 


* This column gives the ratio of specific heat at constant pressure to specific heat at constant volume. 


4. HARDNESS 


Hardness of a substance may be defined as its resistance to penetration by another 
substance. Several methods of determining hardness are in commercial use. These 
methods are described below. 

BRINELL’S METHOD.—J. A. Brinell, a Swedish engineer, in 1900 oublished informa- 
tion about a method for determining the relative hardness of steel, which has come into 
extensive use. A hardened steel ball, 10 mm. diam. (0.3937 in.), is forced with a pressure 
of 3000 kg., or 500 kg. for soft metals, into a flat surface on the sample to be tested and 
allowed to remain on iron and steel for at least 10 seconds, and on other metals for at 
least 30 sec., to make a slight spherical indentation, whose diameter is measured with a 
microscope. The hardness is defined as the quotient of the pressure divided by the area 
of the indentation. From the measurement the hardness number is calculated by the 
equation 


B = P/(rD/2)(D — VD? — @), 


where P = load = 3000 kg.; D = diam. of ball = 10 mm.; d = diam. of indentation, 


mm.; B = Brinell hardness number. ‘Table 3 gives the hardness numbers corresponding 
to the different values of d. A complete table of these numbers is given in A.8.T.M. 
Standards, 1933 E10-27, pp. 943-944. 

There is a well defined approximate relationship between the Brinell numbers and the 
ultimate strength of the steel. Abbott (Proc. A.S.T.M. vol. xv, Pt. II, 1915), as the 
result of a large number of tests of different kinds of steel, proposed the equation 
sy = 0.70B — 26, where sy = ultimate strength in thousands of lb. per sq. in.; B = Brinell 
hardness number. For many steels, however, the strength is as well represented by the 
relation sy, = 0.50B. 

THE ROCKWELL METHOD is similar to the Brinell method, in that it forces a 
spherical point into the metal to be tested and measures the penetration of the point. 
For metals of average hardness, as mild steel, the point is 1/15 in. diam. and the load is 
100 kg. (Rockwell B test); for harder metals a conical diamond point is used with a load 
of 150 kg. (Rockwell C test). The Rockwell hardness number is read directly from a 
numbered dial. One advantage of the Rockwell over the Brinell is that a smaller inden- 
tation is produced. The ultimate tensile strength of steel, sy, is given in thousands of 
lb. per sq. in. by the equation sy = 3750/(180 — Rpg), Rg being the number read from 
the dial of the instrument (B test). 

THE VICKERS PYRAMID HARDNESS TESTING MACHINE is a British instru- 
ment in which the principle employed is the same as that in the Brinell and Rockwell 
machines. The operation differs, in that the penetrator is a diamond in the form of a 
pyramid. By means of a microscope attachment, measurements are made of the distance 
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across the diagonal of the indentation. One of the advantages of this machine is that it is 
suitable for any degree of hardness. 

THE SCLEROSCOPE, invented by A. F. Shore, consists chiefly of a vertical glass tube 
in which slides freely a small cylinder of very hard steel, pointed on the lower end, called 
the hammer. This hammer is allowed to fall about 10 in. on the sample to be tested. 
The distance it rebounds is taken as a measure of the hardness of the sample. A scale on 
the tube is divided into 140 equal parts, and the hardness is expressed as the number on 
the scale to which the hammer rebounds. Measured in this way the hardness of different 
substances is as follows: Glass, 130; porcelain, 120; hardest steel, 110; tool steel, 1% C, 
may be as low as 31; mild steel, 0.5 C, 26 to 30; gray iron castings, 39; wrought iron, 18; 
babbitt metal, 4 to 10; soft brass, 12; zinc, 8; copper, 6; lead, 2. (Cass. Mag., Sept., 
1908.) The relationship between the Scleroscope number and the ultimate tensile 
strength, sy is given by Abbott (Proc. A.S.T.M., vol. xv, Pt. II, 1915) by the equation 
sy = 4.0S — 15, where sy, is in thousands of lb. per sq. in. and S is the Scleroscope number. 

RELATIONSHIP BETWEEN DIFFERENT HARDNESS NUMBERS.—A rational 
relation exists between the Brinell and Rockwell numbers, and also between these numbers 
and the Vicker’s Pyramid numbers; an empirical relation exists also between the fore- 
going numbers and those of the Shore scleroscope. Petrenko (Tech. Paper No. 334, 
U. S. Bureau of Standards) gives the following equations: 


B = 25,000/(100 — Rc) for Rc > 40; 
B = 1,420,000/(100 — Re)? for Rc from —20 to 40; 
B = 7300/(130 — Rg) for Rg from 35 to 100, 


where B = Brinell number obtained with a 10 mm. ball and 3000-kg. load; Re = Rockwell 
number on the C scale, using a 150-kg. load and a 120° diamond penetrator; Rg = Rock- 
well number on the B scale with a 100-kg. load and a 1/;¢-in. ball. 

Abbott (Proc. A.S.T.M., vol. xv, Pt, II, 1915) derives from tests the empirical rela- 
tion B = 5.5S — 28, B being the Brinell number and S the scleroscope number. Table 9 
gives these various hardness numbers in terms of each other. The values were obtained 
from the manufacturers of the instruments and from published experimental data. The 
scleroscope numbers, as tabulated, vary slightly from those given by the Sub-committee 
on Hardness Conversion of the A.S.S.T. in its 1930 handbook; the committee gives a 
scleroscope value of 81 for a Brinell number of 627 as compared with 84 in Table 9 (by 
interpolation), while the committee scleroscope number is 30 for a Brinell number of 197 


Table 9.—Conversion Table for Approximate Hardness Numbers 
(Compiled mainly from Manufacturers’ Tables) 


Brinell 3000 ke. Brinell 3000 ke. 
Toads 0nta: Rockwell Dosadaiteaan Rockwell 
Ball Number Ball Number 
z Gunes a. 3 SS ee : a 3 
o oe) ete 8 5 Sis ae a od 8 q 
= eoO|or g g og oo O T S £ 
4 E Now os q > a | Ag Sos 2 5 
© By NS = ae | Aw | D ty BSA | Ee i Ay 
ous © || aie ein nears ms) | So ioes S27 | of vod ton le Moen 
i 6 aa | sud | ad of | sagt ¢.o Bra | ara a | “aes ee | ae 
£3 03 oS a oss | xg &-5 So & faa San og gs 
a| dz /@8A/%Sa| 82/82] 88 | #5 1235 | 284) seis 
A ee Ss 69 a S a? | ts OMA | gAA | aA | £4 
2.40 | 653 a. ee 86 | 785 f. 4,600 07Gb cea 87 24 | 170 
2.60 | 555 ee pete oe 75 | 622 | dgGrneiesee 85 23 | 163 
2.80 | 477 49 kee 66. | 513 | a: Sonpetegy el. 
gre 82 23 | 156 
3.00 | 415 44. ae 58 | 439° | 4900nMaer |) So. 80 22 | 149 
3.10 | 388 i ase 54 | 404 | 5.00 | 143 
te 78 21 | 143 
3.20 | 363 Ta | mete SY | 374 | Sareea ee. 75 20 | 137 
3.30 | 341 7, oe 48°} 352°) Scoegaiee Vee 73 19 | 131 
3.40 | 321 Cin Ma 45 | 329 | 5.30 | 126 
esa 70 18 | 126 
3.50 | 302 | ie 42 | 303. |. 5.40 oie lee 68 Wy. a 
3.60 | 285 CT) | oer 40 | (285 | 5 50d oe 65 16-— elite 
3.70 | 269 a; | a 37 | 269 | 5.600 laine. 62 1 
3.80 | 255 7h ee to 35 | 255 | 'S:7e ieee ne se ee he 
3.90 | 241 23 99 33 | 241 | 5.80 [toa Cy a Oa i) 
4.00 | 229 20 98 32 | 229 | 5.o9seepen fe. 55.0 he 2 eons 
AAG P2810 Ween 96 30. | 217 | 6.00) jae eealinee ce 520 ..c . Wiresae 
400) RR ae 95 29° | 207 | 6,10 | On epenue co 49S Viggo 
453001167 61 ccm 93 28 | 197 | 6.20 tie j 
SAaalh cry 2 47 88.7 
4:40, ORD sles eee 91 27.1 187 | %.307hmeeeega eas 44 Deal ics |) ARE TS 
4,50 4120 hae 89 35 | 179. |. 6,407 eee 42 Plies eae 
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as compared with 28 in Table 9. Both lists are the same for scleroscope number 54 which 
equals Brinell number 387. 

MOH’S SCALE OF HARDNESS is a scratch hardness scale. It consists of a series 
of minerals, each of which can be scratched by the mineral next above it in the scale. 
The differences in the original Moh scale are not uniform and the intervals between 
successive numbers increase rapidly as the hardness number increases. The step from 
9 to 10 probably is as great as from 1 to 9. Carborundum frequently is given 9.6, being, 
therefore, much harder than corundum but not so hard asa diamond. In order to make a 
more uniform scale, a modification of the Moh scale was proposed by Ridgeway, Ballard 
and Bailey (Trans. Am. Electrochem. Soe. vol. Ixiii, p. 392, 1933), wherein industrial 
minerals are included, and which subdivided the wide spaces between 8 and 9, and 9 and 
10 in the Moh scale. The original Moh scale and the modified scale, are as follows: 


Original Modified Original Modified Original Modified 
1. Tale 1. Talc 6. Orthoclase 6. Orthoclase or 10. Garnet 
2. Gypsum 2. Gypsum Periclase  , 11. Fused Zirconia 
3. Cale spar 3. Cale spar 7. Vitreous 9. Sapphire 12. Fused Alumina 
4. Fluor spar 4. Fluor spar Pure Silica 13. Silicon Carbide 
5. Apatite 5. Apatite 7. Quartz 8. Quartz 14, Boron Carbide 
8. Topaz 9. Topaz 10. Diamond 15. Diamond 


Certain metals have almost the same behavior in the scratch test as some of the minerals 
in the modified scale. These are, with their scale numbers: 8, Stellite; 11, Tantalum 
carbide; 12, Tungsten carbide. 

Table 10 gives the relative hardness of various materials, according to the Moh scale. 
Table 11 gives the hardness of certain chemical elements according to the same scale. 


Table 10.—Hardness of Various Materials by Moh Scale 
(Smithsonian Tables) 


Material Hardness Material 

fe ee E ismuth........ a Gypsum........ Nee: 6.5 

“Alabaster........]| 1.7 | Borie acid...... .0 | Hematite....... pOlge || Pyritesea nse 6.3 
PAT OR A  crasaiit ie « Bragi cose aac: 3.0-4.0 | Hornblende..... 555 Quartet. sen. 720 
Aluminum....... : Calimine........ 5.0) | Iridtum= <n. a-e 6.0 | Rock-salt....... 2.0 
MPAIDER co sacs ‘0-2-5 | Calcite... =... .. 3.0 Tridosmium. ... . 7.0 Ross metal..... . 2.5-3.0 
Andalusite....... yes} COPPeP visa wieieoie;« 275-5" Ol Tron ve odes 4.0-5.0 | Silver chloride... ee} 
Anthracite....... 22 Corundum...... RY) Kaolin sieisncte 1.0 Sulphur. ....... 1.5-2.5 
Antimony....... 3.3 | Diamond....... 10.0 Loess (0° C.).... 0.3 |Stibnites......... 2.0 
Apatite.<...2.3. 5.0 Dolomite. ...... 3.5-4.0 | Magnetite...... 6.0 Serpentine...... 3.0-4.0 
Aragonite....... 3.5 Feldspar........ 6.0 Marble......... 3.0-4.0 } Silver.......... 2.5-3.0 
IASHONIC. Senco. 3.5 Witintccachie ces <-> 7.0 Meerschaum....} 2.0-3.0 | Steel........... 5.0-8.5 
Asbestos........ 5.0. } Bluorite..<< <...- AiO hi Mica ncs,¢ scenes ZuGuae alos percceacic: 1.0 
Asphalt......... 1.0-2.0 | Galena......... 25 Opal 2s. eect AO=G! ON Diniysractameraloie os 105 
(a ae ae 6.0 Garett. o2.<.s 70 Orthoclase...... 6.0 Topagtc2.s05. 0 8.0 
PBarite ont ccc Se3in) Glasses cc's ce ce 4.5-6.5 | Palladium... ... 4.8 | Tourmaline..... 7/5) 
Beri liverr sateen 7.8 (GoW cone 2.5-3.0 | Phosphor-bronze. 4.0 Wax. (0% C2).05. 0.2 

~ Bell-metal....... 4.0 Graphite........ 0.5-1.0 | Platinum....... 43 Wood’s metal. . . 3.0 


5. COMPRESSIBILITY 


COMPRESSIBILITY OF LIQUIDS.—tThe coefficient of compression of a liquid is 
B = (1/Vx) X {(Vi — V2)/(p2 — p1)} where V; and V2 are the volumes at the same 
temperature, deg. C., under pressures p; and pz (atmospheres) respectively. Values of 
B X 10° are given in Table 11. 


Table 11.—Compressibility of Liquids 
(From Smithsonian Tables) 


t; Pressure, t, Pressure, 
Substance deg. C. | Atmospheres 8 X 106] Substance deecOn | Aimoapheres BX 106 

Chloroform.......---. AC. a eae eee Water 20 1-25 49.1 
Alcohol; ethyl. .-...... 20 1-50 4 20 25-50 47.6 
methyl... sis... 18.1 8 Me 20 1-100 46.8 
Glycerine............ AAV te SAP ates creer a 20 100-200 44.2 
MVECTCUTY. 1. s1c icici ois 8) 3:0 (OP WN oes af 20.4 1-500 43.4 
INK Rael Ue ree se Oe 20.3 1-32 as 0 500-1000 41.6 
MEL NOUR VIOs ele ea ce-cileiepe 9:0 ZOMDSIT We Getett cisiecols 2 0 1000-1500 35.8 
atoetroleum,..+»- + Oe eae “ 0 1500-2000 | 32.4 
me eee, se DOS INS eee eeciy “ 0 2000-2500 | 29.2 
“ turpentine........ LON TRR As a: 0 2500-3000 | 26.1 


COMPRESSIBILITY OF GASES.—Table 12 gives the relative change in volume of 
several gases under various pressures and at various temperatures. For additional data 
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on the change of volume of the following gases, see Kent’s Mechanical Engineers’ Hand- 
book—Power, forming Vol. 2 of this series: Air, pp. 1-02 to 1-36; ammonia and sulphur 
dioxide, pp. 10-14 to 10-20; steam, pp. 503 to 515. 


GENERAL PROPERTIES OF MATERIALS 


Table 12.—Compressibility of Gases 


Relative volume at various temperatures and pressures. Volume at 0° C. and 1 atmosphere 
pressure = 1,000,000 


(Based on Smithsonian Tables) 


Pressure. Oxygen Air Nitrogen 
Atmospheres CC TITS eggs Cl" ONC. TOR 4 200.4° C. eee oa on 199.6° C. 

100 PA CI (RRP is | eee 9730., |". cscs Wioeeee C910 Te a re oe 

200 4570 7000 9095 5050 7,360 9,430 5195 7,445 532 
300 3208 4843 6283 3658 5,170 6,622 3786 5,301 6,715 
500 2312 3244 4100 2680 3,565 4,422 2780 3,655 4,515 
1000 1735 2051" tee es 1992 2,415 2,828 2068. I eek Agen 

Hydrogen Ethylene Carbon Dioxide 
02°C, | 99.3°'C. (200:5°'C.} 0° C. 100° C. |198.5° C 0° C. 100° C. |198° C 

SO tie aeincse heer da etee Evers > ass 3520 23,840 33,040 2100 24,120) 1 eee 

LOO) AE SP octal ee tae Meakson oes 3100 10,050 | 15,800 2020 10,300 | 12,582 
200 5690 7567 9420 2875 4,730 7,085. hive sin cee, | acre | Bere cuene 
300 4030 5286 6520 2686 3,770 5,426 1863 2,966 4,976 
500 2713 3462 4210 2512 3,156 3,970 1782 2,402 3,356 
1000 1720 ZOO Free tee 2289 26452] as es 1656 E999 PAs. 


COMPRESSIBILITY OF SOLIDS.—Table 13 gives the compressibility of the more 
important solid elements. The values are the mean elastic change in volume per megabar 
(0.097 atmosphere) between 100 and 500 megabars. 


Table 13.—Compressibility of the Solid Chemical Elements 


Arranged in increasing order of atomic weights. 


Element 


Magnesium...... 
Aluminum,...... 
Silicon..eb.es ease 
Red phosphorus. . 
Sulphur’ Mn diosa: 
Potassium..,.... 
Calon gj. 
Chromium....... 
Manganese...... 


Change in 
volume per 
megabar 


pressure * 


0, 0488 
.055 
. 03154 
. 0427 
. 0413 
0516 
- 0490 
. 03125 
. 03315 
0455 
057 
057 


Element 


Bromine. <<. 05 bc 
Rubidium’. ok fen 
Molybdenum..... 
Palladium........ 


(From Smithsonian Tables) 


Change in Change in 
volume per volume per 
megabar Element megabar 
pressure * pressure * 
0.0540 Cadmium...... 0.0419 
0527 Tinoc eee ode . 0416 
.0554 Antimony...... . 0422 
.0415 TodinG. c.eease de . 0313 
0443 Cesium . 0361 
03118 Platinum... 4c .0521 
035 18 Gald: €. 9S. os.cae 0547 
0340 Mercury....... 04371 
0526 Thallitnn.-<ovw 0426 
0538 TLiOWGes. sssteicinie, © Ste 0422 
0584 Bismuth....... 0428 


SS 


* The subscript indicates the number of zeros after the decimal point, 


Thus, 0.0488 = 0.000088. 
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IRON AND STEEL 


By Bradley Stoughton 


Tron is a chemical element, which in its pure form has almost no commercial use. 
Tron which has a purity of 98 to 99% is used commercially for certain special purposes. 
See p. 2-06. The addition of other elements to iron, as carbon, silicon, manganese, nickel, 
etc., completely changes its character and renders it the most useful metal known to man. 


1. PIG IRON 


Tron is smelted from the ore in the blast furnace, the resulting product being known as 
pig iron. Analyses of various grades of pig iron are given in Table 1. 

Foundry Pig Iron is pig iron intended for foundry uses. The silicon content is high, 
and the sulphur content usually is low. 

Charcoal Pig Iron is pig iron made in blast furnaces using charcoal as fuel. Sulphur 
content does not exceed 0.05%, and silicon also is low. Charcoal iron is preferred for 
chilled castings, low in sulphur, such as chilled car wheels, chilled iron rolls, etc. 

Acid Pig Iron is a trade name for pig iron suitable for use in the Bessemer converter 
and the acid open-hearth furnace, for steel making. Phosphorus content must be low. 

Basic Pig Iron is a trade name for pig iron of phosphorus content higher than that of 

-acid pig iron, and silicon content lower than that of either acid or foundry pig iron. It 
usually contains 1.75-2% manganese. 

Forge Pig Iron is pig iron suitable for use in the puddling furnace. 

Electric Pig Iron is pig iron made directly from ore in the electric furnace. 


2.. CAST IRON 


Pig iron, or iron direct from the blast furnace, ordinarily is unsuitable for iron castings 
without the admixture of other elements. Castings may be made with metal direct from 
the blast furnace, provided sufficient metal, melted in a cupola, and containing the neces- 
sary alloying elements to correct the composition of the blast furnace metal, is added to 
the latter. The usual practice of making iron castings is to remelt the pig iron, together 


Table 1.—Analyses of Pig Irons or Cast Irons 


Figures in bold-faced type indicate essential constituents; figures in light-faced type are approxi- 
mately correct, but are not the determining factor for the grade in question. 


a 


Trade Name peas Si, percent S, percent P, percent Mn, percent 
Nos eofte..s.. .. 3.00 + 2.75 to 3.25 |0.05 andunder| 0.30 to 1.50 0.10 to 1.00 
No. I foundry... 3.254 2.25 to 2.75 |0.05 andunder| 0.30 to 1.50 0.10 to 1.00 
No. 2 foundry... 3.50 + 1.75 to2.25 | 0.06 andunder;] 0.30 tc 1.50 0.10 to 1.00 
No. 3 foundry... 3.754 1.25 to 1.75 | 0.065 and under} 0.30 to 1.50 0.10 to 1.00 
Gray forge...... 3.50 + 0.75 to 1.75 | 0.07 and under Under 1.00 0.10 to 1.00 
ee as : } 3.50 to 4.00 | 1.00to1.50 | Under0.08 | Under 0.09 | 0.20 to 1.00 

essem ae 
Basic pig....... 3.50 to 4.00 Under 1.25 Under 0.08 0.10 to 1.50 1.50 to 2.00 
Malleable...--}/ 3.50 | 0.75 to 2.00 | Under 0.07 | Under 0.20 0.50 + 
Bessemer...... 
Ferrosilicon*..... 0.50 to 2.00 | 10.00 to 50.00 Under 0.04 Under 0.10 0.20 + 
Silicospiegel..... 1.00 + 5.00 to 15.00 Under 0.02 Under 0.10 | 15.00 to 25.00 
Ferromanganese..| 6.00 to 7.00 0.50to 1,00 Wnder'.0).:039 © |) .e..tueet os 40.00 to 80.00 
Ferrophosphorus. 1.00 + 120 Under 0.05 |10.00 to 25.00/ ........... 
Spiegeleisen...:. 4.50 to 6.00 1.00 + WWarcdersQHOAM |New cctee cet: 15.00 to 35.00 


* Ferrosilicon of 10 percent grade, ferromanganese, silicospiegel, and spiegeleisen are made in 
blast furnaces, by variations of the usual practice and by using special ores. Ferrosilicon of 30 
to 80 percent grades, and several other so-called ferroalloys, are made in electric furnaces. These 
include ferrochrome, ferrotungsten, ferromolybdenum, ferrotitanium, ferrovanadium, etc. They 

large amounts of the alloying metal. When these alloys are free 


all practically pig irons with ] 
from, Be low in, carbon, they are made by the thermit and other processes. 
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with certain proportions of scrap, in the cupola. The various grades of pig iron and scrap 
are combined in the cupola charges to give the desired chemical composition of the iron 
in the castings. For methods of mixing and charging, see p. 20-10. The composition of 
the iron in the castings also may be varied by the addition of ferroalloys, as ferrosilicon, 
ferromanganese, etc., to the molten iron in the ladle. Soda ash and calcium silicide also 
may be added to the iron in the ladle to reduce the sulphur and oxygen in the metal. 

EFFECT OF VARIOUS ELEMENTS ON CAST IRON.—Carbon depends on the 
presence of other elements. High manganese content may permit a carbon content 
of 7%, while high silicon may reduce carbon to 1%. Carbon may be present 
either in the combined form or as free graphitic carbon. Maximum tensile strength is 
attained when combined carbon is about 0.47%. Maximum transverse strength requires 
about 0.70% combined carbon, and maximum crushing strength requires over 1%. Hard- 
ness increases with the increase in combined carbon. 

Silicon directly affects the combined carbon in cast iron. Carbon exists principally 
as graphite when the silicon content ranges from 0.75-2.50%. With silicon in excess of 
about 3.0%, its effect on the formation of graphite decreases, and when silicon increases 
to 4 or 5% the iron tends to become white. 

Sulphur acts in the opposite manner to silicon, but with much greater effect. A sul- 
phur content of 0.01% will counteract the effect of 1.15% silicon in producing graphite. 
Sulphur causes segregation and red shortness, and should be kept below 0.5%. 

Phosphorus increases the fusibility, fluidity and brittleness of cast iron. It decreases 
shrinkage and density. Ornamental castings which must reproduce sharp impressions 
may contain as much as 1.5% phosphorus. z 

Manganese lessens the bad effect of sulphur, and should be present in quantities twice 
as great as the quantity of sulphur. It tends to make cast iron harder and more brittle. 
It also tends to strengthen the casting and fine the grain. It is introduced into the iron 
by additions of spiegeleisen or ferromanganese in the ladle. 

Nickel, Chromium, Molybdenum are added to cast iron to increase the tensile strength. 
The proportions used have ranged up to 1.50% nickel, 0.50% chromium, or 0.50-1.50% 
molybdenum. Tensile strength of cast iron containing these elements may range as high 
as 70,000 Ib. per sq. in. 

PHYSICAL PROPERTIES OF CAST IRON.—Detailed specifications for gray iron 
castings and a discussion of the physical, electrical and thermal properties of cast iron are 
given in the section on Foundry Practice. See p. 20-03. 


3. WROUGHT IRON 


Wrought iron is commercial iron mechanically mixed with slag. It is the product of 
the reverberatory furnace or of the charcoal hearth. It melts at white heat, but is pasty 
at lower temperatures, and in this condition can be readily worked and welded. It is 
ductile when cold. 

GRADES.—Wrought iron may be graded as: 1. Charcoal iron. 2. Puddle iron. 
3. Busheled scrap. The first is the purest grade of wrought iron. The second is classified 
as staybolt iron (grade A) and merchant iron (grades B and C). The third grade is made 
from iron scrap, with which steel sometimes is mixed. It is irregular in quality. 

PROPERTIES OF WROUGHT IRON.—Wrought iron is tough, ductile, and malle- 
able. It can be welded readily. Its properties are only slightly changed by heat treat- 
ment. The following physical properties are given by different authorities. Specific 
gravity, 7.4—7.9; specific heat, 0.1138; melting point, 2732-2912° F.; coefficient of thermal 
expansion, 0.000 006 48; ultimate tensile strength, average 51,000 lb. per sq. in.; yield 
point, average, 31,000 lb. per sq. in.; elongation in 8 in., 25-40%; reduction mn area 
nares eae elasticity, 28,200,000; ultimate strength in single shear, 42 000 

. per sq. in.; elastic limit in torsion, 20,500 lb. Subnet icity i : 
reboots. b. per sq. in.; modulus of elasticity in torsion, 
The ultimate compressive strength of good wrought iron is not well defined. The 
yield point in compression, which is about the same as the yield point in tension, should 
be taken as the ultimate compressive strength, for all practical purposes. The yield 
point ranges from 2000 to 4000 Ib. per sq. in. higher than the elastic limit. 
: peice ee Feet eee IRON.—The Am. Soc. for Testing Materials 
as issued standard specifications for wrought-iron pl 
below from the 1936 Tentative* haere due Oe ara eee eee 

Wrought-iron Plates (A.S.T.M. Designation A42-36T).—Plates shall be rolled from 

blooms, piles or slabs free from iron scrap or steel. Piles for plates are to be made of 


Pea pei LS aE ae 
* A Tentative Standard i bject t isi i 
pe Nie ar cea t s subj 0 yearly revision. The latest issue of the A.S.T.M. Stand- 
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wrought iron. The chemical specification is Mn, max., 0.06%. Physical properties 
specified are: Tensile strength, min., 48,000 lb. per sq. in.; yield point, minimum, 27,000 
lb. per sq. in.; elongation in 8 in., 14%. The tension test specimen should be made in the 
form shown in Fig. 2 (see p. 7-54), and be of full thickness of the plate as rolled, except 
that for plates 1 1/9 in. or more thick, specimen may be machined to a minimum thickness 
or diameter of 3/, in. for a distance of at least 9 in. 

The bend test consists in bending a specimen cold through 90° around a pin, without 
cracking on the outside of the bent portion. Diameter of pin = (40 t/specified longitu- 
dinal elongation in 8 in.), where ¢ = thickness of plate, in. 

A nick test shall be made. The specimen when nicked on one side and broken shall 
show a wholly fibrous fracture. 

In Special Forming Plate the longitudinal strength and ductility are related directly to 
the transverse properties and are scaled downward in ratio to the increase in transverse 
properties as follows: 

Tensile strength = 51,000 — (1500 T.D.) 


Longitudinal elongation in 8 in. = 16 — T.D., where T.D. = transverse ductility of 
plate expressed as a percentage of elongation in 8in. ‘Yield point = 27,000 lb. per sq. in. 
Representative requirements for special forming plates in accordance with the above 
formulas are 


Transverse ductility, %........... 3 4 5 6 7 8 
Minimum tensile strength (longi- 

fudinal), Ib. per sq. im.*......... 46,500 45,000 48,500 42,000 40,500 39,000 
Hionsawonin: sim, 9 fs osa. ssc. < 13 12 11 10 9 8 


Permissible variation in weight of plates ordered to weight per sq. ft. shall not exceed 
the percentages given in Table 7, p. 2-28. If ordered by thickness, the thickness shall 
not vary by more than 0.01 in. under that ordered. The overweight of each lot in each 
shipment shall not exceed the amount given in Table 7, p. 2-28. 

Wrought-iron Bars, Single and Double Refined (A.S.T.M. Designation A189-36T).— 
Bars shall be made from pig-puddled or processed wrought iron, free from any admixture 
of steel, in two grades, as follows: Grade A, original muck bars twice piled and rerolled; 
Grade B, original muck bars piled and rerolled. Manganese shall not exceed 0.06%. 
Physical properties are given in Table 2. 

The cold bend test comprises bending cold around a pin through 180 deg. without 
showing cracks on the outside of the bent portion. The diameter of the pin shall be equal 
to the thickness of the specimen. The hot bend test consists in bending the specimen 
flat on itself at a temperature of 1700—-1800° F. without showing cracks on the outside of 
the bent portion. The nick test comprises nicking the bar 25% around its circumference 
with a tool having a 60-deg. edge, to a depth of not less than 16% of the diameter or thick- 
ness of the bar, and breaking the bar slowly. The fracture should be wholly fibrous in 
appearance. 

Tension test specimens shall be the full section of the material as rolled, if possible, or 


* For plates over 3/4 in. thick, a deduction of 1000 lb. per sq. in. from the indicated tensile 
strength is allowed for each increase of 1/g in. thickness over 3/4 in., with a proportional reduction for 
fractional parts of 1/g in., to a minimum tensile strength of 3,000 Ib. per sq. in. 

+ For plates under 7/16 in. thick, deduct 1% from the percentageof elongation for each decrease 
of 1/1g in. below 7/16 in. thick, to a minimum of 8%. 


Table 2.—Physical Properties of Wrought-iron Bars 
A.S.T.M. Designation A189-36T 


Grade A, Double-refined Bars 


All Flats, 
Rounds, | Rounds, | Rounds, 
Squares Squares | Squares 
or Hexa- | or Hexa- | or Hexa- 
gons Up gons gons 

to 15/gin. | 15/g-21/g] 21/2 in. 

diam.* or |in. diam.*| and over, 


Grade B, Single-refined Bars 


All Flats, 
Rounds, | Rounds, | Rounds, 
Squares | Squares | Squares 
or Hexa- | or Hexa- | or Hexa- 
gons Up gons gons 

to 1 5/gin.} 1 5/g—-2 1/g| 21/9 in. 
diam.* or |in. diam.*| and over, 


Property 


thick or thick |diam.* or] thick or thick | diam.* or 
thick , thick 
Tensile strength, 1000 lb. per sq. in. 48-54 47-54 46-54 48 47 46 


0.6 0.55x 0.50 
Ten. Str. | Ten. Str. | Ten. Str. 
25 22 20 
40 35 30 


Yield point, min., 1000 lb. per sq. in. 0.6X O55 < O5< 
Ten. Str. | Ten. Str. | Ten. Str. 


Elongation in 8in., min., percent. . 28 25 22 
Reduction of area, min., percent... 45 40 35 


* Short diameter of hexagons. 
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otherwise taken from the material as rolled. For bars 2 1/2 in. or less in diameter or thick- 
ness, the axis of the specimen shall coincide with the axis of the bar. For bars over 2 1/2 in. 
diameter or thickness, the axis shall be located at any point one-half the distance from 
the surface to the center of the bar, and parallel to the axis of the bar. It may be machined 
to a diameter of 1 in. for a distance of at least 9 in., with enlarged ends. 

The bend test specimen for round, square or hexagon bars of not over 1 1/2 in. diameter 
or thickness, and flats not over 1 in. thick or 2 in. wide shall be the full section of the bar 
asrolled. For larger bars the specimen may be reduced to 1 1/9 in. diameter or thickness. 
For flats it may be reduced to a width not less than the thickness of the bar. Corners 
of machined edges may be rounded to a radius of not over 1/j¢ in. 

The etch test comprises etching a ground or polished cross-section of the test specimen 
in a solution of 10% HCl (sp. gr. 1.19), 30% H2SOx (sp. gr., 1.84) and 60% water, or in a 
solution of 25% HNO; (sp. gr. 1.42) and 75% water, for a period long enough to develop 
the structure and to show freedom from steel. 

The step test, applicable to Grade A bars only, comprises reducing the specimen to 
50% of its original diameter by smooth turned steps, each 2 in. long and 1/g in. less in 
diameter than the preceding step. The specimen shall show freedom from injurious 
seams, laminations and other defects. 

The number of tests required is as follows: Bend, tension, nick and step tests, two 
each, made on bars selected at random from each lot of 100 bars; etch test, one, made 
from the two bars selected for the other tests. 

Permissible variations in size of rounds, squares and hexagons are as follows: 

Nominal size, in..up tol/gincl. 1/2-lincl. 1-2inel. 2-3incl. 3-5incl. 5-8 incl. 
Variation under... 0.007 0.10 1/64 1/39 1/39 Iig 
Variation over.... 0.007 0.10 1/39 3/64 3/39 1/3 


4. ELECTROLYTIC AND INGOT IRON 


Iron in which iron content is not less than 99.9% is tough, ductile, highly resistant to 
corrosion and has high magnetic and electrical properties. It is made by two processes, 
viz., extensive refinement in the open-hearth furnace, the product being known as ingot 
iron; by electro-deposition, the product being known as electrolytic iron. 

ELECTROLYTIC IRON is made from anodes of ingot iron, soft steel or pig iron. The 
cathodes are rotating mandrels or moving plates. The electrolyte usually is ferrous 
chloride. The current density ranges from 12 to 75 amperes per sq. ft. and the voltage 
drop is 3 to 4 volts per cell. Electrolytic iron has been used where high magnetic prop- 
erties were required, but the development of alloys of high permeability has displaced 
it from this field. 

ARMCO INGOT IRON * is a trade name for commercially pure iron produced by the 
basic open-hearth process. The operation of the furnace is similar to that for making mild 
steel, but the refining operations are carried farther. The reduction of metalloids to low 
values is accomplished by adding iron ore to the bath, which furnishes the oxygen necessary 
to oxidize the manganese, silicon, phosphorus, and carbon. The highly basic slag reacts 
with the products of oxidation to effect their removal from the bath. As the metalloids 
are removed during the refining period, the melting point of the metal is raised, necessitat- 
pee operation at a higher temperature than ordinarily used for the production of 
mild steel. 

A typical chemical analysis of this material is: Carbon, 0.015%; manganese, 0.020; 
phosphorus, 0.005; sulphur, 0.025; silicon, trace. 

The microstructure of Armco ingot iron consists of a simple network of grain boun- 
daries, characteristic of all pure metals. No other phases are present than the ferrite 
which makes up the structure of the grains. The size and shape of the grains will differ 
with various mechanical and thermal treatments. 

Physical Properties.—The average physical properties are: Specific gravity, 7.866; 
weight, lb. per cu. ft., 490; specific heat at 25° C., 0.108; heat of fusion, 65 calories per 
gram; thermal conductivity, 0.16 calorie per sec. per sq. cm. per deg. C. per em. at 100° Cie 
thermal coefficient of expansion, 12.6 millionths per deg. C. (20-300° C.); electrical resistiv- 
ity, 9.6 microhm-cm. at 0° C.; temperature coefficient of electrical resistivity, 0.0056 per 
deg. C. (0-100° C.). 

: Magnetic properties are best illustrated by the curves in Figs. 1 and 2. Permeability 
is high, and retentivity low, which make this material suitable for many special applications. 

Mechanical Properties.—The average mechanical properties after various treatments 
are shown in Table 3. Young’s modulus is 29,300,000 lb. per sq. in. in both tension and 

compression, and the shear modulus is 11,800,000 lb. per sq. in. Poisson’s ratio is gen- 


* Contributed by R. L. Kenyon. 
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erally considered to lie between 1/4 and 1/3 for most metals, and is given for iron as 0.28 in 
various sources. 

. Effect of Temperature on Mechanical Properties.—The effect of temperature on the ten- 
Bile properties as determined by short-time tests is shown in Table 4. The tensile proper- 
ties at elevated temperatures are greatly influenced by the effect of creep, and the time 
factor must, therefore, be taken into consideration in designing structures exposed to 
elevated temperatures. Tapsell and Clenshaw have determined the limiting creep stress 
of Armco ingot iron as shown in Fig. 3. 

The variation in torsional properties and the endurance limit, both at elevated tem- 
peratures, are shown in Table 5. Endurance limit, as shown, was determined on the 
Haigh alternating stress machine at 2400 cycles per minute with equal plus and minus 
stress on the basis of 10,000,000 reversals. 
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The plastic deformation of Armco ingot iron is well illustrated by the stress-strain 
curve determined in the tensile test. Fig. 4 shows a series of such curves made on annealed 


Table 3.—Physical Properties of Ingot Iron 
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Table 4.—Tensile Properties of Ingot Iron at Elevated Temperatures 
Short Time Tests 


Tensile Percent Elongation, Percent 
Deg. F. Temperature, Strength, Including Fracture Reduction Modulus # 

deg.C. |, per sa. in. L = 4-/Area of Area 
60.8 16 49,500 45 69 29,800,000 
212 100 57,800 27 61.5 29,250,000 
302 150 59,800 26.5 60 28,400,000 
392 200 65,600 26.5 54 27,800,000 
482 250 64,700 30.0 54 27,200,000 
572 300 62,500 38.5 56 26,500,000 
662 350 56,700 44.5 61 25,800,000 
752 400 44,800 51 67.5 25,000,000 
842 450 37,000 51 67.5 24,000,000 
932 500 27,100 49 63.5" "|" eee 
600 15,200. |) 8» 34-5, 8) ape. 3 YP seeker ee 


700 9,200 45a sR oe 3) 3. @ | Se eee 


Table 5.—Torsional Properties and Endurance Limit of Ingot Iron at Elevated Temperatures 


Torsional Properties Estimated 
Angle of Twist Limiting Range 
Deg. F. Deg. C. | Modulus of Modulus of per in. at of Fatigue Stress, 
Rupture Rigidity Fracture, deg. Ib. per sq. in. 
60.8 16 63,200 11,600,000 778 26,700 
212 100 66,100 11,500,000 632 24,000 
302 150 70,300 11,400,000 628 °F ee Sse 
392 200 68,300 11,200,000 479 25,500 
482 250 68,300 11,100,000 RAT Te eee 
572 300 69,000 11,000,000 406 33,400 
662 350 65,900 10,700,000 297 Sas A eee 
752 400 51,700 10,500,000 335 28,900 
842 450 41,000 10,300,000 326% Dee ee 
932 500 25,100 |) ited 249 12,300 
1112 600 45, 00006 =~, 5 pees oa 285 


sheets that have been cold rolled various amounts. The effect of cold rolling on the tensile 
strength, yield strength, and elongation, as well as the change in the shape of these curves 
is clearly brought out. 
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: Uses.—Armco ingot iron was originally developed as an especially durable metal 
highly resistant to corrosion, and in sheet form it has been galvanized for roofing, siding 
tanks, and signs. In the corrugated form it has been used for culverts. Its high purity 
and freedom from gas-forming metalloids make it suitable for oxyacetylene and electric 
arc welding, both as material to be welded and as welding rods. It is also very suitable 
in the form of sheets for vitreous enameling, because of its freedom from enamel defects 
such as bubbles and blisters. It is very ductile, and is used for the most severe deep- 


drawing operations such as refrigerator parts, washing machine tubs, etc. Superior 
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drawing properties and enameling quality are thus incorporated in a single material. Its 
relatively low electrical resistance, compared to steel, has led to its use as telegraph wire 
and bond wire for rail signal circuits for railroads. Its high magnetic permeability and 
low retentivity has stimulated its use for solenoid plungers, magnetic cores, and other 
parts of electrical equipment. 

FORMS.—Armco ingot iron is available in the form of hot and cold rolled sheet and 
strip in all variations of surface and temper, in plate, wire, rods, bars, tubing, and spiral 
welded pipe. 

FABRICATION.—Cold Working.—Because of its high ductility, Armco ingot iron can 
be bent and formed more easily than steel, thus making it possible, in some cases, to sub- 
stitute cold-forming operations for hot forming with steel. Deep-drawing operations of 
a wide variety of forms and degrees of intricacy are carried out in cold stamping presses. 
It is very suitable for cold spinning operations. 

Hot Working.—Armeco ingot iron is not workable in the temperature range from 
1552° to 1922° F. This is due to the very low manganese content. This temperature 
range is avoided in all hot-rolling and forging operations. "When Armco ingot iron is to 
be forged or hammer welded, it should be heated to a white heat or above, when it can 
be worked until the temperature drops to 1922° F., or to a bright orange color. If more 
working is required, reheating is necessary. If worked in the critical range between the 
temperatures given, it will check or break. It is also possible to work the material below 
the lower limit of this range if hammer welding is not involved, and often this is more 
satisfactory than working above the critical range, because of the difficulty of preventing 
some portions of the piece from cooling into the critical range. When worked at temper- 
atures either above or below the critical range satisfactory results will be obtained. 
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Fic. 5. Recommended Tool Shapes for Machining Ingot Iron 


Machining.—The high ductility and extreme toughness of Armco ingot iron make it 
necessary to alter slightly the cutting angles of machine tools in order to get the best 
results. Shaper tools having a little more rake do away with the tendency to drag 
and will give surfaces comparable to mild steel. In the case of drilling, the clearance angle 
of the drill should be increased slightly, and the drill should be ground to cut continuous 
spirals rather than chips. Fig. 5 shows cutting angles for lathe and shaper tools and drills 
that have been found satisfactory. 

Welding.—Both plates and welding wire of Armco ingot iron possess excellent welding 
characteristics because of purity, uniformity of grain structure, and freedom from gas- 
forming impurities, all of which result in a freedom from blowholes. ; 

Brazing and Soldering.—The usual procedure for brazing and soldering may be 
carried out without difficulty on Armco ingot iron. : | 

Annealing.—Annealing results in a change in the grain structure and physical properties 
of the material. At temperatures below the A; thermal critical point (1650° F, for Armco 
ingot iron), the recrystallization of the grain structure and the change in properties that 
is produced depends on the amount of previous cold work to which the material has been. 
subjected. Under certain combinations of degree of cold working and annealing temper~ 
ature, excessive grain growth and inferior physical properties may result. ; This is also. 
true of low carbon steels, ag well as Armco ingot iron, and should be borne in mind when 
parts are shop annealed in process of fabrication. For example, the best efforts of the 
manufacturer to produce a good microstructure and physical properties for deep-drawing 
operations will be entirely destroyed by ill-advised annealing which causes excessive 
grain growth after cold working. These difficulties can be largely overcome by normal- 
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izing or annealing above the ‘A; temperature. In many cases the high degree of ductility 
of Armco ingot iron makes it possible to draw the finished part in one operation, thus 
obviating the necessity of any intermediate annealing treatment at all. \ 

Riveting.—Due to the great ductility, rivets of Armco ingot iron up to 3/g in. can be 
driven cold. For larger sizes or whenever it is necessary to drive them hot, care should 
be taken not to heat them above the lower range of critical working temperature. 


&. STEEL 


Steel is iron containing up to 1.7% carbon and not containing admixed slag. The 
properties of steel are varied over a wide range by variations in the carbon content and 
in the percentage of other metals alloyed with it. These are discussed in great detail 
in the following pages. 

CLASSIFICATION OF STEEL.—Steel may be classified, among other methods, by 
the process of manufacture, as follows: 

Bessemer Steel is made in a Bessemer converter from melted pig iron. Only acid 
Bessemer steel, 7.c., steel made in a converter lined with silicious material, is made in the 
U. 8. After all the constituents of the bath of iron in the converter, excepting the iron, 
have been burned out by means of air blown through the bath, spiegeleisen or ferro- 
manganese is added to the bath to deoxidize the iron and give it the desired carbon 
content. 

Bessemer steel usually is poured into ingots which are rolled into various shapes, as 
pipe, tin plate, etc., and drawn into wire. It also is used for the manufacture of steel 
castings, the converters being of about two tons capacity. In these converters air usually 
is blown on the top surface of the bath instead of through it, resulting in a much hotter 
metal, since the carbon is burned to CO2 instead of to CO, as occurs when the air is blown 
through the bath. 

Open-hearth Steel is steel made in the open-hearth furnace. The charge to the 
furnace may range from 100% steel scrap with no pig iron to 100% pig iron with no 
scrap, or any combination in between these limits. Liquid pig iron also may be charged 
to the furnace. The bath is kept liquid to the utmost limit of purification. The silicon, 
manganese, phosphorus and carbon are oxidized from the steel as desired, and the chemical 
composition is adjusted by means of suitable additions of carbon, manganese and silicon, 
and in the case of alloy steels by the addition of nickel, chromium, vanadium, tungsten, 
etc. Open-hearth steel may be either acid or basic steel, the distinction being in the 
character of the lining of the furnace, which, in turn, determines the character of the slag 
utilized in the process. In the acid open-hearth furnace, the slag is an acid slag, 7.e., rich 
in silica. Phosphorus will be repelled by such a slag and hence cannot be removed from 
the bath. Raw materials, low in phosphorus, must be used to obtain a good quality of 
steel in the acid furnace. 

Basic open-hearth steel is made with a slag rich in bases, e.g., lime, which will absorb 
the oxides of silicon, manganese and phosphorus and therefore keep them away from the 
steel as they are oxidized. Basic steel is free from phosphorus but may contain more 
oxide of iron than acid steel. Acid steel generally is preferred for service under fatigue 
conditions, but basic steel represents 85% of the steel used in the U. S. (1937). 

Duplex Steel is steel that is made by the so-called duplex process in which melted metal 
from a Bessemer converter is used in the charge for the open-hearth furnace. The acid 
Bessemer process removes silicon, manganese and carbon rapidly from pig iron. If this 
purified metal then is charged to a basic open-hearth furnace, the phosphorus and the 
sulphur are removed. The duplex process produces steel in a minimum of time as com- 
pared with the other processes, except the Bessemer. 

Electric Furnace Steel is steel made either in an arc or resistance type of furnace. The 
resistance type of furnace generates, by induction, electric current in the steel bath which 
is heated by virtue of the resistance of the steel to the passage of current through the bath. 
In the electric arc furnace, which is similar in operation and design to fuel-fired furnaces 
the arc, instead of a flame, heats the charge. It is, therefore, capable of much higher 
heats than either the open-hearth or Bessemer furnace. Its distinguishing characteristic 
however, is the absence of an oxidizing or carbonizing flame, enabling iron or steel Soran 
to be melted without either oxidizing or carbonizing. The electric furnace thus offers 
the advantage of a furnace atmosphere that may be neutral or reducing as desired, since 
the charge does not come in contact with any products of combustion. It also is possible 
to maintain a slag quite free from iron oxide. Such a slag will purify steel to any desired 
limit by eliminating sulphur, oxygen and oxide. Only the basic electric furnace can hold 
this purifying slag, but the acid furnace can remove all impurities except phosphorus and 
sulphur. The basic electric arc furnace hence is used largely for super-refining, that is, 
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for the final stages of desulphurization and deoxidation of steel from the basic open-hearth 
furnace. The electric furnace has largely supplanted the crucible furnace for. making 
tool steels and alloy steels for high-speed cutting tools. 

Crucible Steel is steel made in pots or crucibles holding about 100 lb. of metal, and 
heated, usually, in a pit furnace. The raw material consisting of wrought iron, steel scrap 
or pure cast iron is packed in the crucible with charcoal or carbon, melted, and held at 
furnace heat for about one-half hour. Manganese is added to remove oxide from the 
iron, and silicon is absorbed from the crucible together with carbon, if the crucible is made 
of graphite. The quality of crucible steel depends on its freedom from objectionable 
elements as phosphorus, and on the complete removal of oxides, slag and blowholes, 
This is accomplished by dead melting or killing before pouring, and on the proper addition 
of alloying elements, as carbon, manganese, chromium, tungsten, ete. While the crucible 
process was the principal source of tool steel for nearly 150 years, it is now (1937) relatively 
unimportant. 

IDENTIFICATION OF DIFFERENT TYPES OF STEEL.—Acid and Basic Steel.*— 
Acid open-hearth or Bessemer steel may be distinguished from basic steel by being lower 
in manganese, sonims,t and oxygen, but higher in silicon, phosphorus and sulphur. It 
dissolves more slowly in dilute sulphuric and hydrochloric acids than does basic steel. 

Basic Open-hearth and Acid Bessemer Steel.—Manganese, silicon, phosphorus and 
sulphur will be lower, and sonims+ and oxygen higher in basic open-hearth than in acid 
Bessemer or acid open-hearth steel. Basic open-hearth steel dissolves more rapidly than 
acid Bessemer steel in dilute acids. For the same tensile strength, basic open-hearth steel 
will be more ductile than acid Bessemer steel with the possible exception of some steel 
castings. 

Acid Open-hearth and Acid or Basic Bessemer Steel.—Acid open-hearth steel will 
have fewer sonims, less oxygen and manganese than acid or basic Bessemer steel, and less 
phosphorus than acid Bessemer steel. 

7 Crucible Steel normally has less than 0.4% manganese, and more than 0.2% silicon, 
while open-hearth and Bessemer steels have more manganese and less silicon than these 
figures, except that silicon in steel castings may be higher. Crucible steel usually is high 
in carbon. If steel with not more than 0.30% carbon is sold as crucible steel, it should 
be tested for sonims which should be less than 0.03%. As yet (1937) there is no definite 
means for distinguishing crucible from electric steels except in the low carbon grades. 
In these grades, silicon usually is over 0.20% in crucible steel, and under 0.20% in electric 
steel. 

Electric Steel usually runs under 0.40% manganese and under 0.50% silicon (except 
in steel of over 0.60% carbon). Even with high carbon steel, except steel castings, silicon 
generally is under 0.20%. Sonims practically are absent in best quality electric steel. 
Electric steel has higher elongation and reduction of area for the same tensile strength 
than any steel except crucible steel. It dissolves much more slowly in dilute sulphuric 
and hydrochloric acids than does basic open-hearth steel, which alone equals it in low 

~ phosphorus. 

EFFECT OF INGREDIENTS ON PROPERTIES OF STEEL.—The effects of the 
various elements on the properties of steel are listed below. 

Carbon.—The effect of carbon on steel is to some extent modified by the effect of other 
elements, and by the heat treatment that the steel may receive. In general, however, 
increase of carbon tends to decrease the specific gravity, melting point, elongation, reduc- 
tion of area and modulus of elasticity, and to increase the tensile strength, yield point, 
and hardness. The hardness and cutting power of quenched and tempered steels varies 
almost directly with the carbon from 0 to 2%, the common commercial limits. Above 
the point of 100% pearlite, 7.e., 0.85% C, the cutting power increases more rapidly because 
of the cementite embedded in the mass. Softness, malleability and toughness. decrease 
in proportion as hardness and brittleness increase with increasing carbon. See Tables 18 
and 19 for the effect of various percentages of carbon and various heat treatments on 
different grades of steel. ie 

Manganese increases strength and hardness, decreases oxygen content and mitigates 
the effect of oxygen and sulphur in the steel. 

Phosphorus increases strength, brittleness, segregation and fluidity and decreases 
resistance to shock. With normal heating, it increases grain size. 

Sulphur slightly increases strength but makes steel dirty, oxidized, segregated, brittle 


* This does not include acid and basic electric steel, ; ; : 
+ Sonims are the solid non-metallic impurities in iron and steel, including slag particles, sul- 
hides of iron or manganese, oxides of iron, silicon, aluminum, etc., or dirt from ladle or furnace 


inings. 
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under shock, and red-short. * The effect of sulphur can be lessened by the presence of 
twice the quantity of manganese. ‘ 

Capo ates hardness of steel. In quantities of less than 1% it will decrease the 
tendency to corrosion. See Atmospheric Corrosion, p. 3-06. It appears to decrease 
segregation and grain size. { 

Silicon increases strength and hardness and decreases ductility. It increases the sol- 
vent power of steel for gases, especially oxygen and carbon monoxide. This influence 
decreases blowholes in soft steel, but increases the volume of pipe in ingots and castings. 
Silicon increases grain size. In castings, 0.20 to 0.40% of silicon often is added for the 
purpose of increasing strength. Silicon is used in cores of electro-magnets to increase 
electrical resistance and, therefore, diminish eddy currents. 

Oxygen may occur in steel as CO, FeO or Fe203, being harmful in any of the three 
forms. Its action is similar to that of sulphur. It produces brittleness in both hot and 
cold steel, and promotes the formation of blowholes. It probably is the most harmful 
of all constituents of steel. No satisfactory method has been found (1937) for rapidly 
determining small traces of oxygen. ; 

Nitrogen and Hydrogen both occur in steel in very small quantities. Nitrogen is 
important in connection with arc welding, when a needle-like constituent appears, which 
is thought to be a crystal of iron nitride. 

Sonims are the solid non-metallic impurities found in iron and steel. They include 
slag particles, sulphides of iron or manganese, oxides of iron, manganese, silicon, aluminum, 
etc., or dirt from ladle or furnace linings. Sonims remain suspended in some steel baths 
or ingots until caught in the solidifying mass. The crucible and electric processes of steel 
making give the best opportunity for the metal to clarify itself. Sonims in steel to a 
harmful extent are caused solely by bad steel-making practice, such as lack of care in 
adding oxidizing agents too near the end of the process, or adding deoxidizers in the ingots 
after the steel has become too cold to allow, for example, oxide of aluminum to rise to 
the surface. 


6. METALLOGRAPHY OF IRON AND STEEL 


MICROSCOPIC CONSTITUENTS OF IRON AND STEEL.—TIron and steel are not 
simple, homogeneous substances, like glass, but are composed of grains and crystals of 
different constituents. Thus, there may be, in slowly cooled iron castings, crystals of 
graphite, cementite, ferrite, and pearlite. The strongest simple steel made (excluding 
alloy steels, etc.) consists entirely of pearlite. Not only the kinds of constituents but also 
the size of the crystals in which they occur has an important effect on the qualities of the 
material which they compose. Thus, large crystals of graphite, etc., indicate weak and 
non-ductile metal. There are also other constituents which appear under the microscope, 
such as nitride of iron, and also minute particles of slag, oxides of iron, manganese, and 
silicon, sulphide of iron or manganese, carbide of manganese, etc. The following is a 
brief description of the principal constituents of iron and steel. 

Ferrite is pure iron. It is soft, ductile, malleable; it can stand a great amount of 
cold work without annealing; it is not strong. It has a tendency to form in rather large 
crystals during cooling from solidification, or from a high temperature. It will not harden 
on rapid cooling, and can be formed of small-sized crystals if heated to a bright red heat 
and cooled very rapidly. 

Graphite, which appears as free carbon in cast iron, occurs in flat plates which separate 
under strain. Its effect is to greatly weaken the iron. As the size of the crystals increase, 
the tensile strength of the iron decreases. Gray cast iron breaks along the planes of the 
ebjers crystals. These, being the only substance visible,{give the iron its characteristic 
color. 

Cementite is carbide of iron, FesC. Its hardness is 6 to 6.5 on Moh’s seale, and U on 
the mineralogical scale. It will scratch glass, but not quartz. It is magnetic below 400° F. 
It decreases the tensile strength of iron and steel, but increases hardness and cutting 
properties. 

Pearlite is an aggregate made of alternate crystals of ferrite and cementite. Its chief 
characteristic is its minute crystal size. Pearlite has about 7 parts by weight of ferrite to 
1 part of cementite, and therefore contains about 0.85% carbon. Steel of this carbon is 
the strongest simple steel known. 

Austenite is a solid solution of ferrite and cementite in each other. It forms when the 
metal solidifies, and remains a solution until it cools to ared heat. But 10% of manganese 
and over in the steel will preserve austenite to a temperature below 0 F., as will 12 to 25% 
nickel. Austenite is hard and non-magnetic; it resists wear, butis not brittle. Chromium 
assists rapid cooling to preserve some of the austenite. If austenite contains 1 part of 
cementite dissolved in 7 parts of ferrite, the solution will remain until the steel cools to a 
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dark red heat. Precipitation then will occur and if the cooling is slow, the solid steel 
will change over into a pearlite structure. If the austenite contains more ferrite than the 
above proportions, ferrite crystals will begin to separate out progressively as the steel cools 
below a bright red heat, until a dark red heat and a proportion of ferrite to cementite of 
7 to 1 is reached at one and the same time. Further cooling causes precipitation of this 
remaining austenite, and the final steel at atmospheric temperature contains ferrite 
crystals in pearlite. If the cementite be greater in proportion than 1 to 7, it will begin 
to separate crystals at bright red heat, with the same procedure, except that the cold steel 
will contain cementite crystals in pearlite. 

Martensite is the chief constituent of rapidly-cooled steel. It is the imperfectly pre- 
served austenite, which could not be cooled rapidly enough to prevent some decom posi- 
tion, but was not so slowly cooled, as to precipitate into pearlite with or without some 
ferrite or cementite. It is a common constituent of hardened steels. It is not as tough 
as austenite, but is tough and brittle. It also differs from austenite in being magnetic, 
but is not as much so as is the same steel slowly cooled. . 

Troostite is a stage in the transformation of austenite one step beyond martensite; it 
also may be called a stage in the transformation of martensite. It may be formed in any 
one of three ways: 1. Cool rapidly to produce martensite; then temper to produce 
troostite. 2. Cool with moderate rapidity, such as quenching in oil. 3. Cool slowly until 
the transformation begins; then cool rapidly to prevent its completion. Troostite has 
somewhat less hardness and less brittleness than martensite. 

Sorbite is the next step beyond martensite in the transformation. It is almost pearlite, 
and is desirable because of its strength. It has some of the durability of fully precipitated 
steel. Itis formed by the cooling of steel, at a moderately rapid rate, from the temperature 
of solid solution to atmospheric temperature. 

Fig. 6, p. 2-17, shows the relations between the various constituents of steel and iron 
at various temperatures and carbon contents. 

_ For a discussion of the metallography of iron and steel, see Eshbach, Handbook of 
~ Engineering Fundamentals, pp. 11-26 to 11-29, forming Vol. 1 of this series. 


7. HARDENING, ANNEALING AND TEMPERING 


HARDENING OF STEEL.—The normal practice in hardening simple steel consists 
in heating it above a dark red heat and cooling it rapidly, as by plunging it in water, 
iced brine, or other liquid. The rationale of this is that the steel is heated above the line 
PS in Fig. 6, and cooled rapidly with the expectation of suppressing the change which 
would occur in slow cooling, that is, the change from austenite to pearlite, etc. What 
actually occurs is the transformation of the steel into martensite (see p. 2-17) which is 
hard and brittle. The rapid cooling along the line PS sets up strains in the metal, which 
sometimes are so great that the steel flies into pieces during hardening. 

Rationale of Hardening and Annealing.—The critical point curves in Fig. 6 form the 
- scientific basis of heat treatment. When iron or steel is heated above the line PSK, 
austenite forms; if it is heated within the area AGOSE, then all the steel is austenitic, that 
is, all the ferrite, or cementite (or carbon) is dissolved in the austenite. If now the aus- 
tenite be formed and cooled rapidly, there is retained in the material some of the imper- 
fectly transformed austenite, that is, martensite, or troostite. The hardness is due to 
these constituents. If, on the other hand, after forming austenite by heating above the 
line PSK, the steel be cooled slowly, the austenite will break up into pearlite. The soft- 
ness and ductility of annealed steel is due to pearlite with ferrite. 

The hardness of quenched steel usually is believed to be due chiefly to the hardness 
of the martensite. Martensite is believed to be composed of crystals of iron, body- 
centered tetragonal, or body-centered cubic, holding carbon in solid solution. Therefore, it 
must be a highly saturated solution in the high-carbon steels that usually are quenched. 
The hardness of martensite is believed to be due to the extremely small grain size. It 
also is believed that the austenite, during its rapid cooling, has broken down into at least 
incipient crystals of Fe3C, which are distributed throughout the mass in a sub-microscopic 
size in a state of what is called critical dispersion. These extremely small hard crystals of 
Fe3C interfere with slip or movement within the crystals, and are responsible for the 
hardness of the mass. alae ia 

Temperature of Breaking Down of Austenite-—When austenite is quenched, it is 
believed that it decomposes, not at 1300° F. as normally occurs according to the change 
phases shown in Fig. 6, but that the change point is depressed to about 500° F. at which 
temperature there is partial precipitation of FesC in extremely small size. Steel to be 
properly quenched must be cooled at a rate known as the critical cooling velocity. This is 
the speed of cooling which will prevent any change in the austenite until a temperature 
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of about 500° F. is reached, and yet not so rapidly that some of the austenite will remain 
unchanged to martensite. 

Correct Temperature for Hardening.—If steel is heated far above the line PS K its 
crystals grow to large size, which causes weakness and “‘ shortness.’’ (Shortness is that 
type of brittleness displayed by gray cast iron when it breaks, as distinguished from the 
violent, springy breaking of strong, hard tool steel.) The fracture shows to the eye bright 
crystal faces, and is described as ‘‘ crystalline ’’ or “fiery.” Under the microscope the 
crystals are large, as compared with the minute size of grain of steel that is “ silky ”’ or 
“sappy.” A test piece of overheated steel has a straight fracture as compared with the 
cup-and-cone fracture of ‘‘ silky’ steel, which is associated with high quality steel of 
low carbon and small crystal size. All heating of steel for quenching, whether of low or 
high carbon, should stop at the temperature where the steel loses its magnetism. 

Restoring Overheated Steel.—Overheated steel may be restored to a fine size crystal, 
called refining, by allowing it to cool to below red heat and then reheating it to 1350° F. 
If the steel has not remained too long at the high temperature its structure may be wholly 
refined by one reheating. In this respect it differs from “ burnt ’’ steel which cannot be 
restored to good quality by any number of reheatings, unaccompanied by forging or rolling. 

Use of Pyrometers.—In all careful heating, whether for hardening or annealing, the 
best practice controls the temperatures by means of pyrometers. Good quality will be 
promoted if each new kind of steel is studied experimentally to determine the best temper- 
ature, 7.e., the temperature that gives the best crystalline structure, irrespective of hard- 
ness. The hardness should be controlled by the chemical analysis and not by varying the 
temperature of hardening. This, of course, does not apply in tempering. 

In automatically controlled heat-treating furnaces control is exercised both by pyrom- 
eters and magnetic indicators. 

RATIONALE OF GRAIN REFINING.—When the austenite is formed, the recrystal- 
lization due to the dissolving of the constituents in one another has a tendency to destroy 
the previous crystals. A minute grain structure results at the temperature where the 
solid solution forms on heating. This structure increases in crystal size in proportion to 
the temperature above its formation point. If the steel be heated up near the line AH 
the structure becomes very coarse, and the crystals do not break up as the temperature 
falls. They either must be broken up by rolling or forging down to the temperature 
where they are normally small, or the metal must be allowed to cool below the line PS K, 
and then reheated to the point where the grain will be small. But if the excessive heating 
has been to a very high temperature, or maintained a very long time at the elevated tem- 
perature, then a mere reheating over the line PS K may not be effective in entirely curing 
the defect. The crystals either must be broken up by rolling or forging, or the steel twice 
reheated over the line PSK. It is most effective to first reheat to a moderately excessive 
temperature; this breaks up the very coarse crystals, but leaves them still coarser than 
they should be. A second reheating to exactly the right point restores to the steel the 
best structure obtainable by heat treatment alone. Rolling or forging below the line 
PS K makes finer crystals than does heat treatment alone, but slightly lowers the duc- 
tility. Cold rolling makes the smallest crystals of all; wire drawing is equally potential. 
By wire drawing to very small sizes, tensile strengths may be obtained in ordinary carbon 
Ee (piano wire, for example) up to 400,000 lb. per sq. in., but with almost no ductility 
eft. 

Effect of Heat on the Grain of Steel—A simple experiment will show the alteration 
produced in a high-carbon steel by different methods of hardening. Ifa bar of such steel 
be nicked at about 9 or 10 places, about 1/2 in. apart, a suitable specimen is obtained for the 
experiment. Place one end of the bar in a good fire, so that the first nicked piece is heated 
to whiteness, while the rest of the bar, being out of the fire, is heated up less and less as 
the other end is approached. As soon as the first piece is at a good white heat, which 
burns a high-carbon steel, and the temperature of the rest of the bar gradually passes 
down to a very dull red, the metal should be taken out of the fire and suddenly plunged 
in cold water, where it should remain until quite cold. It should then be taken out and 
carefully dried. An examination with a file will show that the first piece has the greatest 
hardness, while the last piece is the softest, the intermediate pieces gradually passin 
from one condition to the other. On breaking off the pieces at each nick, it will be ieee 
that very considerable and charactertistic changes have been produced in the appearance 
of the metal. The first burnt piece is open or crystalline in the fracture; the succeedin 
pieces become closer and closer in the grain until one piece is found to possess a i. 
fectly even grain and velvet-like appearance. The first pieces also, which have a 
too much hardened, probably will be cracked; those at the other end ill not be hardened 
through. Hence if it be desired to make the steel hard and strong, the temperature ae 
must be high enough to harden the metal through, but not sufficient to open the grain. 
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Effect of Heat Refining on Size of Crystals.—Heat refining does not always make all 
the crystals small. For example, if a steel of 0.50% carbon be heated just above the line 
PS K, say to 1350° F., austenite begins to form with a very small grain size. There is, 
however, some ferrite which does not dissolve in the austenite, v.e., the ferrite which 
separated from solution in cooling from the point O to the line PS. If, however, the 
heating is continued to higher temperatures, the ferrite progressively dissolves in the 
austenite, until, at the point O, the steel consists wholly of austenite. But in so doing, 
the austenite first formed has been overheated. This leads to double heat treatments. 
Thus, if the steel under discussion should be heated to the point O and cooled very rapidly, 
ferrite would be denied the time to separate, and the structure would be minute through- 
out, but the steel would be brittle from martensite. Most of the ductility then can be 
restored by reheating just above the line PS and cooling slowly. 

ANNEALING.—The object of annealing steel is for the purpose of securing homo- 
geneity of structure that is supposed to be impaired by unequal heating, or by the manipu- 
lation necessarily attendant on certain processes. The objects to be annealed should be 
heated throughout to a uniform temperature and uniformly cooled. 

The physical effects of annealing, as indicated by tensile tests, depend on the grade of 
steel, or the amount of hardening elements associated with it; also on the temperature to 
which the steel is raised, and the method or rate of cooling the heated material. 

The temperatures employed will vary from 1000° F. to 1500° F, In some cases the 
heated steel is withdrawn at full temperature from the furnace and allowed to cool in the 
atmosphere; in others the mass is removed from the furnace, but covered under a muffle, 
to lessen the free radiation; or, again, the charge is retained in the furnace, and the whole 
mass cooled with the furnace, and more slowly than by either of the other methods. 

The best results from annealing probably will be obtained by the following procedure: 
1. Introducing the material into a uniformly heated oven, in which the temperature is not so 
high as to cause a possibility of cracking by sudden and unequal changing of temperature. 
2. Gradually raising the temperature of the material until it is uniformly about 1200° F. 

“3. Withdrawing the material after the temperature is somewhat reduced and cooling, under 
shelter of a muffle, sufficiently to prevent too free and unequal cooling on the one hand, 
or excessively slow cooling on the other. 

Fining the Grain by Annealing.—Steel which is coarse-grained on account of leaving 
the rolls at too high a temperature may be fine-grained and have its ductility greatly 
increased without lowering its tensile strength by reheating to a cherry-red and cooling 
at once in air. 

Annealing to Relieve Strains——Forgings and castings of irregular shape are subject 
to internal strains, which may cause them to failin service. These strains usually may be 
removed by heating the piece to the temperature of mobility, not necessarily to a red heat. 
Usually it is undesirable to heat forgings above 1300° F., as it lessens the fine structure 
that should have been given it by the mechanical treatment. 

Annealing of Steel Castings.—The structure of steel castings is a feature of great 

~ importance. They do not get the beneficial kneading effect on the grain that rolled steel 
obtains, and the size of crystals must depend on the temperature of casting, rate of cooling, 
etc. When this crystal size is too large, or too open, both ductility and strength suffer. 
Correct annealing will improve all the qualities. The general rule is that steel castings 
must be reheated very slightly above the line GOS in Fig. 6, that is, above the temperature 
at which magnetism vanishes, and cooled slowly enough to acquire the requisite ductility. 
Research often is necessary to determine the best treatment. It must be borne in mind 
that it is the proper structure that is desired, and that tensile test, elongation, etc., are 
only indications of the structure. When the analysis is right and the mechanical qual- 
ities are not up to standard, it usually is evidence enough that the grain structure is too 
large; there even may be fine-sized crystals, but set in a network of large size, indicating 
a relict of bad crystallization when first cooled, called ingotism. In such case, it may be 
best to heat first to a high temperature; this breaks up the coarse network, but leaves the 
individual crystals large and “‘fiery.’”” They may be refined by a second heating to 
i iately above the line GOS. 
Se Sai to the structure of a steel casting most often is due either to too high casting 
temperature, or to too slow cooling just before the solidification temperature. For the 
very best structure, carbon steel castings of less than 0.25% carbon should be reheated to 
1500° F., and then cooled rapidly to 1300° I’., but for their best degree of softness and 
ductility, they should cool slowly from 1300° F. to 1100° Boe This can best be accom- 
plished by a double heating and cooling, when the cost thereof is justified. Specifications 
for annealing various classes of steel products are given in the notes accompanying Table 6. 

Annealing Tool Steel.—Annealing or softening tool steel is accomplished by heating 
steel to a red heat and then cooling it very slowly, to prevent it from getting hard again. 
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There is nothing gained by heating a piece of steel hotter than a good, bright cherry- 
red; on the contrary a higher heat has several disadvantages: First, if carried too far it 
may leave the steel actually harder than a good red heat would leave it. Second, if a 
scale is raised on the steel, this scale will be harsh, granular oxide of iron, and will spoil 
the tools used to cutit. Third, a high scaling heat continued for a little time changes the 
structure of the steel, makes it brittle, liable to crack in hardening, and impossible to 
refine. 

To anneal any piece of steel, heat it red-hot; heat it uniformly and heat it through, 
taking care not to let the ends and corners get too hot. As soon as it is hot, take it out 
of the fire, the sooner the better, and cool it as slowly as possible. A good rule for heating 
is to heat it at so low a red that when the piece is cold it will still show the blue gloss of 
the oxide that was put there by the hammer or the rolls. Steel annealed in this way will 
cut very soft; it will harden very hard, without cracking, and when tempered, it will be 
strong, nicely refined, and will hold a keen, strong edge. 

Annealing Alloy Steels.—Special directions are necessary for annealing alloy steels 
used for cutting tools, etc. Such directions should be obtained from the maker. General 
directions will only be confusing. For nickel-steel, chromium-steel, etc., it may be 
assumed that slow cooling from a temperature above the critical points will soften the 
material. Chromium steels require specially slow cooling. 

TEMPERING.—Tempering steel is the act of giving it, after it has been shaped, the 
hardness necessary for the work it has to do. This is done by first hardening the piece, 
generally a good deal harder than is necessary, and then toughening it by slow heating and 
gradual softening until it is just right for work. A piece of steel properly tempered 
always should be finer in grain than the bar from which it is made. If it is necessary, in 
order to make the piece as hard as is required, to heat it so hot that after being hardened 
the grain will be as coarse or coarser than the grain in the original bar, then the steel 
itself is of too low carbon for the desired work. 

Tempering by Oil Quenching.—Tempering means literally “‘ softening,’ and originally 
referred to drawing the hardness from quenched steel by reheating to temperatures of 
425° F. to 625° F., as described above. Long usage, however, has caused the term among 
tool-makers to mean giving to steel the correct hardness for cutting purposes. Therefore, 
“oil tempering ”’ relates to quenching steel in oil from a red heat. The trade now sup- 
plies oils of different degrees of cooling power, adjusted to give different degrees of hard- 
ness on quenching, and this hardness does not require any tempering. Quenching in melted 
lead gives less hardness than quenching in oil. 

Oil Tempering for Strength.—The elastic limit of forgings may be raised by heating 
them to 1350° to 1550° F. as the case may be, and quenching them in heavy oil. Steel 
castings may be strengthened in this way if the shape is not such as to make them liable 
to crack while cooling. See notes accompanying Table 6, p. 2-22. 

DOUBLE HEAT TREATMENTS FOR STRENGTH.—tThe theory outlined above 
is the basis of double heat treatments for increasing the strength of steels, especially steels 
very low in carbon, which are not much hardened by rapid cooling and whose structure 
is normally coarse on account of much ferrite. 


8. ALLOY STEELS 


PROPERTIES OF CARBON STEELS WITHOUT THE SO-CALLED ALLOYING 
ELEMENTS.—Normal carbon steel always contains small-sized crystals of Fe, known as 
ferrite, and of FesC, known as cementite. A pure alloy containing 0.83% carbon which 
corresponds to the point S in the equilibrium diagram, Fig. 6, consists entirely af small- 
sized crystals of Fe and Fe;C. With less than 0.83% carbon there are also large crystals 
of Fe; with more than 0.83% carbon there are also large crystals of FesC. No normal 
carbon steel contains both large crystals of Fe and large crystals of Fe;C. 

_ Fe crystals are relatively soft, tough, ductile, not very strong, and yield easily along 
slip planes so as to be capable of considerable deformation before breaking. When rela- 
tively large areas of Fe crystals are present, as in steels of 0.22% C for example, the steel 
yields so easily that it breaks without exhibiting great strength, or even very great duc- 
tility. The FesC crystals occur in thin plates. When there are several crystals of Fe3C 
in excess of the small crystals of FesC and the small crystals of Fe, as, for example, in atic 
containing 1.25% C, the hard, brittle, cementite planes do not adhere strongly to the 
conglomerate. Steel containing 0.83% C is the strongest normal steel, because it has no 
large-sized crystals. This steel has a slight ductility, represented by about 5% elongation 
in 2 in., entirely due to the deformation which the crystals of Fe suffer under nent This 
deformation is limited by the unyielding nature of the FesC crystals with which ihe are 
mingled in intimate contact. By spheroidizing the steel, the crystals of Fe3C, both in 
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the fine crystal matrix and in the excess, if any, become rounded rather than plate-like 
and the toughness and resistance to impact is greater when steel is spheroidized by heat 
treatment than when in the unspheroidized condition. 

Finally, the Fe and FesC are completely in solid solution above the lines GS and SH in 
Fig. 6. As the steel cools from these temperatures, any Fe in excess of 99.15% (for exam- 
ple, in steels containing 0.30% C) will begin to separate as the steel cools slowly past the 
line GS; if the carbon is in excess of 0.83 (which corresponds to Fe3C = 12.45%), any 
excess of Fe3C above 12.45% will begin to separate as the steel cools slowly below the line 
SH. Whatever the composition of the steel, small crystals of Fe and Fe3C completely 
separate from each other and eliminate any residual of solid solution left when the steel 
cools slowly below the line PSK. If, instead of cooling slowly, the rate of cooling is 
regulated, the breaking up of the solid solution which normally occurs in the areas GPS 
and FCESK in Fig. 6 can be prevented, to a greater or lesser degree. 

EFFECTS OF HEAT TREAT- 
MENT.—Heat treatment of plain 
carbon steel will alter the size of the 
crystals of Fe and Fe3C, or the shape 
of the crystals of Fe3C, or the rela- 
tion of these crystals to each other. 
Therefore, by varying the number 
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separation of the constituents can be only partially prevented, resulting often in the 
semi-separated, hard, brittle material which is familiar in tool steels. Alloying elements 
also will enter into the Fe or Fe3C crystals, as the case may be, and further alter their 
properties; for example, nickel will dissolve in the Fe crystals and make them harder, 
more rust resisting, and having greater resistance to impact stresses, especially at tem- 
peratures at and below freezing; chromium and vanadium will greatly intensify the hard- 
ness of Fe;C, etc. 

NICKEL STEELS.—Because nickel dissolves in ferrite, it is especially valuable in the 
low carbon steels. It causes the point Sin Fig. 6 to move to the left, so that slowly-cooled 
nickeliferous steels of 0.35% C will have less excess Fe at atmospheric temperature than 
they would have if the nickel were not present. Furthermore, the presence of the nickel 
makes the Fe crystals which do come out in the area GSP much smaller than they other- 
wise would be. Therefore, a structural steel containing 0.35% C and 3.75% Ni will have 
almost twice the tensile strength and more than twice the elastic limit, with only about 
20% less ductility, than the ordinary structural steel containing 0.22% C. The nickel 
steels also will have increased resistance to fatigue and to impact. Nickel steels also show 
greater improvement with heat treatment than do carbon steels as regards resistance to 
static stresses, fatigue stresses, and impact stresses. Because of the smaller size of Fe 
crystals, nickel steels containing 3%, 5%, and 7% Ni respectively, are used for carburiz- 
ing, because the cores, which, in America, contain about 0.20% C, are tougher and stronger. 
In this connection a nickel-chromium steel, containing commonly 1.5% Ni and 0.65% Cr, 
gives very high strength after suitable heat treatment; the cores are not only tough, but 
the cases are extra hard because of the presence of the chromium and 0.90% carbon 
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(13.5% Fes;C). A two-volume monograph on the alloys of iron and nickel issued by the 
Alloys of Iron Research Committee (McGraw-Hill Book Company, publishers) contains 
practically all the information extant in any language on the subject of nickel steels. 

Uses of Nickel Steels—Doubtless the largest use of nickel steels is for structural work, 
including buildings, bridges, automobiles, etc., and also rotating shafts, such as propeller 
shafts in vessels, which are now almost all hollow nickel steel shafts, axles in locomotives 
and other special purposes, airplanes, etc. Nickel also is used commonly with chromium, 
with molybdenum, with vanadium, or a combination of all three, and less often with 
manganese and other elements to form so-called quaternary alloys, Meaning iron, carbon 
and two others. To a lesser extent nickel steels are used because of their hardness and 
because of their slightly increased resistance to corrosion. A special nickel steel contain- 
ing 42% Ni and known as platinite has, at atmospheric temperature, the same expansion 
and contraction as glass. This alloy therefore is used for wires in the base of incandescent 
electric light bulbs, for armored glass, etc. An alloy containing 36% Ni is known as 
Invar. It has almost no expansion or contraction with atmospheric changes of temper- 
ature, and therefore is used for instruments of precision, pendulums, watch springs, 
surveyor’s Measuring tapes, etc. 

CHROMIUM STEEL.—The best known chromium steels are the various types of 
stainless steel, which will be considered in a spectal paragraph below. Chromium makes 
the phase changes illustrated in Fig. 6 much more sluggish and slow to occur. It also 
hardens Fe;C. For both of these reasons it intensifies the hardness produced by quench- 
ing steel. This is most important in increasing the depth of hardness of quenched articles 
and also in getting hardened materials by quenching in oil instead of water, which is less 
liable to produce distortion or cracking. For these purposes about 0.5% to 1.5% Cr 
ordinarily is used. Chromium moves the point S in Fig. 6 to the left and, on quenching, 
produces a steel with extremely small crystals. For both these reasons it greatly increases 
the strength of the quenched material. Because of the very sluggish reaction which 
takes place in chromium steels, it is important to heat them to a higher temperature than 
other steels before quenching and also to “ soak ”’ for a longer time at temperature. A 
two-volume book on the Alloys of Iron and Chromium issued by the Alloys of Iron Research 
Committee contains practically all the available information on this subject to date (1937). 

Uses of Chromium Steels.—Chromium is used in all steels where intensity or depth of 
hardness is to be increased, or equal hardness is to be obtained with less severe quenching. 
With chromium less than 1%, the steels are used largely for case hardening and structural 
steels for strength, especially when combined with nickel or vanadium. Steel containing 
between 1% and 2% Cr and from 0.75% to 1% C is used very largely for bearings, crush- 
ing machinery, burglar-proof safes, and tools. When heat treated, it has the highest 
combination of hardness and toughness of any plain or alloy steel. It is given a spheroidiz- 
ing heat treatment before quenching. With 0.70% to 5% C (usually 2% to 4%) and 
0.75% to 1.05% C, it is much used for permanent magnet steels. Heat-treated chrome- 
nickel steels for strength usually contain about 1.50% Ni and 0.65% Cr, or a like com- 
bination in which the nickel is approximately 21/2 times the chromium. The chrome- 
vanadium steels usually contain about 1% Cr and 0.18% V. They have a high com- 
bination of strength with toughness, and a high impact resistance. 

STAINLESS STEELS (see also p. 3-19).—Chromium decreases the rusting of ordinary 
steel; when the amount of chromium is at least 11.5%, the steel retains a bright mirror- 
like surface in the atmosphere, whence the name stainless steel. These steels also resist 
the attack of many agents, such as nitric and acetic acids, fruit juices, dairy products, 
alkalis, oil refinery residua, etc. Especially when the chromium is above 17% or when 
there is a combination of 18% Cr with 8% Ni, they do not scale so readily at high tempera- 
tures as other steels. If they contain more than about 0.10% C and not more than 12% 
to 15% Cr, they must be heated until all the carbide is in solid solution and then quenched. 
Otherwise they will not resist corrosion and staining. The high strength combined with 
good ductility of the stainless steels also finds extensive use in the manufacture of airplanes, 
high-speed trains, and other purposes where strength and lightness of weight are important. 
The Book of Stainless Steels, edited by Ernest E. Thum (second edition, 1935), gives a 
wealth of information on this material and its uses. 

AUTOMOBILE ALLOY STEELS.—The greatest tonnage of alloy steels comprises 
those containing nickel or chromium or both. With the exception of stainless steels, 
about 80% of all the alloy steels made are used in automobile manufacture, and many of 
these are the so-called quaternary steels, 7.e. those containing three elements besides 
iron, for example, carbon, nickel, and chromium. See p. 2-37 for further details of the 
various automobile steels and their treatment. 

_ HEAT TREATMENTS FOR ALLOY STEELS.—Even alloy steels are not so markedly 
increased in tensile strength when annealed in the usual manner, but the circumstance that 
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they may be cooled with some degree of rapidity without great loss of ductility permits 
them to be quenched in heavy or medium oil. Thus their elastic limit and strength may 
be increased without destroying the toughness requisite in machinery parts. The treat- 
ment consists in raising the steel to a temperature above the line GS in Fig. 6, which line 
will be at somewhat different temperatures for different alloying elements; then soaking 
the steel until it is all in a solid solution, and quenching in oil; it then is drawn to tem- 
peratures of 800° to 1400° F., depending on the ductility required. Typical heat treat- 
ments are given in Table 20 and in the notes accompanying Table 6. However, every 
second or third year the A.S.M. publishes a new edition of the Metals Handbook, in which 
will be found the latest information as to the most desirable temperatures and treatments. 
The important point is that the first heating must bring the steel to a state of complete 
solid solution and the second heating must not be above the line PSK for the steel being 
treated. 

HIGH-SPEED STEEL.—Tungsten and molybdenum have the apparently unique 
property of conferring on hardened steel the power of retaining its hardness even when 
heated for a few hours to 1150° F. (low red heat). Usually, hardened carbon steel will 
begin to soften at 200° to 300° F. Tungsten and molybdenum also give the steel some 
degree of self-hardening power; and, finally, they prevent the coarsening of the structure 
which occurs in ordinary steel when it is heated to bright red, or white, heats. Therefore 
a steel having 6% to 20% of tungsten, or 3% to 10% of molybdenum (or part of each), 
can be heated to near its melting point without damage. If then it be cooled with mod- 
erate rapidity, it will be harder than ordinary tool steel, and it can be kept at 1100° F. 
for a long time without losing much of the hardness. This enables such a steel to be used 
for a cutting tool at so rapid a speed that its point becomes red with the heat of friction 
without losing its hardness for several hours. The carbon in these high-speed steels 
usually is only 0.60%, because the hardness then is sufficient and the toughness is greater 
than in a tool steel of carbon of 1% or over. Frequently, some chromium is used to 
intensify the hardness, and some vanadium to increase the strength. A great variety of 

“analyses and heat treatments is employed, with a general average of 0.60% C, 16% to 
20%W, 2% to 4% Cr,and1%V. 18%W,4% Cr, 1% V is a common composition in the 
United States. Before use, the steel is heated to near the melting point—treatment that 
would ruin ordinary steel—and then is cooled with moderate rapidity, as by holding it in 
an air-blast, or quenching it in oil. _The heating and forging of the steel requires great 
care, and the proper directions for each brand should be obtained from the manufacturer. 

Molybdenum in High-speed Steel.—Sometimes molybdenum is used in high-speed 
steel. It takes only one-half as much molybdenum to form Mo:C as tungsten required 
to form WC. Molybdenum steels are more difficult to make and handle. Molybdenum 
is also sometimes used to replace a part of the tungsten. 

Heat Treatment for High-speed Steel.—High-speed steel is heated to about 2300° F. 
and cooled with moderate rapidity—as quenching in heavy oil, or subjecting to a blast of 
cold air. This treatment, which would be ruinous to ordinary steel, suffices to confer the 

high-speed qualities. It has been suggested that the reason for this is the behavior of 
carbide of tungsten as distinguished from that of carbide of iron. Tungsten has an atom. 
of large size, which, therefore, diffuses very slowly in a solid solution. When steel is 
heated to about 2300° F. and cooled with moderate rapidity, the effect is to form and 
retain a double carbide of tungsten and iron, probably only partially separated from the 
solid solution and in extremely small size—perhaps colloidal. The result is similar to 
the extremely fine dispersion of Fe;C to which is ascribed by many metallurgists the 
hardness of quenched carbon steel. But when quenched carbon steel is heated to 400° 
to 600° F., the FesC particles begin to grow by diffusion and accretion. — Even before 
reaching these temperatures, the hardness begins to decrease. Some claim that other 
crystals in the quenched steel also grow. In any event, the hardness is decreased as the 
extremely fine state of dispersion is decreased. In high-speed steels, the iron-tungsten 
carbide is so stable and diffuses so sluggishly that the particle size does not grow until the 
steel reaches a red heat. The persistent critical dispersion of the double carbide is said 
also to prevent the growth of other crystals in the steel. This explanation has been 
offered for the retention of hardness in high-speed steel up to red heat. j 

Other Tungsten Steels.—The Alloys of Iron Research Committee published a book 
on the Alloys of Iron and Tungsten in 1934, which contains very complete information on 
this subject. Tungsten and molybdenum both have more powerful effects than any other 
clement in increasing the strength of steel at temperatures of 500° I. to the melting Point: 
Five percent to 7% tungsten is used in permanent magnet steels together with 0.70 To to 
0.75% carbon. Before magnetizing, these steels should be hardened by quenching in 
water at a temperature between 1470° and 1600° F. The addition of 2% chromium to 


tungsten magnet steel improves its properties. 
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SILICON STRUCTURAL STEEL.—Silicon has the effect of moving to the left the 
point S in the diagram in Fig. 6. Thus steel with 1% to 1.50% Si and about 0.35% C will 
be almost free from large Fe crystals. It, therefore, will be much stronger than the 
same carbon steel without silicon and will have almost equal ductility, because it will have 
considerable Fe in the form of small-sized crystals. Silicon structural steel has come into 
considerable use for bridges, as it has almost equal physical properties in strength and 
ductility to nickel steel and is much less expensive. From 0.90% to 1.50% Si usually is 
used in structural steels. In 1933 the Alloys of Iron Research Committee published a 
comprehensive book on the alloys of iron and silicon. 

SILICON TRANSFORMER IRONS.—The purest possible form of iron will make a 
very superior transformer steel if silicon is added to increase its electrical resistance, 
thereby reducing eddy currents, and to precipitate carbon from solid solution, thereby 
increasing magnetic permeability. As much as 0.015% C, and sometimes more, may be 
retained in steel in solid solution at atmospheric temperature. In this form carbon has 
a more damaging effect on magnetic permeability than the same amount of carbon in 
the form of Fe;C or graphite. Silicon precipitates the carbon from the solid solution 
and itself enters the steel in the form of a solid solution, probably as a compound FeSi. 
This solid solution increases the electrical resistivity of the iron. The best amount of 
silicon is 4.75%, but this increases the expense, because the steel is difficult to shear 
without cracking on the edges. Consequently, silicon transformer irons of 1.75% and 
3.75% Si, respectively, often are used. Modern methods of heating, usually kept 
secret, have the effect of decreasing the brittleness and tendency to crack when sheared. 

CORROSION-RESISTANT SILICON CAST IRONS.—Cast irons containing from 
13% to 17% Si have considerable resistance to rusting and to attack by sulphuric, nitric, 
organic, and (to some extent) hydrochloric acids. They are much used in chemical 
manufacturing plants. ‘Their most important drawback is their brittleness. They must 
be protected from shock and cannot be machined or forged. They must be cast in the 
form of bowls, because plates and bars will crack in cooling. They go under the name 
duriron, tantiron, corrosiron, thermisilid, elianite, ete. See p. 3-24. 

MEDIUM MANGANESE STEELS.—Steel containing about 1.75% Mn was used 
tentatively for bridge construction, and has been used for railroad rails because of improved 
resistance to the formation of transverse fissures. It is stronger than carbon steel, but 
the full benefit of the properties can be obtained only by heat treatment of moderately 
light sections. Therefore, it is not entirely successful for structural work. This type of 
manganese steel, when made in low carbon, is used for carburizing parts. With carbon 
averaging about 0.30% it is used for machine parts, and it then is normalized and preferably 
further heat treated by quenching and drawing. In the automobile field, steel with 
slightly higher carbon, when heat treated, is used for bolts, yokes, flanges; and with carbon 
up to 0.60% is used for oil-hardened gears, axles, grinding balls, etc. 

WEAR-RESISTING MANGANESE STEEL.—Steel containing about 18% Mn is in 
a state of solid solution when rapidly cooled from white heat to atmospheric temperature. 
This is the oldest alloy steel used in large quantities, and is especially advantageous because 
of its resistance to wear. For teeth of digging machinery, railroad rails on curves, and 
other parts requiring resistance to abrasion, it is unequaled. It has very high ductility 
and a moderately high tensile strength, but the yield point is only about 1/4 of the tensile 
strength. In order to be ductile, it must be heated to about 1850° F. and quenched in 
water; and in order to retain its wear resistance, the surface must be constantly sub- 
jected to pressure or impact, as by digging broken rock, or grinding against hard surfaces. 

VANADIUM STEEL.—Vanadium is a powerful deoxidizer, but if more than about 
0.20% V is left in the steel, it becomes brittle. Vanadium inhibits the grain growth of 
steel above 1300° IF’. It is used in castings because it improves the grain size and is used 
in heavy forgings, especially locomotive forgings, when the carbon is about 0.50% and 
sometimes for hardened steels approaching 1% C. The most common use of vanadium 
is in combination with chromium for very strong and tough parts after quenching and 
drawing. It is used for carburizing parts, oil-hardened axles, shafts, gears, especially in 
automobiles. Chrome-vanadium steels of about 1% Cr and 0.15% V commonly are used. 
for automobile coil and flat springs. Vanadium is also used largely for increasing the: 
hardness of high-speed steel, tools, armor piercing projectiles, permanent magnets, ete 

MOLYBDENUM STEEL.—The Alloys of Iron Research Committee has published a, 
book, The Alloys of Iron and Molybdenum, containing all available data on the alloys of 
these metals. Molybdenum increases the tensile strength of carbon steel with only a 
slight decrease in ductility. Like tungsten, it has the effect of increasing the strength of 
steel at high temperatures. ; It increases machinability, the range of temperatures used in 
pent gstiie io e is more important as an addition to other alloying elements, such as. 

-molybdenum, nickel-molybdenum, nickel-chrome-molybdenum, etc. Chrome-— 
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molybdenum steel ismuch used for the structural parts of airplanes because of the ease with 
which it can be fabricated and welded, and its high strength when heat treated. Molyb- 
denum greatly improves cast iron in amounts from 0.5% to 1.5% Mo. In high-strength 
cast iron, it has about the same effect as the combination of 1.5% Ni and 0.5% Cr. 

SILICO-MANGANESE STEELS.—Steel containing 1.75% to 2.25% Si and 0.60% to 
0.90% Mn, after quenching and drawing, has high resilience and high strength with good 
ductility. It is used largely in the automotive and railroad field for coil and leaf springs. 

AUSTENITIC STEELS.—Steels which are in the state of solid solution at atmospheric 
temperature are known as austenitic steels. They are characterized by great ductility 
and wear resistance. If the solid solution contains 12% or more of chromium, they also 
resist corrosion, by all agencies which do not corrode chromium. If they contain carbon, 
it may be necessary to cool them rapidly from about 1500° F. in order to retain all the 
carbon in solid solution. Without this treatment they do not resist corrosion or possess 
high ductility. The common austenitic steels are the 18% Cr 8% Ni steels, the high 
manganese steels, and steel containing more than 20% Ni. 

STEEL FOR SPRINGS.—The preceding paragraphs may be summarized by saying 
that the steels chiefly used for springs are the chrome-vanadium and silico-manganese 
steels. Straight carbon-chromium or carbon-molybdenum steels are used; also chrome- 
molybdenum, chrome-silicon-manganese and silicon-vanadium. The manufacture of 
steel for springs is of prime importance, because the service of the material is seriously 
affected by imperfections on or near the surface of the coil or leaf spring. Great honest 
difference of opinion exists as to the best alloy steel for springs. Chrome-vanadium steel 
seems to have the best combination of strength, resilience and durability, but many claim 
that silico-manganese steel is less subject to surface defects. See also p. 10-03. 

STEEL FOR MAGNETS.—Carbon steel containing about 1% C, and quenched from 
above the line PS K in Fig. 6, makes a good permanent magnet. If the carbon is reduced 
slightly and some alloying elements are added, such as from 1% to 6% Cr or from 5% to 
6% W or, better yet, 2% to 10% Cr, 1% to 10% W, and about 1% Mo, with up to 36% 
“Co, very much improved magnetic properties are obtained. 

STEEL FOR HEAT RESISTANCE.—Steels containing tungsten or molybdenum retain 
strength better at high temperatures. Steels containing 17% to 20% Cr with 8% to 10% 
Ni resist scaling at high temperatures. 

NITRIDING.—Since about 1925 steel has been hardened on the surface by a process 
known as nitriding instead of the fafniliar carburizing process. The great advantage in 
the nitriding process is that it involves no quenching. ‘Therefore, members of a compli- 
cated shape or uneven cross-section can be treated with safety. The steel also has a 
greater hardness, ranging from 900 to 1200 Brinell, as compared with 650 for carburized 
surfaces. The members are stronger and are said to have slightly greater corrosion 
resistance. The disadvantage of the nitriding process is the expense, the expert ability 
required to perform it, and usually the long wait required for obtaining the finished article. 

In the nitriding process, the steel articles are heated in an atmosphere of ammonia 
» gas. It is common to nitride for 12 hours at 875° to 1000° F. and then follow with 12 
hours at nearly 1200° F. The steel to be nitrided usually contains about 1.25% Al, with 
1% to 1.50% Cr and 0.15% to 1% Mo. Before nitriding, the steel is given a double heat 
treatment for strength. The purpose of the aluminum is to make a stable nitride. An 
innovation which has met with some success has been the use of nitriding for hardening 
the surfaces of cast iron objects. 


9. STANDARD SPECIFICATIONS FOR STEEL PRODUCTS 


The American Society for Testing Materials in the triennial issue of its Standard Speci- 
fications gives specifications for the composition, physical characteristics, heat treatment, 
etc., of many iron and steel products. The more important of these, from the 1936 issue, 
have been condensed in the following pages. Chemical and physical specifications are 
given for most of these products in Table 6 and the notes which accompany it. 

Specifications for carbon and alloy steel forgings and for hot rolled bars and cold- 
finished bars and shafting are given in Tables 12to017. In all specifications, the following 
provision or its equivalent should be included: 4 

The inspector representing the purchaser shall have free entry, at all times while 
work on the contract of the purchaser is being performed, to all parts of the manufacturer’s 
works which concern the manufacture of the material. 

Reference should be made to the latest issue of the Standard Specifications of the 
A.S.T.M. for complete specifications of any particular product. ; : 

Standard specifications for steels for use in the automotive industries are issued by 
the Society of Automotive Engineers. These are abstracted on pp. 2-37 to 2-48. 
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Table 6.—Specifications 
Abstracted from A.S.T.M. 
Chemical Composition 
Process 
AS.T.M. : of Man- 
Designa- Material ufac- Mn P, max. S, max. Ni 
tion No. eaiae e 4 
Carbon Steel Rails: 
"50-69 Ib. per yard. H 0.50-0.63 |0.60-0.90 C204) ds plactace-es=-| Saaeas este 
Al-36 70-84 H .53- .70 | .60- .90 O04 re le eee 
85-100 “ H .64— .77 | .60- .90 (UM i2 i Men Poocohscsan bsouBbooccas 
101-120“ H .67— .80 | .70-1.00 0.04.5 9 Ne ee eee 
121-140" H | _.69- .82| .70-1.00 0.04 ey ier 
Structural Steel: 
A7-36 Plates, shapes, bars.......... Hi, Bi bec Secret arte eatyanss 0.061; 0.042 0.05)  Hisweewces 
A7-36 Byebar flats. ce ccanesccses DS AD Di ee SA sep igs Se 0.061; 0.042 0.05: Tee dees ae 
Al41-36 Rivet steel... so: iedaecacene ss 2p Og een cess see, Sako 0.061; 0.042 0.05: S| aia. 
A9-36 Steel for buildings........... BH Bh. cleats see stele ee 0105; 0065.7... [t..; 5 dcitccscllneocmeermae 
Al0-34 Mild steel plate............. BS Be Od Pe ep cee a Mermcanae 061s 0.048, se ee are celine Staaten oat 
AI13-33 Shab ok Ben Steel for Locos. and 
ars: 
For cars, «.cniengodeieee ees o s\~ 0 OR he Pane ae Ac ese RA oc 0.061; 0.042 0:06). —}icedeeecten 
For locomotives............- TEESE, grew acne omens ee 0.061; 0.042 0.05) Pacecceeewed 
Plates for cold pressing....... 3 0D Dal eeatanoe ar dal areca 0.061; 0.042 0:06 eassonen ces 
A131-36 | Structural Steel for Ships...... 13 08 Oe ib Aementcnccl anc nace 0.061; 0.042 0.05 = | Peas eeeSeS 
Rivet steel and steel for cold 
bending\.c..5 dca seres H,E Po a aa n oe F pe » Gee pee 
A94-36 | Structural Silicon Steel........ HE |{ Qeagseto 22222222] 95uais0-0se2o goes I 
A195-36T t} High Fag Structura! Rivet 
Steslivene. oie eer. H,E | 0.308 1.658 0.061; 0.042 O05, 9 Weween- cee 
(Suitable for use with Structural 
Silicon Steel) 
A8-36T ¢| Structural Nickel Steel: 
Plates, shapes, bars.......... H,E 0.438 0.808 0.04 0.05 3.00-4.00 
Byebar flats. . te cous cca H,E 0.438 0.808 0.04 0.05 3.00-4.00 
A78-33 | Steel Plates, structural quality 
for forge welding: le 
Grade A... see H,E {0 1333 | (0-35-0.60 0.06 0.05 as) 
Giada DY bc,3sys eee H,E | {9°3ps.13 } {0.35-0.60]° 0.06 0.05 6) 
Concrete Reinforcement: ae es (oo i), 
AI5-35 Billet Steel Reinforcement Bars 
oe ie: structural steel 
«aj 5 GRR TR RTE LSet ih 2 RAS ey Sec fe <aedewre ania I Salaries 
Plain Chane intermediate 
Miade. ccc cce seer: BYE, Bhceccide soceteesiewelcled| ee aie mu Teena ree ane 
Plain bars, hard grade... .. B, Fay Bulge ven ettrots thee Geers D108 Wstmecaeoacliceeaweene 
Deformed bars, structural 
steel grade.ic cs cauccsene SEE BAe vw cera sersaie sss cane ees OFO52s Gyr it eerie acter ato reer 
Deformed bars, intermedi- 
ate gradenc tac PART EES cyte acai Tene See ae 0.08%) 7) Soil eee eek scale 
Deformed. bars; hard gradei|33, Hy ENS .: ctsccusic.crysllaiaryem Siero || NIL | mG ae nceainretere ep ee 
Cold-twisted bars!7........ pH Ble ccieicas trescclle beavers], | Umm Lean Aen eee a 
Al6-35 Rail Steel Reinforcement 
ment Bars?0 
My Rae aaerantens Gonddnd Pardo hrcrcd sack arco coda aee casos dos|leondesconillsonSoonose. 
Deformed and hot-twist- 
LE Beene re) once Mee nrrnnn Mes eee Goon atte col assosastellvcoe suse 
Spring Steel: 
Al4-27 Carbon Steel Bars for Railway 
Springs 
Grade Alas. .... cc caeenenes H, E, C} 0.90-1.10 0.50 0.05 0:05; \ al Gesceenetes 
Grade Bae rin. cas csienels H, B,C} 0.95-1.15 0.50 0.05 0:05, | | Seon 
A68-36 With Special Silicon Re- , 
quirements............. H, E, C} 0.95-1.05 |0.25-0.50 0. 5 wie 
A60-27 Cisecie Vehaaieee! Bars - 0.05 (Sone 
or Railway Springs........| H,E, C} 0.50-0.60 |0.60-0.90 0.04 
A59-27 Sil ie ee Bars ¥ OAS es aateenee 
or Railway Springs H, E, C} 0.55-0.65 |0.60-0.90 A 
A58-27 Carbon Steel Bars for Vehicle ha Pg Soc 
and General Purpose Springs 
Grade, vcs. 5 cnet H, E, C} 0.85-1.05 |0.25-0.50 0.0512 0.05 
Grade'B .2g<k. connotes _E.Cl_0.90-1.05 |0.25-0.50} 0.051; 0.042 : 


See footnotes at end of table, 
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Chemical Composition 


Physical Properties 


Yield Point, — Elongation, Red 
‘ Other Ele- | Tensile 1000 Tb. per sq. in. eee of | Bend Test No. 
Si, ments. See ay ia But Area, See Table 9, 
Footnotes sain Min. mt In8in. | In2in. per- p. 2-28 
¥ than cent 
Ho ASO IZ Sd Revcrctatasa. ei ool ROR REE [I ate isis iote all cxxiaschosl eters ie chal cllPeie-z.qomettoe ett eres lasek ck oe 
Ui) RS) FEI Ss eee Sa, <1) ne a DR OM hk ania Us Pi ed sg ay gi 
Rez Sa Re Creyereic ie cil AERATOR iw a\ ins Se wieis | [are a (gE (8a a ON ae 
DRLOR ORD Sai Re eaettcat ols MMMMER I oc Nim oll oc lance commie oe paeod lac ode loo see bon 
AED ODM Ws ctetor stale xl ere eeeemetane fio ete ae al Secoyeeteercveuc cals dc ethene |e oy el An oats on-ee 
FST (3) 60-72 U Hiel a s 9eel thage fees 22 os seh We ae Rs RE: 
Se sraorttessocss« (3) 67-82 DISD BA {360 ill. vecccns 20 ae eek, «il 2p 20) 32) 98;,40 
MS ps8 oxo (3) 52-62 OSE te 28 el oNote8. zee. lame ace 1 
Rue Tebape bjs) ssa? (3) 60-72 0.5 T.S.4 28 | Note II 22 Sean nO 8, 30)536; 43. 
Ree ea carein aa, (3) 55-65 0.5T.S.4 | 30 | Note’ 24 Loewe DG, 0s, 20059; 42 
50-65 0.5 5a, 23, 25 
55-65 0.5 eed, 925, 25 
48-58 0.5 13a, 23, 25 
60-70 | 0.5 , 24 
ae 55-65 0.5 5a, 23, 25 
“areas Sis ae ae 6, 18, 27a, 26 
0.258 (3) 70-80 0.45 T.S. 38 | Note 55 LOPS |W scorererayanel| uveiers ayes lores afereies 
Siehiaierdien & (3) 90-115 | 0.5 T.S 55 | Note 55 | Note 57 | 3028 | 7, 24, 26 
Spe vise lds (3) 85-100 48 Lae 1029.2 |e ta een oO 7, 24, 36 
0.058 (16) 45 0O.5T.S 24 DOT Mp [beer cr talc often 1 
0.058 (16) 50 0.5-T.S. 27 25LS MEE ects pac |taereyiers 1 
ces ote SSUH Geeees iaoe SAO eS) || NOLO 20) IKisiscseoctelle teen = scp Ll 
adic ni cictde e's isin sisiew ~\= asia 10-0 eee eee ee. | 40. |) Note 21. tec. ccriat 8, 1221 
Se ever cy aietetate fle Sic'siereinie «le 8015 epee 50) Note 22) i cere. gorsl|leroitse euerei 95 Wee 
12 JEGRGRC SE ED OEE cee FS OMmNeR ee Wie53) || Note 23tcer en. sacle nsec li 6, 1 
rear cleere eel alors marae ass 70-90 40 | Note 24 9, 1321 
Jeo Codces| GBpbeernrae 8015 50 |Note 2519]. . 10, 1421 
ORIN e rai igis Nineataliers ois -e-0:6 (38) 55 5 ae 8, 13 
oésheeasead Shea nemeene 80 OU INOLE 22 ler aisjoaraci|anesie cal onl oee 
OOF atte oss SO INORG 29 Peace a ctcaalle sve: 0 10, 1421 


piece sen sve|s abies scene 


Other Require- 
ments. See 
Note No. 


See paragraph 
on Drop Test 
for Carbon Steel 
Rails, on p. 2-37 


1-7 
1-7 
9-10 
i Py IB) 
1-7 


1-7, 9, 13-15 
1-4, 7, 14-16 
Ese IG 
1-6, 18 


55, 56 


+4, 6,7 
1-480, 6, 7 


1-4, 7,9, 19 
1-4, 7, 9, 19 


9, 26, 28 


9, 26, 28 
9} 26, 28 


9, 26, 28 
9, 26, 28 

9) 26, 28 

9; 27, 28 

26, 28, 29 

26, 27, 28, 29 


Table continued on following page. 
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Table 6.—Specifications 
Abstracted from A.S.T.M. 


Chemical Composition 


Process 
A.S.T.M. Bes 
Designa- Material weet love +8 7 : & 
tion No. rer , Max. y AR 


A63-36 | Quenched-and-tempered Alloy- 
Steel Axles, Shaft and Forg- 


ings for Locos. and Cars. . H, E 
Up to 2 in. diam. or thick, max. 
WANs lina arrsyca<cw cess | |» letem vn’ ieteler| wimerarccterar 0.051; 0.042 0.05 Lin. Seer 
2-4 in. diam. or thick, max. 
wall, AAW Malai eaeseae vce), [Sta dieta, etetelaesall’s tesebs eletert 0.051; 0.042 O05" ok ccnteans 
Class K 47 in. diam, or thick, max. 
See Note 31 Wa Su OU Ne hse res caf) ies elmaiencom' ate sige 0.051; 0.042 0:05: Ase ene 
7-10 in. diam. or thick, max. 
WH See th. dooce sess} SE ~ lect lames cc) Shee ete 0.051; 0.042 0.05 Ac desseee 
pal Se diam. or thick, 5-8 
Meech vcacst © | Dieeaineaecaelecs ceeeee 0.051; 0.042 0.05 Selo atetaraletereta 
Up pto 2 in. diam. or thick, max 
Wall Tidepumtaemee gece cc) GN | |a<atadaelerctals cena 0.051; 0.042 O2O5, 1) Sonera 
2-4 in. pad or thick, max. 
wall 2 in Meee eiihccccisel — Waeafuama vee dtellinae ct Gee 0.051; 0.042 O205 °° 4). ccamatiaes 
Class L 47 in. diay or thick, max. 
See Note 31 wall SU/Sn pea casecce | i meacuidecreee [eae een «6 0.051; 0.042 O05 h sjscrremoeernn 
7-10 in. diam. or thick, max. 
Wall Ditr een ca teatsoasct |, | mine douneaeeae tee ee ce 0.051; 0.042 0.05 ||. 23-@ekcaen 
20 in. diam. or thick, max. wall 
5S ina taeead ero scae| > Ne. ken dea eee ere ee 0.051; 0.042 0:05, By eeeeeeee 
A19-36 | Quenched-and-tempered Car- 
bon-steel Axles, Shafts and 
Other Forgings for Locos. and 
Cares. cossaasies theese H,E 
Et wll diam. or thick, 2 in. 
Walle eee a cctseaes 0.25-0.60 |0.40-0.70 0.05 O05 TH sdacameneree 
aTit ra Plas or thick, 3 1/9 in. 
MOEKs  Walleaiewgier amtstleleteietcls 0.35-0.60 |0.40-0.70 0.05 @.05* Thontesseee s) 
aah ig gk or thick, 5 in. 
Wall ).bc tuseisaincats 0.35-0.65 |0.40-0.70 0.05 @:05 1} cee 
20 in. gt or thick, max. wall 
‘5-B ins voc eee Seca esa 0.35-0.70 |0.40-0.70 0.05 QL05 tL eee 
Al?-29 | Carbon-steel and Alloy-steel 
Blooms, Billets and Slabs 
for Norgings. 22 dewcs oes os H,E 
Carbon Steel, Type A........ See Note 44 |0.50-0.80 0.045 0.05. -T} aceacee 
Alloy Steel, Type BGericciacsts = 0.50-0.80 0.04 0.045 3.0015 
a “Type Os....0000. S 0.50-0.80 0.04 0.045 1.00-1.50 
. e Wane 0 ore chasers ats = 0.30-0.60 0.04 0.045 1.50-2.00 
x one Lyte) Eewamereercts _ 0.45-0.75 0.04 0.045 2.75-3.75 
‘ % Type Panis cess My 0.30-0.60 0.04 0.045 3.0015 
¥ Some LyDG Chae aes ich 0.30-0.60 0.04 Ol045." Ty Seaeees 
‘Type Hiiikeiace:. a 0.50-0.80 0.04 O.045, Fi eee 
A26-16) jl! Steel Tires, (cee. vee ae cetera 
Glass AN cs cenit 
See Note 454 Class B......... 
Class (Cicer: 
A148-36 | Alloy Steel Castings for Struc- 
tural Purposes... vees wane 
Os - ma annealed 
pe Vol I We roe ee. erie ate 
sad Nanterre Jscewote fr f] 805 | 0.06 feneesesan 
Class B, normalized, or nor- i eho. tli beck tala ; 
malized 3 tempered and 
drawn? 
Grade |... 0.05 0:06) ll meneeeee 
2. } Se Not 47 0.05 0.06. H.ieaeaoe 
Class C, liquid quenched and v.08 pina | Sitacesccn ; 
tempered or drawn 
Grade 1.. 
Fe ae | se Note 
A128-33 Austenitic Manges Steet B, H 
Castings... 4 oe C, ny 1.00-1.40 


See footnotes at end of table. 
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Chemical Composition Physical Properties 


Yield Point, 


Elongation, 


_ | Tensile |_1000 Ib. per sq. in. min., percent Red. E 
Si, hohe as is ae rie Table a . ae oe 
Footnotes arenes in. Min. les In8in. | In2in. Las p. 2-28 Note No. 
Sh aes oh ee 
Atm onaaGan GBnceEeEter 95-115 7025 Be ee eee ll Aa. | 50 2 
et E, STS 90-110 6525 sists sat | prominent a 20 50 2 
CSO, CECT rE 90-110 6525 palatal Maite arched 20 50 2 
SPER sie iniciciait « siogiiclsceyec es 90-110 6525 ec dacehllbecepagae ee 20 50 5) 
CS meat Bnet ae 85-105 6025 om sf ehoemine a se 20 50 3 
32, 33, 42 
Cece ae, RIED ate ne 105-125 8025 Miclehedias aol’ 20 50 2 
BERR All cc aerate sale 100-120 7525 Paloagepneroees See 20 50 2 
BPS cise heiaie  sisieyebssee 2.5 6 100-120 7525 SSeS Meh ee 20 50 2 
Bie ie cr Riso. acetncto.s aes 100-120 7525 See Mas ee 18 45 3) 
SGU SOR had GES see put) eae 7025 SISA POPS agae™ 18 45 3 
| SS eenee DOAeeaocoes 90 5525 iis sieiaifleie's teoiee' || Note 34 | Note 35 2 
Biterstetaial sfatesclite crc retatecsteaniee 8&5 5025 wscche|ecssccess| Note 36 | Note 37’ 2 
32, 33, 42 
ptclecdn «alae ewietigewres +s 85 5026 saat snaieesie ei’ Note 38: | Note 39: 3 
AE LS Aoecicgs| (Bee eee 82.5 4825 .esss[ss.+e----| Note 40 |Note 41 3 
Sel 8 SUTLTEID') Sone! GARR oy (MRR eral RAIA Ret nat) a ne lane AD een 
Gir — Cease Md eee | eee ee i Nore aval s cttka, Setates'| ote miclece muse HY onto o's-sll fiost 0. orate. odietsne-«-ni[lacstaale wie d'eieya/sie'¥« 
Weare EMC a | NN Peo IN ovary ard cod ayeceverars flee atege Sho ell gssisce'e: eels ever ave ceidieseve.4 avateca|tocb coloreeeiaaies «Ge 
Oe TE as |e RRO Cc et Ars gal ea haha ayscehsi am, ceeae'Iltcs yet S save Slai rele sveyoie | one cavers @ 688 a ashacdil due apehaie.S imayh wlend's 
AIR OCs eee meaere are eee ateyelpic cars| (« years siti, | sara dua’ stale allratb aiatess: vi] abcde Sh Ceuasppensgssovener tll gpeiaavar eyes’ eravanss oe. 
Race emt O Ae sere Ra eons eee | is. eee) ieee cece [tgeccco 2 meet drellave us ols el] Biracaas dhe oie al eralene yell dun aranspayn os sndiat pales 
Si 
Oe S=OES5) |.) shee: « Le Jikoor Abana art looatad eee eee 12 16S ea a eee Arte 
OATS O6 35" tae. ss NA Simmmtrecatereetellli- are lefell'e sisieiese se sie 10 A OA icity Cinie ate save Note 46 
051520. S5i 4s ae S58 << eS ee ea AA eet it eee 8 |b Cll (arin sie oemricn 
ct RRP a raee 75 40 pi Yriie| ethea at ghee 24 35 226 
17 ei Ree eae 85 CaM ee ho. 22 35 228 \ 48, 51, 52 
85 Le ie eee 22 40 
90 (oe al epee 22 45 |, 51, 52 
100 OS WS. Sects \Pelars 18 30 
50,51, 52 
53, 54 


Table continued on following page. 
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Table 6.—Specifications 
Abstracted from A.S.T.M. 


Chemica! Composition 


Process 
A.S.T.M. Aaenc 
Pesan ufac- Cc Mn P, max. S, max. Ni 
tion No. ture* 
H, E 
aoe BC 
Grade Al, unannealed........ 
¥ , normalized........ 
£3, full annette Poona: 
;mormalizedy.csecoce| = | 7 AI ian es 9.96. 4 OF OGM eee 
Bi, full annealed Be ene Hi pescegecace: 1.00 0.05 0.06 Saisie 
Meise and = Alloy-Steel 
teel Castings: 
A168-35Tt| 12% Nickel-Steel Castings....) E 0.15831 |0.25-0.75 0.05 0.05 0.808 
A169-35T t} 19% Chromium-Steel Castings] E .05 05 1.008 
A170-35T {| 28% Chromium-Steel Castings| E 05 .05 3.008 
20% Cr-9% Ni-Steel Castings 
A198-36T t Grade Are. sasccseccee sce 05 05 8.0015 
20% Cr-9% Ni-Steel Castings, 
Cate B on ec Cens 05 05 8.0015 
AI71-35Tt| 24% Cr-12% Ni-Steel Castings 05 05 11.0-13.0 
AI72-35Tt| 25% Cr-20% Ni-Steel Castings 05 05 19.0-22.0 
A173-35T t| 28% Cr-9% Ni-Steel Castings 05 05 8.0-10.034 
AI74-35Tt| 20% Ni-9% Cr-Steel Castings .05 05 19.0-22.0 
A175-35Tt| 35% Ni-15% Cr-Steel Castings 05 05 34.0-37.0 
A87-36 Carbon-Steel and Alloy-Steel 
Castings for Railroads: 
Grade A-I, Carbon Steel... .. 0.05 
SS ASD cade tb 0.05 
= 0.05 
areas 0.05 


A107-36 Commercial Hot-rolled Bar Steel 
A108-36 Commercial Cold-finished Bar 
Steel and Cold-finished Shaft- 


See p. 2-31 


A18-30 
See p. 2-29 


*B = Bessemer; H = open-hearth; E = 


electric furnace; C = crucible. 
+t These are tentative specifications and sub- 
ject to yearly revision. The latest issue of the 
A.S.T.M. standards should be consulted. 
1 Acid steel 
2 Basic steel 
8 Cu, if specified, 0.20 
4 T.S. = tensile strength 
5 Bessemer steel 
6 Open-hearth steel 
7 Electric furnace steel 
8 Maximum 
9 Ladle analysis 
10 Check analysis 


ll For material over 3/4 in. thick, deduct 0.5% 
for each increase of 1/1 in. of specified 
thickness or diam. above 3/4 in. to a mini- 
mum of 24% 

12 Plates 3/4 in. thick or less 

13 Plates over 3/4 in. thick 

14 For material over 3/4 in. thick, deduct 0.25% 
for each increase of 1/ge in. over the speci- 
fied thickness above 3/4 in. to a minimum 
of 20% 

16 Minimum 

16 Ni and Cr, 0.05 max., each. Preferably 
should be absent 

17 To be twisted with 1 twist in a length not 
more than 12 times thickness of bar 


Notes for Table 6 


Note 1.—Test specimens shall be prepared for testing from material in the forged or 
rolled condition, except that specimens for annealed material, except eyebars, shall be 
from material as annealed for use, or from a short length of a full section from the same melt 
similarly treated. They shall be taken longitudinally and except as specified in notes 
3, 4, and 5, shall be of full thickness of material as rolled. 

Note 2.—Test specimens for plates, shapes and flats may be machined to form and 
dimensions of Fig. 2 (p. 7-54) or with both edges parallel. 

Note 3.—Tension test specimens for material over 11/2 in, thickness or diameter, 
except pins and rollers, may be machined to a thickness or diameter of at least 3/4 in. for 
a length of at least 9 in., or may conform to dimensions of Fig. 2 (p. 7-54). For pins and 
rollers specimens shall conform to Fig. 2 (p. 7-54). 

Note 4.—Bend test specimens: For material over 1 1/2 in. thickness (1 1/4 in. thick for 
A94-36) or diameter, except pins and rollers, may be machined to thickness or diameter 
of at least %/4 in., or to a 1 X 1/2 in. section. For pins and rollers, specimens shall be 
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— —————— 
Cc Physical Properties 


hemical Composition 


Yield Point, : Elongation, Red 
Other Ele- | Tensile |_1000 Ib. per sq.in.| _min., percent of | Band Text: Noel Othae Rentire: 
Si, ments. See a ah Area, | See Table 9, | ments. See 
Roomovet eragcin.| MUD | Jace | a Sine | Ta 2 ih a p. 2-28 Note No. 
than 
60 30 em kak cee ee 22 300s (eee eae 51, 52, 58 
60 cP jigbe wa Gee ane 26 Stal tecoe Reva 49\ 51, 52, 58 
60 30 we | Se eek eee 24 fll eked Oe es 48, 51, 52, 58 
i 70 38 eee eH SGP icteric tl 1 R59 
: 66 Se) liaise ie 2 Ri ae 22 Eble Renae ae ee 48, 51, 52, 59 
70 Shee cselie eee 20 Qt jleenee Sears 48) 51, 52, 59 
80 Asa ape: es ae 17 D5.) | Aes Sane ae es 49' 51, 52. 60 
80 Te a le ae ato 17 pitas ete on Pile 48, 51, 52. 60 
Brinell Hardness 
1.008 | 11 54.0 8015 5015 ira 
f 5-14.0 | 8015 | 5016 |..... 53, 61, 62, 65, 66 
1.008 |17.0-21.035| 9018 Ay Sh ees 230 53, 61, 63,65, 67 
0.808 | 26.0-30.0 | 5515 Tes are eae 230 53,61, 63, 65, 68 
2.008 18.015 35 | 7015 Se ee 200 53, 61, 64, 65, 69 
2.008 RB xGio0' S00 |) 70 Tomy | eee tte les noe oo ereiatell ite oh Net ay eae 53, 61, 64, 65, 69 
0.25-1.50 | 22.0-26.0 | 7015 |0.45T.S.15|.....|......... 3015 | 3915 200 53,61, 64,65, 70 
25-1650) |) 23. 0-27.0 || 72.516 0.45 T.G15 | |. eee 2515 | 2515 225 53, 61,62, 65, 70 
0.25-1.50 | 26.0-30.0 | 8515 |0.457T.S15|_....|......... 2015 | 2018 225 53,61,62,65,71,73 
0.25-2.00 | 8.0-10.0 | 6515 BOIS sek | eee parse tee Pipe ii enue | ee ee 53, 61, 64, 65, 72 
SOE eS al TAOS1 700) | GOlbaeeOF45 TES uals Cbs Teele ue Ne 185 53, 61, 63, 65,71 
6015 cys» | (Eaae a Nee eeeeee TOT |) Oo so asgosaae ] 
6015 Bol maleate’ apiece. DG loa Rion Eee ay oe es 
7015 Sh ae aera quer sete eee 53, 74, 75 
9015 Gis: el aad eee aaa 20 ome AO oem | Oe eaten eae I 


18 Recorded only 


19 But not less than 14% : ’ 
20 Bars rolled from standard section tee rails 


21 90-deg. bend 


22 For elliptical and helical springs 


23 For helical springs 


“24 Cr = 0.90-1.10; V = 0.15 min. 
25 Blastic limit; determined by extensometer. 


See Note 43 
26 Through 120 deg. 
27 Through 150 deg. 


28 For material over 3/4 in. thickness or diam- 
eter, deduct 0.50% for each increase of 1/16 
in. over the specified thickness or diameter 


29 Tn 18 ft. 


30 Bend test specimen for eyebar flats over 11/2 


in. thick may be 1/2 in. sq. section. 


Cor- 


ners may be rounded to a maximum radius 


of 1/16 in. 


1 X 1/2 in. section. 


to a radius of not over 1/16 in. Pa 
Note 5.—Test specimens for pins and rollers shall be so taken that axis is 1 in. from 


the surface of the material. 
Note 6.—Number of tests: Two tension and two bend tests to be made from each melt; 

except that if material from one melt differs 3/g in. or more in thickness, one tension and 

one bend test shall be made from both the thickest and the thinnest material rolled. 
Note 7.—Variation of weight of plates: Cross-section or weight of each size structural 


31 1IfC oe 0.12%, Cr should be not less than 
2.50 


50%. 
32 For heat-resistant applications, C may be 0.40 


max. 
33 For heat-resistant applications, C may be 
0.35 max. 


34 For certain applications, Ni 


36 Cu 


desirable = 
35 For particular and severe conditions, Mo = 
2.00-4.00% sometimes is used as a constit- 


uent of this alloy. 


10.0-12.0% is 


For free-machining or 


better non-seizing qualities, suitable com- 
binations of Mo and S, or of Se and P, may 


be added as follows: 


Mo, 


0.40-0.80; 8, 


0.20-0.40; Se, 0.20—0.35; P, max., 0.17. 


castings. 
37 Also may be full annealed. 


p. 2-381 


0.90-1.20% required for heat-resistant 


See Note 48, 


Machined sides of rectangular specimens may have corners rounded 


shape, and each universal mill or sheared plate up to 36 in. wide and 2 in. thick, not to 
vary more than 2.5% from that specified. Sheared and universal mill plates may vary 
as follows, 1 cu. in. of rolled steel being assumed to weigh 0.2833 lb.: a. If ordered to 
weight per sq. ft., the weight of each lot in each shipment shall not vary from the weight 
ordered by more than the amount given in Table 7. 0. If ordered to thickness, the thick- 
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ness shall not vary more than 0.01 in. under that ordered. The overweight of each lot in 
each shipment shall not exceed the amount given in Table 8. 


Table 7..-Permissible Variations of Plates Ordered to Weight* 


Permissible variations in average weights per sq. ft. of plates for 
widths given, expressed in percentages of ordered weights. 


48 to | 60 to | 72to | 84to | 96 to | 108 to| 120 to| 132 in, 


Ordered Weight, voce 60 in.,| 72 in., | 84 in., | 96 in., {108 in.,|120 in.,|132 in.,| or 

lb. per sq. ft. iD.) excl. excl, excl. excl. excl. excl. excl. | over. 

eo NOR hae. Le eh sed teas el Petes | Gallen! gs) materia 

SISSIES SIP lSI LIE] lel Slay el sl ela 

6lplolplolplolplolplolpl|o|elolpelolp 

RNBNCLGME IR. Boo hea aracarh a ee BP US SESS tG. NSW RR [ce Silas, alhe.2 cee alfa ae aces oll eater 

5 to 7.5 excl SS Se 1S) SASS SNGES Pee). . oe <2 fite eee Bits) Sato 

Fe NO ere et oe 4 [3 141515. |S 13) 15.513 et “1S 7 is i113 atbcalekaheoste 
Oe PLZ os B85 023 Pete tas 3.512 514" 13 4 eS Ss 1S 513 1G A 3 OS 
223 cee TS Sire A. eae 3 (2.513: 512514 |S 14.5 15 [3 15:58 16 [3 17 see 
[Pes Ye = tell mane eum Ss 2-52 513i, |2e513- 12.54 3 14.513 [5 [3 SSS 6. 1S es 
[eam 0 eps steht ten! ays E52 (2512 s513° 125/39 5254. 8 14.515 25 tS oD ome 
PA es) fe See erste ZOD | 20512 2. 52 SIS 25132512514 (Boe (4 SSeS eS eos 
Dore? SU oe ee ee Z NZ V2 Ze 12512) 25253 2 53 5\3) 14 13 4S oe 
oe anivieia ans 2 PRep2) 2 12 ZS 128512. 513.205 )3.. 5/3 4 18 

. Gee eae 2 2 2S a Se SSS SS Se eens 

* The weight per square foot of individual plates shall not vary from the ordered weight by 


more than 1 1/3 times the amount given in this table. 


Table 8.—Permissible Overweights of Plates Ordered to Thickness* 


Permissible excess in average weights per square foot of plates 


Ordered for widths given, expressed in percentages of nominal weights. 
Thickness, 48 to 60 to 72 to 84 to 96 to 108 to 120 to 132in, 
in. Under 60 in., 72'in., 84 in., 96in., | 108in., | 120 in., | 132 in., or 
48 in. excl. excl. excl, excl, excl. excl. excl. over. 
Under I/g.... 9 10 12 Ce rears, eee eae erate ee ere SC 
1/g to 3/16 excl. 8 9 10 T29 Wein sie cise) sega ays fleras ote ete ol i eee nee 
Sige lias ee Z 8 9 10 |} | ee es en eee ee Ne 
Wy  B/yg ** 6 7 8 9 10 12 14 16 19 
5/16‘ 8/g 5 6 7 8 9 10 12 14 17 
3/g “ T/ig 4.5 5 6 7 8 9 10 12 15 
We Wo 4 4.5 5 6 7 8 9 10 13 
fg “5/g Se 4 4.5 5 6 7 8 9 11 
5/g “ 8/qg 3 30 4 4.5 5 6 7 8 9 
by ae | se 25 3 S fia 4 4.5 5 6 7 8 
1 or over..... Zea aco 3 a5 4 a5 5 6 7 


* The weight of individual plates ordered to thickness shall not exceed th i i 
more than 1 1/g times the amount given in this table. Se ea! 


Table 9.—Bend Tests for Specifications Given in Table 6 


Test specimen to bend cold 180 deg., unless otherwise noted in table, around a pin of 
diameter given, without cracking on outside of bend. 


a Vr 
Bend ney Bend : Bend ‘ d 
Test Fell a* | Test Pe eri t a/t* |Test Material Material ajt® 
NG, , No. ickness, t Na, Thickness, t Thickness, ¢ 
Kl ae he ll |8/4 in.and over} 1 23 |8/4-1 1/4in.incl. 1 1/9-2 i 
a a lin. | 12 “ 2 | 24 ‘ ately We 
; Rhine | V/2 in| 13 E 33 25 | Over 1 1/4 in. Ss 2 
de Se 2in. | 14 : 4 26 “ $ 2V2 
djt 15 | 3/g-lin.incl.| Of | 27 ut 5 3 
5alup to 3/4 in.ine OT . - = 27a} 1-1 1/4 in. i im af 4 
: “ ne 18 § 11g | 28} I-12/2in. Maker 1 4 
7 ay 1W/y] 19 ~ 2 4 si “ . 
8 “ 2 20 is 22] 3) “ ¥ 21/2 
9 “ 3 21 bs 3 32 o ks 3 
10 { 4 122 a ‘ 31/o 
“oe 4 
_ 419 


* qd = diameter of pin. + Specimen to bend flat on itself without cracking on outside of bend 
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Table 10.—Permissible Variation Over Ordered Thickness of Plates Over 2 in. Thick 


a Width, in. 


cao Up to 36 excl. | 36-60 excl. | 60-84 excl. | 84-120 excl. | 120-132 exch | 132-144 excl. 
Permissible excess thickness, in. 

Over 2to 3 excl. 0.062 (1/16) 0.094 (3/39) 0.109 (7/64) 0.125 (1/3) 0.125 (1/g) 0.141 (9/64) 
3% 4% | | .078(5/¢4) -094 (3/39) .109 (7/64) .125 (1/g) .125 (1/8) 141 (9/64) 

a) 6 | 5.094108 /35) 125 (/g) 141 (9/64) .141 (9/64) .156 (5/39) -172 (11/64) 

Giaae Gan 109 (7/64) .125 (1/8) - 156 (5/39) . 156 (5/39) sh 22014) ee eis ware ae 
BeOS! pee 172 (11/64) . 187 (8/16) SAL Ga (Oy TG), lll Roce vais orsrevescl waliokaem siete 

WOO G20 oY hoi caneatea . 187 (8/16) .234 (15/64) AS Ri(LO/ G4) Tc eroce cnc il eee cee 

Jia) TE Mid oe ees 3 .219 (7/39) ZOO! GU/2yh May Pea Ses at ete gy aie ieee 


Note 8.*—Elongation in 8 in., % min., = 1,500,000/tensile strength. 

Note 9.—One tension and one bend test to be made from each melt; if two bars from 
one melt differ 3/g in. or more in thickness or diameter, one tension and one bend test shall 
be made from both greatest and least diameters rolled. Test specimens to be full diameter 
of bars as rolled. Cold-drawn bars to be normalized before testing. 

Note 10.—Permissible variations in diameter of rivet bars is as follows: 


Diameter...... Up to 1/9 in. incl. Over 1/o up to 1 in. incl. Over 1 up to 2 in. incl. 
Permissible... | over 0.007 in. 0.010 in. 1/39 in. 
Variation.... funder 0.007 in. 0.010 in. 1/g4 in. 


Note 11.*—Elongation in 8 in., %, min., = 1,400,000/tensile strength. 
Note 12.—Steel for plates or shapes over 7/16 in. thick which are to be punched, are to 
be made only by open-hearth or electric furnace processes. 
Note 13.—Plates over 2 in. thick shall conform to permissible variations over ordered 
thickness as given in Table 10. 
Note 14.—Permissible variation in weight, expressed as percentage of nominal weight, 
“of bar size angles, tees, zees and channels not to exceed the following: Thickness over 3/16 
in., any dimension over 1 1/2 in., variation, + 4%; all dimensions 1 1/2 in. and less, varia- 
tion, + 5%. Thickness 3/1, in. and less, any dimension over 1 1/2 in., variation, + 6%; 
all dimensions 1 1/2 in. and less, variation, + 7%. 
Note 15.—Permissible variation in cross-sectional dimensions of rounds, squares, and 
hexagons, not to exceed the following: 


IDIMensionsy Nis ic asian’ los up to 1/2 1/o-1 1-2 2-3 3-5 5-8 
Mariation GVer, Weis swe... 0.007 0.010 1/39 3/64 3/39 1/g 
Variation under, in......... 0.007 0.010 1/64 1/39 1/39 1/16 
Permissible variation in cross-sectional dimensions of flats not to exceed the following: 
IDA TMENSTOUWS ANS Jeo soph Sereionns Up to 1* 1}t-2* 2t-4* 4}-6* 
»-Vatiation in width, in......... + 1/32, — 1/64|-+ 9/64, —4/s2|+ 1/16, — 3/64) + 3/32, — 1/16 
Variation in thickness, in. 
3/16 in. thick and under..... +0.006 0.008 0.010 0.010 
Bye Ge I ey a cls cheney h: » sottove rs: ¢ +0.008 =-0'.012 +0.015 0.015 
aU eA lon ay cg ccc“ eksionsye 0.010 +0.015 +0 .020 +0.020 
LD aE PS RA Oe eee eee + 1/39 = 1/30 + 1/39 


Note 16.—Two tension tests and two cold bend tests shall be made from each melt of 
structural steel and steel for cold bending, except that one tension and one cold bend test 
is sufficient for melts of less than 25 tons. Two tension and two cold bend tests shall be 
made from each melt of rivet steel. If material from one melt varies 0.0150 in. or more 
in thickness, the thickest and thinnest material shall each be represented by one tension 
and one bend test, regardless of the weight of the melt. 

Note 17.—Minimum elongation in 2 in. = 1,600,000/tensile strength, when specimen 
shown in Fig. 3, p. 7-54, is used. 

Note 18.—Cross-section or weight of each piece of steel shall not vary more than 2.5% 
from that specified, except that sheared plates, ordered by weight per sq. ft., shall not 
vary more than the amount given by Table 7. When ordered to thickness, no plate shall 


* For structural steel over 3/4 in. thick, 0.25% is to be deducted from the percentage specified 
by the formula, for each increase of 1/39 in. of the specified thickness above 3/4 in., to a minimum 
of 18%. For steel sale ui in. thick, 1.25% shall be deducted for each decrease of 1/39 in. of 

i hickness below in. ; 
thg 7 at and deformed bate over 3/4 in. diameter or thickness, a deduction from the per- 
centage of elongation of 0.25% shall be made for each increase of 1/39 in. of specified thickness or 
diameter above 3/4 in. For bars under 7/j¢ in. diameter or thickness, a deduction of 0.5% shall 
be made for each 1/39 in. decrease of thickness or diameter below 3/16 in. 


-ITI—8 
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vary more than 0.01 in. under thickness specified. Overweight in each shipment shall 
not exceed the values given in Table 8. 

Note 19.—Permissible variation in thickness of plates ordered to weight is not more 
than 0.01 in. under thickness specified. Overweight in each shipment shall not exceed 
values given in Table 8. 

Note 20.*—Elongation in 8 in., %, min., = 1,400,000/tensile strength. 

Note 21.*—Elongation in 8 in., %, min., = 1,300,000/tensile strength, but not less 
than 16%. 

Note 22.*—Elongation in 8 in., %, min., 

Note 23.*—Elongation in 8 in., %, min., 1,250,000/tensile strength. 

Note 24.*—Elongation in 8 in., %, min., = 1,125,000/tensile strength. 

Note 25.*—Elongation in 8 in., %, min., = 1,000,000/tensile strength. 

Note 26.—Tension and bend test specimens from plain or deformed bars shall be of 
full section of bars rolled. For tension tests of deformed bars, sectional area used for unit 
stress determination to be calculated from weight of test piece. 

Note 27.—Tension and bend test pieces for cold twisted bars to be taken from finished 
bar without further treatment. 

Note 28.—Permissible variation in weight: Bars 3/g in. diameter or over, + 3.5%; 
bars under 3/g in. diameter, + 5%. 

Note 29.—One tension and one bend test to be made from each lot of 10 tons or less of 
each size of bar rolled from rails varying not more than 10 lb. per yd. in nominal weight. 

Note 30.—Permissible variation in diameter or thickness of rounds and squares is as 
follows: Up to 1/2 in. incl., + 0.007 in.; over 1/2 to 1 in. inel., + 0.010 in.; over 1 to 2 in. 
incl., + 0.016 in. Permissible variation in dimension of flats: Variation in width, flats 
1 to 2 in. incl., + 0.030 in., — 0.015 in.; flats over 2 to 4 in. incl., + 0.047 in., — 0.015 in.; 
flats over 4 to 6 in. incl., + 0.062 in., — 0.032 in. Variation in thickness, all widths, 
up to 3/g in. thick incl., + 0.015, — 0.005; over 3/g to 5/g in. thick, incl., + 0.015 in., 
— 0.010. 

Note 31.—Class K for forgings for main- and side-rods, straps, piston rods and all 
other forgings which are to be machined with milling cutters or complicated forming tools. 

Note 32.—Tension and bend test specimens to be taken from full size prolongation of 
any forging; may be taken from forging itself with a hollow drill, if approved by pur- 
chaser. Axis of specimen shall be located at any point midway between center and sur- 
face of solid forgings, midway between inner and outer surfaces of bored forgings, and 
parallel to axis of forging in direction in which metal is most drawn out. Tension test 
specimens to conform to dimensions of Fig. 2 (p. 7-54). Bend test specimens to be 1/, in. 
square section, with corners rounded to radius of not over 1/1 in.; need not be over 6 in. 
long. 

Note 33.—One tension test and one bend test (if specified) to be made from each tem- 
pering charge, or from each quenching charge if more than one is represented in a tem- 
pering charge. If more than one melt is represented, tests shall be made from each melt. 
If more than one class of forgings (by size) is represented, tests shall be made from each class. 

Note 34.—Elongation in 2 in. = (2,100,000/tensile strength), but not under 20.5%. 

Note 35.—Reduction of area = (4,100,000/tensile strength), but not under 39%. 

Note 36.—Elongation in 2 in. = (2,000,000/tensile strength), but not under 20.5%. 

Note 37.—Reduction of area = (3,800,000/tensile strength), but not under 39%. 

Note 38.—Hlongation in 2 in. = (1,900,000/tensile strength), but not under 19.5%. 

Note 39.—Reduction of area = (3,600,000/tensile strength), but not over 37%. 

Note 40.—Elongation in 2 in. = (1,800,000/tensile strength), but not under 19%. 

Note 41.—Reduction of area = (3,400,000/tensile strength), but not under 36%. 

Note 42.—Impact proof test required. Three methods of proof testing for quenched 
and tempered forgings are given in Table 11, which represent practices of four companies. 
Practice A requires axles, shafts and similar forgings to undergo an impact proof test on a 
A.R.A. drop test machine, with supports spaced 3 ft. center to center. Two blows are 
struck with a tup weighing 1640 or 2240 lb. The forging is to have one of the points of 
support as near as practicable to one end for the first blow and as near as practicable to 
the other end for the second blow, the forging being turned 90 deg. on its longitudinal axis 
between blows. Practices B and C require forgings to have an impact proof test of one 
blow at the center of the forging by a tup delivering the number of ft.-lb. of energy shown 
in Table 11. Practice B carries the forging on rigid supports placed 5 ft. center to center. 
Practice C carries the forging on rigid supports at the end of the forging. 


1,200,000/tensile strength. 


Iu ull 


ss 
* For plain and deformed bars over 3/4 in. diameter or thickness, a deduction from th 

of elongation of 0.25% shall be made for each increase of 1/39 in. of specified Maes ee 

above 3/4 in. For bars under 7/16 in. diameter or thickness, a deduction of 0.5% shall be made 

for each 1/32 in. decrease of thickness or diameter below 3/1¢ in. 
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Table 11.—Proof Tests for Quenched-and-tempered Forgings 


Practice B 
Practice C 


Practice B 
Practice C 


Practice A Practice A 


OH ata Height of Drop Energy of Diameter, Height of Drop E 
. PR Ste eh dd in. ee ee | ETRY OF 
1640-lb. 2240-lb. Blow, 1640-lb. 2240-lb. Blow, 
Tup. Tup. ft.-lb. Tup. Tup. ft.-lb. 
Ft, In: Et. In, Bitz. | ins Ft. In. 
41/2 0 11 ae ee 700 81/2 6 2 4 6 7,500 
1 3 ie “if 900 7 5) 5 3 9,000 
51/2 1 8 1 2 1,200 91/2 8 7 6 3 10,000 
4 2 1 7 1,700 10 10 0 7 4 11,000 
6 1/9 2 9 2 0 2,500 10 1/9 11 7 8 6 12,000 
7 3 5 2 6 3,500 11 13 5 a) 13,000 
7 I/g 4 2 3 1 4,700 11 1/9 15 3 11 1 14,000 
& 1 3 8 6,000 12 17 4 12 8 15,000 


eer eee re G00 2 a 2 5 000 
. Note 43.—The elastic limit shall be determined by an extensometer, reading to 0.0002 
in., attached to the specimen at the gage markings. The testing machine shall be operated 
to increase the load on the specimen at a uniform rate. The load at which the rate of 
elongation shows a sudden increase determines the elastic limit. 

Note 44.—Each type of steel is subdivided, according to the carbon content into seven 
4 ea of carbon steel, and eight grades of each type of alloy steel. Carbon ranges are as 
ollows: 


Carbon Steel. Type A 
Grademan.: csc 1 2 3 4 5 6 if 8 
Carbon, %.... 0.05-.15 .15-.25 .20-.30 .25-.40 .380-.45 .385-.50 .40-.55 .45-.60 


Alloy Steels, Grades B—H 
SPRITES sieeore. os 11 12 13 14 15 16 Ve 
Carbon, %.... 0.10-.20 .15-.25 .20-.30 .25-.38 .380-.43 .85-.50 .45-.60 


When steel is to be used for case hardening purposes, manganese should not exceed 0.50%; 
when minimum carbon specified is 0.35% or over, manganese range may be specified as 
0.30-0.60%. 

Note 45.—Steel Tires: Class A,’for driving tires for passenger locomotives; Class B, 
for driving tires for freight locomotives; tires for locomotive-truck, tender-truck, trailer 
and car wheels; Class C, driving tires for switching locomotives. 

Note 46.—Tension test specimens representing each melt to be taken from test ingot 
taken during pouring of melt; each specimen shall have received approximately the same 
amount of work as tire which it represents. Test specimens to be asin Fig. 3,* the ends 
to be of a form to fit the holders of the testing machine in such a way as to cause the load 
to be axial. Tires to be grouped as to outside diameters and shipped in sets. 

Note 47.—Unless otherwise specified, the content of carbon, silicon and manganese 
and other alloying elements shall be selected by the manufacturer to meet specified physi- 
eal properties. The prescription of definite composition types of steel to meet various 
physical requirements is not to be recommended except by mutual agreement between 
purchaser and manufacturer. There are at present (1936) approximately 70 available 
alloy cast steels, many of which can be made to conform to the tensile requirements of a 
grade in any class listed by proper heat treatment. See Automotive Steels, pp. 2-37 to 2-48. 

Note 48.—Full annealing consists allowing the casting to cool after pouring, to a 
temperature below the critical range, reheating to the proper temperature and cooling 
thereafter slowly in the furnace. Castings shall not be removed from the furnace until 
the furnace charge has fallen uniformly to at least 500° F. 

Note 49.— Normalizing consists of allowing the castings to cool after pouring, reheating 
to the proper temperature, above the critical range, holding at that temperature for the 
proper time, and cooling in still air at room temperature. Normalizing may be followed 
by a tempering or drawing treatment at a temperature below the critical range, but not 
less than 400° F. 

Note 50.—Class C castings shall be heat treated by full annealing, or by normalizing, 
or by heating above the critical temperature, followed by rapid cooling. These treat- 
ments may be followed by a supplementary heating and rapid cooling. Rapid cooling 
may be by quenching, by spraying with a liquid, or by subjecting castings to a mechanical 
air blast. These operations may be performed one or more times. After rapid cooling, 


* For shape of tension test specimens, see Fig. 3, p. 7-54, under Standard Test Pieces—Methods 


of Testing. . . : 
t+ A common rule is 1 hr. per 1 in. thickness. 


2-32 IRON AND STEEL 


castings shall be tempered or'drawn at a temperature of 400° F. or more to relieve cooling 
stresses. Liquid-quenched castings, excepting simple light section designs, shall be 
removed from the quenching bath before they attain room temperature, and immediately 
placed in a tempering or drawing furnace. 

Note 51.—Tension test specimens and bend test specimens shall be prepared from test 
bars attached to castings. If this is impracticable, test bars shall be cast attached to 
special blocks. Test bars shall remain attached to the castings or blocks until submitted 
for inspection and shall be heat treated with the castings. Tension test specimens shall 
conform to dimensions of Fig. 3, p. 7-54. The end shall be of a form to fit the holders 
of the testing machine in such a way that the load shall be axial. 

Note 52.—One tension test, and when specified, one bend test shall be made from each 
melt in each heat treatment charge. 

Note 53.—An analysis of each melt of steel shall be made from drillings taken at least 
1/4 in. below the surface of a test ingot obtained during the pouring of the melt. 

Purchaser may make analyses on samples obtained from a casting (A128-33), which 
shall be taken not less than 1/4 in. below the surface of rough castings, or at the surface of 
castings finished by grinding or machining, provided that at least 1/4 in. of metal has 
been removed from the casting at the point selected for sampling. Manganese steel may 
be drilled best after it has been annealed for several hours at from 900 to 1100° F. J 

Note 54.—Bend tests shall be required only when specified. For castings weighing not 
over 50 Ib., test to destruction by pressure or blows, may be made by agreement, as an 
alternative to bend tests. One casting from each lot shall be so tested and shall show 
the material to be tough and ductile, and suitable for the purpose intended. Bend test 
specimens shall be 1/2 X 3/4 in. and 12 in. long, poured in separate molds, from the same 
heat or melt of steel, and heat treated with the castings they represent, without being 
machined or ground. Test bars should be protected from oxidation by enclosing them 
in pipes or containers containing a small amount of carbonaceous material and suitably 
sealed to prevent contact of furnace gases with the test bars. When bend tests are speci- 
fied, one test shall be made from each melt or heat of steel in each heat treatment charge. 

Note 55.—Hlongation in 8 in. = 1,600,000/tensile strength.* 

Note 56.—Bars to be annealed by heating to 1450° F., holding at that temperature 
for 30 min., and cooling slowly in the furnace, or in still air. Tension test specimens to be 
full diameter of bar as rolled, and to be annealed. Two tension tests to be made for each 
melt. If melt is less than 30 tons, but one tension and one upset test are required. If 
thickness of material from one melt varies 1/4 in. or more, one tension test is required from 
the thinnest and thickest sections. One upset test is required for each size of bar rolled 
from each melt. Test consists in hammering cold in a longitudinal direction, a specimen 
of length = (11/4 X diam. of bar), until its length is (3/4 X diam. of bar), without develop- 
ing in the specimen seams or other injurious defects. Permissible variation in diameter 
or out of round of bars is as follows: 


Diam. of, Bar; inles. shes <5 Up to 5/16 = /16-7/16 7/16-5/g 5/s—7/g 7/s-1 
Variation in Diam.,in., +, 0.007 .007 .008 .009 .010 
Out.of round,,im/....... 0.010 O11 O12 .014 015 
Diam, of Bar. 1m...0. <1 1-1 1/g 1 1/g-1 1/4 1 1/4-1 3/g 1 3/3-1 1/9 1 1/9-2 
Variation in Diam.,in., +, 0.012 014 .016 .018 .022 
Qut/of round, mi... o. 0.016 .018 .022 .026 .030 


Note 57.—Minimum elongation in 2 in. = 1,700,000/tensile strength, when 2 in. test 
specimen is used. (See Fig. 3, p. 7-54.) 

Note 58.—Grade A castings are very soft and machinable in the as-cast, normal or 
full-annealed condition, due to low carbon. They are adapted to fusion fabrication with 
wrought parts. 

Note 59.—Grade B castings, normalized, are intended for miscellaneous industrial 
applications. Grade B-1, full-annealed and Grade B-2, full-annealed, are used for cast- 
ings whose member thickness or intended use render a full anneal desirable to develop 
the required physical properties. All three grades are easily machined with ordinary 
machine tools. 

Note 60.—Grade H normalized and Grade H-1, full-annealed, are used for purposes 
calling for higher strength and lower ductility than are typical of other grades. They 
can be machined without difficulty by ordinary machine tools. 
si ee 


* For structural nickel-steel plates, shapes, and bars, over 3/4 in. thickness or diameter, 0.25 
is to be deducted from the percentage specified by the formula for each increase of 1/{6 in. of thee 
ness or diameter above 3/4 in., to a minimum of 14%. For material under 5/16 in. thickness or 
. diameter, deduct 1.25% for each decrease in thickness or diameter of 1/39 in. below 5/16 in. 
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Note 61.—Tension and bend test specimens are taken from test bars attached to sep- 
arately-cast blocks, and conform to the dimensions of a 2-in. test specimen. See Fig. 3, 
p. 7-54. Bend test specimens are to be machined to 1 X 1/o in. cross-section with the 
corners of the machined edges rounded to a radius of not over 1/16 in. 

Note 62.—Bend test required only when specified; it consists of bending specimen 
through 90 deg. around a 1-in. pin. 

Note 63.—Bend test not required. 

Note 64.—Bend test required only when specified; it consists of bending specimen 
through 120 deg. around a 1-in. pin. 

Note 65.—Since corrosion resistance and heat resistance are of prime importance, 
tension tests and bend tests shall be made only when specified, in which case one tension 
test and one bend test shall be made from each melt. An average of three Brinell read- 
ings shall be taken as the Brinell hardness number. 

Note 66.—Heat treatment consists of normalizing at not less than 1875° F., drawing at 
1100-1350° F., and cooling in air. 

Note 67.—Heat treatment consists in annealing at 1450-1550° F., cooling in furnace 
to 1100° F., and removing to cool in air. The steel should be cooled rapidly between 
1050-900° F. to avoid inter-crystalline precipitations. 

Note 68.—Heat treatment consists of annealing at 1450-1550° F., cooling in furnace 
to 1100° F., and cooling in air from 1100° F. Heavy castings may be cooled in water from 
1100° F. to obtain maximum impact toughness. Castings of small dimensions may be 
quenched from 1650° F. to obtain best machinability. 

Note 69.—Heat treatment consists in heating to a sufficient temperature for a long 
enough time to insure solution oi carbides, and cooling at a rate to insure their retention 
in solution. If relief of quenching strains is desired, castings may be drawn at a tem- 
perature of 800° F., maximum, for not over 2 hours. 

Note 70.—Heat treatment consists of heating to 1875° F., minimum, and quenching 
in air or water. Intricate castings may be drawn for strain relief at 800° F. maximum. 

; Note 71.—Heat treatment not required. 

Note 72.—Heat treatment consists in heating to 1900° F. and quenching in water or 
in air. Oil may be used if water quenching is too drastic. Intricate castings may be 
drawn for strain relief at 800° F. maximum. 

Note 73.—Values given for physjcal properties apply to heat-resistant alloy only when 
carbon does not exceed 0.30%. With higher carbon, ductility is lowered. 

Note 74.—Tension test specimens shall conform to the dimensions of Fig. 3 (see 
p. 7-54.) Test coupons shall be cast attached near the end of each locomotive frame, to 
each locomotive cylinder, to each wheel center and to each other casting weighing over 
100 lb., except as otherwise provided. Test castings shall remain attached to the cast- 
ings throughout annealing and until the castings are presented for inspection. If the 
design is such that the test coupon cannot satisfactorily be attached to the casting, it 
shall be attached to a runner connected with the casting. 

One tension test shall be made from a location near each end of every locomotive 
frame and one tension test may be made from each wheel center and each locomotive 
cylinder casting, and at least one tension test shall be made from one wheel center and 
one locomotive cylinder from each melt. One tension test shall be made for each melt 
represented by the castings covered by the specifications, except locomotive frames, 
wheel centers, and locomotive cylinders, as provided for above. For castings weighing 
not more than 150 lb. each, a test to destruction may be substituted for the tension test. 

Note 75.—Castings shall not vary more than 5% above nor more than 3% below the 
weight agreed on as normal for the casting. ‘ 

CARBON STEEL AND ALLOY STEEL FORGINGS (A.S.T.M. Designation A18-30). 
—Specifications cover the following classes of forgings: Class A which may be welded or 
case hardened. Class B, mild steel forgings for structural purposes, minor ship fittings, 
etc. Class C, mild steel forgings for structural purposes, ships, etc. Classes D, H, F, G, 
H, and I, various machinery forgings depending on design and stresses and services to be 
imposed. Classes K, L, and M, various machinery forgings, depending on design, stresses 
and services to be imposed, and on character of machining operations to be done. Steel 
shall be made either by the open-hearth or electric furnace, and shall conform to the 
chemical compositions of Table 12. The percentages of the elements specified in Table 12 
shall be determined by an analysis of each melt, made from a test ingot taken during the 
pouring of the melt. Heat treatment, if required, shall consist of either annealing, or 
quenching and tempering, as specified. Annealing procedure consists in allowing the 
work, immediately after forging, to cool below the critical range under conditions that 
will prevent injuries by too rapid cooling, followed by uniform reheating to the proper 
temperature to refine the grain, after which the work is allowed to cool uniformly. 
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Quenching and tempering procedure consists in cooling and reheating the work as in 
annealing practice, and then quenching in some medium under substantially uniform con- 
ditions for each quenching charge. Finally, the work shall be uniformly reheated to the 
proper temperature for tempering or drawing back and allowed to cool uniformly. j 

Tensile properties for the various classes are given in Table 13. The classifications 
by size of the forging shall be determined by the specified diameter or thickness which 
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Table 12.—Required Chemical Composition for Steel Forgings 
A.S.T.M. Designation A18-30 


Class 
Element x B,C,D,.E,F,G red Een icone M 
Manganese, percent....| 0.30-0.60 0. 40-0. 80 CG AC-—0,. BO ie cw ese eel a ee 
Phosphorus, percent 
‘Acidunannia sa aee 0.05 max 0.05 max. 0.04 max. 0.05 max. 0.04 max 
BaBiGsvera wire erases 0.05 max 0.05 max. 0.04 max. 0.04 max. 0.04 max. 
Sulphur, percent....... 0.05 max 0.05 max. 0.05 max. 0.05 max. 0.05 max. 
INtekel, Percents sis sect oy feickemrctsee) o nictndllammiprelststatcene 35.00) mains Ip) genarcis sro chee, Opa eee 
Table 13.—Tensile Requirements for Steel Forgings 
A.S.T.M. Designation A18-30 
OCtoen OMtaee Yield | Elongationin2in. | Reduction of Area 
Con- | Diam. or | Wall | Strength,| Limit, Point, et 
Class |dition} Overall |Thick-| 1000 lb. | 1000 Ib. | 1000 lb. percent, ay 
t Thickness, | ness, |per sq. in.,| per sq. in.,| per sq. in., min. 4 
in. in. min. min. min. nee 
A~ U All sizes |...... CT | | Sree 0.5 T.S. | 1,500,000/T.S. |......| 2,500,000/T.S. |...... 
Be U Not over 12]...... a) Bate 0.5 T.S. | 1,550,000/T.S. 2,400,000/T.S.}| 35 
12-20 fee... eal eee oie ee 0.5 T.S. | 1,480,000/T.S. 2,220,000/T.S.} 32 
or es Not over 12]...... OO ee anemia 0.5 T.S. | 1,700,000/T.S. 2,700,000/T.S. | 38 
(220) kel was GONE seater 0.5 T.S. | 1,600,000/T.S. 2,520,000/T.S.| 36 
Not over 8 |...... Ya er Pose 0.5 T.S. | 1,600,000/T.S. 2,200,000/T.S.| 24 
D* U B12 Wac. Y Sigel) ee era 0.5 T.S. | 1,500,000/T.S. 2,000,000/T.S.| 22 
12220 iat Y Sil IR Asc 0.5 T.S. | 1,400,000/T.S. 1,800,000/T.S. | 20 
Not over 8 |...... 75 ca eee 0.5 T.S. | 1,800,000/T.S. 2,800,000/T.S.| 33 
it An S=h2 Pha saee Y 6 Se dl (aa 0.5 T.S. | 1,725,000/T.S. 2,640,000/T.S.| 31 
12=20'\ vets 2 yee a ee 0.5 T.S. | 1,650,000/T.S. 2,400,000/T.S.| 29 
Not over 8 |...... ST. AR ee 0.5 T.S. | 1,800,000/T.S. 2,800,000/T.S. | 32 
i* An 812. ahs eeey BO, “Ma Re eee 0.5 T.S. | 1,725,000/T-.S. 2,640,000/T.S.| 30 
12520). beswen BOF leita: 0.5 T.S. | 1,650,000/T-.S. 2,400,000/T.S.| 28 
Up to4 | 2 90 BS Wi cteran 2 2,100,000/T.S. 4,000,000/T.S. | 39 
Gt QT 4-7 3 Vo 85 SQ SAcee ee. 2,000,000/T.S. 3,800,000/T.S. | 39 
7-10 5 85 50 1,900,000/T.S. 3,600,000/T.S.| 37 
Not over 20] 5-8 82.5 48 1,800,000/T.S. 3,400,000/T.S.| 36 
H* ie Not over 12]...... 80 50 .| 2,000,000/T.S. 3,600,000/T.S.} 40 
Ni-steel 12-20 |...... 80 DAP alast sinerchet 1,900,000/T.S. 3,400,000/T.S.} 38 
Up to 4 2 100 ZO0p Sale weee ies 2,200,000/T.S. 4,500,000/T.S.| 41 
Tt QT 4-7 31/9 100 Cb an eerie Ar 2,100,000/T.S. 4,300,000/T.S. | 41 
Ni-steel 7-10 5 90 GON Winrceeectt. 2,000,000/T.S. 4,100,000/T.S.| 41 
Not over 20) 5-8 85 55) cou, sea 1,900,000/T.S. 3,900,000/T.S. | 41 
Up to 2 1 90-115 10s ll cntsoreeices 20° WE vali 50m wi illesecee 
Kt 2-4 y) 90-110 G5) owen 205 °* Woe 30. s utocaee 
Alloy QT 4-7 31/29} 90-110 65. slatitae ee 20) ® eters SO acaceers 
Steel 7-10 5 90-110 G50" “leoneteres 20: oT Fee 50 Palisa eee 
Not over 20} 5-8 85-105 O04 Hs, Seer PAU De Aer oa 50: Sane eee 
Up to 2 1 105-125 BO0i > nceeeme yo eecerr 50 V9 i eee 
Lit 2-4 2 100-120 YE WET Flores 6 20 * eek 50% 7 Ak eee 
Alloy | QT 4-7 3 1/2} 100-120 15 ed lbtactogted 20): saul cbres 50w A> Dears 
Steel 7-10 5 100-120 TOR Mascon tack 18 peel ects 45 wee 
Not over 20] 5-8 | 95-115] 70 |......... Clea lea? 45 : ete 
Upto2 || 125 105h een 16 cepa Rees 50 Paes 
Mt ped a 115 OS" ie eae Ibe, weal tee. 45 mate 
Alloy | QT 47 |31/2] 10 COG it ag) 6 viene eran IO 
Steel 7-10 5 100 23) NE ene RSA en Baise oe Tai ee 
Not over 20} 5-8 POO ahs FOr NEL, oa a) ae 45 


* Specification covers forgings of a maximum outsid 


tU 


e diameter or overall thickness of = i 
Ul untreated; A = annealed; QT = quenched and tempered. ae ee 
t Specification covers forgings having a maxi 


‘ k mum outside di i 
10 in. when solid, or not over 20 in. when bored. Cube te: ismeter ior tiem cannot 
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governs the size of the prolongation from which the test specimen is taken. Yi i 
shall be determined by drop of the beam or halt in the gage of the testing shia ote 
elastic limit shall be determined by an extensometer, reading to 0.0002 in., the load at 
which the rate of elongation shows a sudden increase being taken as the yield point. 

Tests shall be made as follows: Untreated forgings, one tension test from each melt; 
annealed forgings, one tension test from each annealing charge, but if more than one melt 
is represented in each charge, one tension test shall be made from each melt; quenched 
and tempered forgings, one tension test from each tempering charge, but if more than one 
quenching charge is represented in a tempering charge, or more than one melt is repre- 
eented in a quenching charge, one tension test shall be made from each quenching charge 
and melt, respectively; if more than one class of forgings by size is represented in any lot, 
one test from a forging of each class by size shall be made. Tests shall be made only after 
final treatment of the forgings. 

Tension test specimens shall be taken from a full size prolongation of any forging. On 
forgings with large ends or collars, the prolongation may be of the same cross-section as 
that of the forging back of the end or collar. Specimens may be taken from the forging 
itself with a hollow drill, if approved by the purchaser. The axis of the specimen shall 
be located at any point midway between the center and surface of solid forgings, and at 
any point midway between the inner and outer surfaces of bored forgings, and shall be 
parallel to the axis of the forging in the direction in which the metal is most drawn out. 
Specimens shall conform to the dimensions of Fig. 3 (see p. 7-54). The ends shall be of 
a form to fit the holders of the testing machine in such a way that the load shall be axial. 

COMMERCIAL COLD-FINISHED BAR STEEL AND COLD-FINISHED SHAFT- 
ING (A.8.T.M. Designation A108-—36).—Specifications cover rounds, square and hexagons 
of all sizes, and flats up to 6 in. wide, and shafting rounds up to 8 in. inclusive. Steel 
shall be made by the open-hearth or acid Bessemer processes. Open-hearth steel is 
understood to mean steel made in the open-hearth or electric furnaces. Bar steel shall 
conform to the chemical compositions specified in Table 14. Check analyses may be 
made by the purchaser from finished bars representing each melt of open-hearth and each 
melt or lot of bars of Bessemer steel. Maximum permissible variation from the specified 
analyses, as shown by the check analysis, is given in Table 14. The permissible variation 
from specified diameters of cold finished round bars or shaftings and distances between 
parallel faces of hexagon squares or flats is given in Table 15. 

COMMERCIAL QUALITY HOT-ROLLED STEEL BARS (A.S.T.M. Designation 
A107-36).—Specifications cover round, squares, and hexagons of all sizes, and flats up to 
6 in. wide, of steel made by the open-hearth or acid Bessemer process. Open-hearth steel 


Table 14.—Composition of Cold-finished Bar Steels and Cold-finished Shafting 
A.S.T.M. Designation A108-36 


Check 2 Check . Check Check 
Specified Analysis Specified Analysis Specified Analysis Specified Analysis 
Grade | “Carbon, | Permissible an- | Permissible | Phos- Permissible | guiphur, | Permissible 
No. | cercent | Variations | 80, | Variations ee, Variations percent | Variations 
Over |Under paren’. Over |Under aa Over | Under Over | Under 
Open-hearth Grades 
1 {0.05-0.15 | 0.03 | 0.02 ]0.30-0.60 | 0.05 | 0.05] 0.045* {0.005 |...... OFO55%" NOL0055 len cat 
Pee O= 20) 03 |) oO2-t--30— 60") 057) .05 5045 0 8,005," leernac: A U0 We saacs 
Se S esi le OS ansO2 Imes 60) 2051) -.05 (045% = |) 005-1 aes FOSS O05! |beaares 
A eets— 25) | 03) 02) 270=1/-00.)|"05"|, .05 A bh on wall be | ocean AODS ae OOD! |Rtcre aes 
5 | .20- 30} .04) .03] .30-0.60] .05} .05 1OA5*) 17:0055) |e acca 5055 Sia) eOOSillsereieie.> 
6 | .25— .35 | .04| .03] .60— .90)| .05 05 HO45 807} 0050 He rese.: 2055 canis O03) | leet 
7 | .30- 40] .04] .03] .60- .90} .05] .05 Abi le(iibye |eascg ROD Sie iae O05 | etepetstals 
8 | .35- .45| .04] .03] .60- .90} .05] .05 50455005. Xan. 60590 #1003) | tate eters 
9 | .40- 50] .04] .03} .60- .90} .05| .05 045%) (0 1005) einer: O55 als OO Dp llepreyeters 
10 | .45- .55| .04] .03] .60- .90| .05| .05 BOS 5 Samah. COD | aerecte LO5 555119005: | /-10 2.226 : 
Bessemer Grades 
11 | 0.15* | 0.03 | 0.02 | 0.60* | 0.05 | 0.05] 0.11* [0.005 |...... [Rees OL005)| eee 
Bessemer Free-cutting Steels 
12 |0.08-0.16 | 0.03 | 0.02 [0.60-0.90 | 0.05 | 0.05 j0.09-0.13 |....... | ae 0). 10-0.20 |..2.... 0.01 
13 | .08- .16 | LOS Mie O21 O09 OO nm 051|) O05: [) 09S 013) liars ste lees ne Ue tegeulledoonn .O1 
Open-hearth Free-cutting Steels 

14 |0.15-0.25 | 0.03 | 0.02 [0.60-0.90 | 0.05 | 0.05 OL06*9 10;005— \ arc: i. 0.075-0.15 |...... 0.01 
15 | .10- .20] .03 | .02]1.00-1.30] .10] .05 HOSS SS O0St a aes O75are 19! \lereetersre 01 
16 | .10—.20] .03] .02]1.30-1.60) .10] .05 OAD San F005 0a esa OFS= lS Wietaet 01 


17 .30- .40 .04 | .03 |1.35-1.65 107° .05 .045* OOS) Aiasnias 0750 al D||qatices 01 
* Maximum. 
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Table 15.—Permissible Variation in Sizes of Cold-finished Steel Bars and Shafting 
A.S.T.M. Designation A108-36 


‘Specified Permissible Variations, in., Under Specified Size. (Permissible Variation Over = 0.) 


Side of Square, Flats, Variation in Width or Thickness. 

Sars Ue. of Squares Hexagons Widths upto | Widths 11/2 in. | Widths over 4 in. 
pea 11/9 in. to 4 in. incl. to 6 in, incl. 
Thickness of 

Flat, in. Carbon Content, percent 
Toand | 0.30 & 0.30 & 0.308 | a apf 0.30&|, a 51] 0.308 (9 a. 
From Tnelading| {eles 0.31-.50 ee. 0,31-.50 tess 0.31-.50 jee 0.31-.50 fee 0.31-.50 
ee SSE 0.3 0.003 | 0.004 | 0.002 | 0.003 0.003 | 0.004 0.005 0.006 | 0.008 0.010 

0.3 1 004 .005 003 .004 -004 -005 -005 -006 .009 .012 

1 21/2 005 006 004 -005 -005 .006 -006 .008 .010 .012 

21/2 4, 006 .008 -005 £006. | oa ois a oe occ coe opens er Poets Meech ee ecetee tone ete aries alte 

Round Bars, Shafting 
Carbon Content 0.30% and less | Carbon Content 0.31-0.50% 
Specified Up tol i i 1-2in. | 2-4in. | 4-6in. | 6-8 in. 
Diam., in...... { in. incl. in.incl.| ine, | incl. | incl. | incl. 
Permissible 
0.004 | 0.005 | 0.006 | 0.008 


Table 16.—Chemical Composition of Hot-rolled Bar Steel 
A.S.T.M. Designation A107-36 


Check Check Check Check 


: Analysis | Specified | Analysis | Specified | Analysis | gpecified | _ Analysis 

Grade | “Pectfied | permissible | Man- | Permissible | Phos | Permissible | guiphur, | Permissible 
No. percent |_ Variations svoehaie Variations peal Variations percent Variations 
Over [Under | P*°™* | Over [Under| PT" Over | Under Over | Under 

Open-hearth Grades 
1 |0.05-0.10 | 0.03 | 0.02 J0.30-0.60 | 0.03 | 0.02] 0.04* |0.005 |...... 0.05* 0.005 2. S.cr 
2 WO- .15 .03 .02 | .30- .60 .03 .02 .04* 005 is taae- 05* O05 | sence 
3 .15- .20 .03 .02 | .30- .60 03 .02 .04* Ai ew ae ne 05* 005: | fe canis 
4 .15- .20 .03 .02 | .70-1.00 .03 .02 .04* (US Tae -05* 5003. |<. scr 
5 .20- .25 03 .02 | .30-0.60 .03 .02 .04* SOUS). Towra .05* {O05 eee. 
6 .25- .35 .03 .02 | .60- .90 .03 .02 .04* SOUS ite. See .05* 2005 | sce 
7 .30- .40 03 02} .60 .90 .03 .02 .04* 005! 18 Vi .05* OOS RF. eniirs 
8 35-45 .03 .02 | .60- .90 -03 .02 .04* Ate eareee .05* 2005: [Psce5. 
9 .40- .50 .03 .02 | .60- .90 03 .02 .04* 005 et che .05* 005: Meee 
10 -45- 55 .03 .02 | .60- .90 .03 02 .04* (O05: SER asics Q5* 005: e<eaae 
II -50- .60 .03 .02 | .60— .90 .03 .02 .04* 0053 sheSaoes .05* SNOST «cre 
12 .60- .75 .03 .02 | .60- .90 03 -02 .04* (005. Noone -05* O05! [asi acs 
13 .75- .90 03 .02 | .60- .90 03 .02 .04* OOS Sere ee 205* 4115 Jn eas, 
14 .90-1.05 04 .03 | .25- .50 .03 .02 .04* Aa Boe ees 05* OOS. ae ras 
Bessemer Grades 
15 0.12* | 0.03 | 0.02 | 0.60* 0/03 |'0.02 }) Qi" jO:005 | ..nse% @.08*  |0:.005)|)202..2 
16 BLo* .03 02 .70* .03 .02 wth OOS FV aconcs [eee [ose eneleteeer 
17 |0.15-0.25 03 .02 .90* .03 .02 te 005 Ihiswcn facta more ees hoeiner 
18 .25- .35 .03 .02 eta 03 .02 OLS JOOS. St crachcrerol! | sitiatocereropiel hl stctei here Da eidetans 
19 .35- .50 .03 .02 .90* 03 .02 t* 1005: Sp ca i Pe Se Wee ae leet 
Bessemer Free-cutting Steels 
20 |0.08-0.16 | 0.03 | 0.02 |0.60-0.90 | 0.03 | 0.02 ]0.09-0.13 |.......J...... 0.10-0.20 |...... 0.01 
21 .08- .16 .03 .02 | .60- .90 .03 wO2 H Q9— V3 H) age | ae Cer 7205 30 I eck .O1 
Open-hearth Free-cutting Steels 
22 = |0.15-0.25 | 0.03 | 0.02 ]0.60-0.90 | 0.03 | 0.02] 0.06* 0.005 |...... 0075-D515 | eae 0.01 
23 .10- .20 .03 02 |1.00-1 30 05 .03 .04* W005." Fee O75 1S reese 01 
24 .10- .20 .03 .02 11.30-1.60 05 .03 .04* ar ties. LY el al Ws ee 01 
25 .30- .40 .03 02 |1.35-1.65 .05 .03 .04* O05 ee. O75 1S eee 01 
Bessemer Resulphurized Nut Stock 
26 |0.08-0.16 | 0.03 | 0.02 |0.50-1 00 | 0.03 | 0.02 | 0.11* [0.005 tree |0.075-0.15 | acaieleta | 0.01 
Open-hearth Resulphurized Nut Stock 

27 |0.15-0.25 | 0.03 | 0.02 [0.50-1.00 | 0.03 | 0.02] 0.06" 0.005 |...... [0.075-0.15 |...... | 0.01 
a a a ae Dah cA dell SEB lh A beh CE bd de toni 


* Maximum. 
is understood to be steel made by either the open-hearth or electric furnace. Steel shall 
conform to the chemical compositions shown in Table 16. 
For Bessemer steel an analysis for each melt shall be made for carbon and manganese, 
and for Bessemer Grade 15 (welding steel), free cutting steels and resulphurized nut stock, 
sulphur shall be determined for each melt. Phosphorus determinations shall represent 
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Table 17.—Permissible Variation in Size of Hot-rolled Bars 
A.S.T.M. Designation A106-36 


Rounds and Squares Hexagons 
Size, in. Permissible Variation, in. | Short Diameter, in, Permissible Variation, in. 
To and Out of To and Difference, 
From In- Under Over |Roundor} From In- Under Over 2 
cluding Square cluding ‘ Measure- 
_ Sa a MT DRT ror 
5/16 | Tie | .007 | .007 | .O11 1/g ey tn Gecitealae 
is | 5/3 | .008 | .008 | .o12 | 1 11/2 1013 ‘021 025 
5/g 7/3 .009 | .009 | .014 | 11/2 2 1/64 1/39 Ys0 
7/8 1 010 010 015 2 ' 2/2 1/64 3/64 3/64 
‘ ve .012 012 016 21/2 31/9 1/64 1/16 1/16 
Be Ep ; es he sate are Flats, Square- and Round-edge 
Lae) Tif 018 | 018 | .026 |____» Width, in. | Variationin Thickness, in. 
1 1/2 2 022 022 . 030 Fl Flats | Flats 
2 21/2 0 Wig 1/39 Toand) Variation 1 lats | Over | Over 
2p | 31/2 0 5/64 3/g4._ | From |Includ- /4n. tOl1/9 in. tol 1 in. to 
31/9 41/9 0 3/39 1/16 rest o> iia al ga et ae Iain zune 
41. | 51/2 0 7/64 5/64 Under| Over] Thick | Thick | Thick 
51/2 8 0 1/g Go| 1 | Yea | 1e4 |+0.008/+-0.010]....... 
1 2 1/39 V/3g | .012)/4 .015|+ 1/39 
2 4 1/39 W/yg | .015)/+ .020)+ 1/39 
4 6 | Wie | 3/30 | .015|+ .020)+ 1/39 


the average of melts made during each 8-hr. turn. Open-hearth steel shall be analzyed 
for carbon, manganese, phosphorus and sulphur for each melt. Check analyses may be 
made by the purchaser from finished bars representing each melt of open-hearth steel and 

~ each melt or lot of bars of Bessemer steel. Maximum permissible variation from the 
specified analysis, as shown by this check analysis, is given in Table 16. 

Variation from specified diameter or distance between parallel faces shall not exceed 
the limits given in Table 17. 

DROP TEST FOR CARBON STEEL RAILS (A.8.T.M. designation A1—36).—Physi- 
cal qualities to be determined by dfop test, with a 2000-lb. tup, with a striking face of 
5 in. radius, and 20,000-lb. anvil block supported on springs. Test pieces to be placed 
head up, on supports which are part of or firmly secured to anvil, and which have bearing 
surface of 5 in. radius. Supports to be spaced 3 ft. between centers for rails up to and 
including 106 lb. per yard, and 4 ft. between centers for rails over 106 1b. per yard. Height. 
of free drop of tup to be as follows: 


Weight of rail, lb. per yd..... 50-60 61-80 81-90 91-100 101-120 121-140 
Eleicht of drop, tti... <2 0..s é 16 aly 18 19 20 22, 


Three specimens from each melt must endure, without fracture, one blow each of the 
tup. One specimen shall be given a sufficient number of blows to determine the exhausted 
ductility, reported inch by inch, over the entire 6-in. gage length. Permanent set mea- 
sured by middle ordinate in inches in length of 3 ft. shall be recorded after the first blow 
on all specimens. Brinell hardness shall be determined on one specimen, by means of a 
19 mm. ball, with a pressure of 100,000 lb. Elongation, permanent set and hardness are: 
determined for information only. The fracture of nicked and broken sections of No. 1 
rails shall be free from seams, laminations, cavities, interposed foreign matter or a dis- 
tinctly bright or fine-grained structure. 


Automotive Steels 
The Society of Automotive Engineers has issued specifications (see S.A.E. Handbook) 
for steels that cover practically all requirements for ferrous metal parts in the construction 
of automotive equipment. These specifications have been widely adopted by industry in 
general, and it is common practice to specify steel by its S.A.E. number. 
S.A.E. Steel Numbering System comprises, in general, a series of four-digit numbers, 
the first digit of which indicates the type of steel as follows: 


Carbon steels.......... ORs fen oie cates 1 (av(ciaaeghhas fee) Ele sin Sige =o BIDE ic 5: 
PNNGICCL BGOCL Bintan miaierie os clotevelst she bile als eles 2 Chromium-vanadium steels........... 6 
Nickel-chromium steels..........+.-. 3 Tungsten: Steels's 06) o..o6 vs cule ssucisie sense 1 
Molybdenum steels.............----- 4 Silico-manganese steels.............. 9 


For simple alloy steels, the second digit, generally, indicates the approximate percentage 


of the predominant alloying element. The last two digits, usually, indicate the average 
(Continued on p, 2-41) 
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Table 18.—Applications of S.A.E. Steels 


Quality or Use 


Agricultural equipment 
“s “ 


ae ae 
oe “ea 
ae oe 
ae ae 
oe oe 
ae ae 
“oe ae 
Aircraft forgings...... 
‘« sheet and strip. 
oe ae ae ae 
Anti-laticue suite eet 
ae 
ae 
ae “i 
ok De Tee 
Se a slnnerelerniate 
ae 
oe 


Automatic machine 
Products... cecil 
Machinability....... 
Automobile trim...... 
Automotive parts..... 
“ “ 
Aviation parts........ 


Axle axles. scoot ste sven 


eee ee eee 


Ball bearings... . ‘i ; ‘ i ; 


BES, StCElin cs. vecu con 


“a ae 


Beams) plow...csenras « 
Bearings, ball......... 
“a “a 
Teaistanty23 i. ccene 
Bearings, roller....... 


oe ae 


Bolts, anchor. ........ 
‘*  connecting-rod.. . 


se 


Bolts, heat-treated..... 


3 2333 

‘¢ high strength.... 4815 

oe ae “oe 3 4820 

SPmeeUH Ub... ec atererat eres X1025 

Se) TIM oetecteis srayatere X1025 

‘« steering arm..... 3125 

ae ae ae 2 caeis 3 1 30 
BYaCIOts)., «3 o1s,c1eheieie ahem 1030 
Bright surfaces, exposed 

to oxidation........ 51510 
Bumper bars......... 1085 

*S Oe gly orecajctaicie rs 1090 
*s OM isha eto ete 1095 
Bundle carrier teeth for 
Dindergicics, «okie ete e 1090 
do. 1095 
Bushings, corrosion-re- 

BIBCANG 56:3. 0,0)2:<ceteaeiers 51335 
Gam: shafta. fo... « 1020 
Camas, free wheeling... . 4615 

te rh rales Sea 4620 
Carburized parts...... 1010 

oe a. hee 1020 
ae Mca X1020 
i ES Bey 1112 
igs oe, oS X1112 
oy oe | a rome 2015 
ee a arate 2315 
hs ee Sin 2512 
i Be A en 2515 
oy Oe aecane 3115 
PS SF ciclarctete 3120 
he SMa oie esate 3215 
Re eS atice 3220 
< SS Okc 3312 
che Circ cae 3415 
_ Sarre site 4615 
st Sita eteteet 4620 
ty SNE xoteieraets 4815 
ak eters 4820 
oe be ery cS si: 6115 
Mi oe Pesenion 6120 
Case-hardened parts... 1025 
me char Ss 1030 
a Saat 1115 
S are 1120 
vs ions 
chinability.......... X1314 
do. X1315 
Chain pins ssc oe 4815 

a oS ities hist 4820 
Clutch dises.......... 1060 

a PN a ol Opeieeh 1070 

ps Oe unetteetectet 1085 

ie VTINLPOTE or verceie ce 1020 
Coil springs, see Springs 
Cold working......... 1030 

Me ter Dieter te 1035 

se eee: RR Cte 30905 

“e Ne. Keene 30915 

oa ub corrosion- 

resiatanticni. ska 51510 
Connecting-rod........ 1040 

sO nic X3140 
te) Tce 6135 
Te near Se 6140 
fy bolts... 3125 
- we 3130 
Core hordness......... 1025 


2330 }Core hardness (Cont.) : . 


oe ae 

‘* toughness........ 
“ ‘a 

ae ae 

se os 

ae oe ¥ 

oe ae i 

ae ae i 

ee oe ? 


Corrosion resistance... . 
as rr 


oe oe 


Coulter blades........ 
Countershafts......... 


ie Diesel... . 


Cushion 
Springs 
‘Cutlery... camek ee ater 


springs, see 


Discs, clutch. . a ’ r : 3 ‘ 


shaft....0csumnemers 

Drag Jinks. cosine se oe 

Drawing, deep......... 
ae ae 


Drive chain links...... 
“a ‘6 vs 


tance: Od saison 
do. 
do. 
do. 
Fan ‘blades... qeo.tee 
Fatigue, resistance to, 
see Resistance....... 
HOrginraiywetenct eee 
oe 
BE geet eee e eee 
* aces 
Ma TE tnt teen eee 
ee 
“oe ty 
*S) ~ Vaircraftcececes 
= anti-fatigue.... 
ae ae 
‘*  ecorrosion-re- 
sistant, penises se 
do. 


51210 
X51410 
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Table 18.—Applications of S.A.E. Steels—Continued 


Quality or Use: 


Forgings, corrosion-re- 
sistance (Cont.)..,.. 
Forgings, heat-treated. 


ae ae 
’ 
‘* high strength... 
do. 
tee ORV yc cicero 
‘ ae 
** high physical 
properties. ..... 
do. 
do. 
Forgings, resistance to 
dynamic stress...... 


Forgings, severe duty.. 


ae ae 


Free wheeling cams... . 
oe Ee shells... 
ae ae 

Front axle tubing...... 

Gearing, transmission. . 

ae 


ae ae 
“es 


ae ae 


Bee wee ee eee ee 
ee ed 
ey 
Pe rd 
eee eee meee ee eeee 


ae ae 
weer 
eeeeee 


jE go Soe 


46 ae 


ae ae ae 


SOR TOATIAXIC. «. c1c10 @: 


ae “a ae 


ae ae 


oe ae 


‘« transmission..... 
Hard-drawn wires..... 
“ i, 


Hardness, surface...... 
“ nn 


Harrow discs.......... 
oe ae 


S.A.E. 
No. 


51510 
3240 
5140 


6145 
6150 
6145 
6150 


3245 
3250 
3450 


3450 
6145 
6150 
1115 
1120 
X1330 
X1335 
X1340 
4615 
4620 
4815 
4820 
4140 
3115 
3120 
3312 
6115 
6120 
2315 
2340 
2345 
3245 
3250 
5140 
5159 
6145 
6150 
4345 
4615 
4620 
4640 
4615 
4620 
4815 
4820 
6135 
6140 
4345 
4620 
4345 
2350 
3145 
3150 
4340 
3312 
3415 
1045 
3115 
3120 
3312 
1055 
1065 
4815 
4820 
1080 
1090 


Harrow dises (Cont.).. 


Quality or Use 


Hay rake teeth........ 


Heat resistance........ 
‘a An 


Heat-treated forgings. . 


ae 


‘ 


large-section. . |. 


Heat-treated springs... 


Heavy. duty:.icc elo oie 
oe peotions, selene 
ae Sy esis snes 
a atte tees 


High fatigue resistance, 


see Resistance 


High physical properties 
oe ae ae 


ae “ese oe 
an “ “ 
ae ae oe 
ae ae oe 
ae oe ae 
ae oe ae 
ae oe ae 
ae “eé oe 
ae 4“eé ae 
igh strength, > ........ 
* he PERSE 
- Meets 
ae ae 
re pap nei caleie io 
cs Meee eens 
Keys 
UU bt teee eee eeeeees 
ae 
ae 
Knives, mower........ 
Knotter discs......... 
Leaf springs, see Springs 
MEN GIS get tett Cele .c eve vice 
AME DEDICO sreieye races oteFore 
“ “ 
o BINT baer revere: 
Links, drag... é< vtec aie 
‘* drive chain..... 
ae oe oe 
NUOCKNDLNE <tc ferelercre) evelerale 
SP WESHELB ini: 15) «:0%si< 
baie wad War eal atte 
Machined parts....... 


‘high 


strength and ‘anti- 
PAIZO =) civettate’s sis ie 


Machining 
ae 


ae 


Molds 


weer e eect ees 


S.A.E. 

No. Quality or Use eae 
1095 |Mower knives........| 1085" 
1090 “ __ peotions:. .% 6. 1070 
1095 |Music wire........... 1085 

30905) [Nuts s.saeaes acess, 2330 

SOD US) ete. aes ee aoe 2335 
SUG) eS ie ae ey eee ae 3125 
GTO Bes cones ponte 3130 
3450 | ‘‘ corrosion-resistant| 51210 

a as X51410 
2350'} ae 51510 
X1065 JOil hardened parts... .. 2115 
3243) |e * SSA ee Sats 2320 
3250 | ‘* oe ce Meee 3245 
3145] ‘* a vy 3250 
3150) 5. - Raters 3325 
4150 7] ‘* “¥ Mok snens 5120 
4345 |‘ quenched parts..... 6125 
a a ae tele 6130 
S ne ea ete T1335 
DelS35 hc ir Daeteseers T1340 
X1340 | ‘‘ tempered wire...... X1065 
3230 J}Ornamental purposes...}| 51710 
3240 |Physical properties, 
ZAHN wi ROOd watece ees ee eck 3125 
3250 do. 3130 
3325 do. 3135 
3335 do. 3140 
3340 |Physical properties, 
3450 high, see High Physi- 
4640 cal Properties 
S41 SN Enshs soa ccode das ied: 1090 
ADAH oe nyse ieee e eens 1095 
4345) [eee P chain’ sa .cne.o-s 4815 
4615] ** Cane eee 4820 
AO20: WSR looks eee oa oecare 1085 
6145] ‘‘ steering knuckle... 4815 
6150} ‘ uf 4 4820 
JO350F Pinions... cme cscis se 3115 
1090 BA Mroesusts.tieicttta: shiciate 3120 
1095 {Plow beams........... 1070 
PACA We atc 1). ha ara RA 1080 
2335 |Plows... 1075 
3125.) Plowshares). .¢.0s2 .t > - 1080 
3130 {Propeller shafts........ 2340 
1085 pe ae SOR om 2345 
1080 os gta) 6 ah ate 4140 
oe CRs ee oes 6135 
2330 “e eee ai 6140 
2335 jRaces, ball and roller...| 52100 
1030 S De aa LE 6195 
1040 |Rear axle gearing...... 3312 
L030; eee 2c! eat SaaS 3415 
1020 |Resistance to corrosion. 51210 
3135 ce ve a 51335 
3140 “4 ee ut X51410 
1085 ‘te “ a 51510 
X1055 yy ‘* dynamic 
1060 etresses............ 3325 
6145 do. 3335 
do. 3340 
do. 3450 
6150 |Resistance to fatigue... 4340 
1 025 “se aa oe 4345 
1030 “oe ae ae 4615 
1040 ae “oe “a 4620 
1 1 12 ae “6 ae 4640 
axe 1 i 1 2 ae ae se 6 1 45 
X1314 “ ay ee pe 6150 
X1315 He ‘‘oxidation.| 51510 
1089 aly CON Earn tee 4815 


(Table continued on following page) 
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Table 18.—Applications of S.A.E. Steels—Continued 


Eee ever — el 
Quality or Use i. See Quality or Use ae foe 
Resistance to wear Shafts, rear axle....... 4345 Steering arm bolts..... 3125 
KCOnED) «<< carats 4820} ‘* BDPLNG..« «siesmtde 2340 fr CO 3130 
Ring ears... 2. .ss.cur 1045] ‘ A ae Price ats 2345 as X3140 
2 Sy ere Ae ae 3h 4 oe See SOR 3115 SG tt Sn IN aes 4130 
ae 2s PE Pcs fen Oe 3120 he pee as Baas ei aiet ne 3120 Se DS Rae X4130 
Rings, snap........... 1055 4 SS RLS 3135 5 » 4130 
aS EE ON etl 1060} ‘ Selif acest sto aees 3140 a‘ X4130 
Riveting. 1.0m aaaetes 1115 ‘* transmission... 4140 4¢ 4815 
OPTS Apia 2 bee rig Seam UU20R Sheet dex. 2e ose ware 1020 me me 4820 
Sid he Birare mca erezets) 3 30905 har"  airerafts:..2ee 4130 jStrength and toughness 2330 
ool.) Fos od oui tans 30915] ‘* OP acta Budi X4130 eB Re “5 2335 
Rivets, corrosion-resis- ** — corrosion-resis- BS St oe 2340 
GATIG ci aeres Seindhe eles StTOMMEtADY.. Secale coca 51710 Re ee ue 2345 
do. 51410 |Sheils, free wheeling... . 4815 ae - = 3125 
do. S151O “* ro adh Bk 4820 E re: aa 3130 
Rod, corrosion-resistant} 51210 {Shift forks............ 1030 a high, see 
. oa A410) Shovels.) 5 c.. esa < es 2 1080 High strength 
#; a 51510 4Snap Tinga... .ct <0 vi X1055 |Stress, see Resistance to 
Roller bearing races... . 61959 ‘* Me. es «sae 1060 dynamic stress 
fy Gy ages 52100 {Spline shafts, see Shafts} §  |Strip................ 1020 
Roller bearings........ 4815 spine 2 t* ole “TS PeRSH 3 Famcrafie oes. 4130 
ba Sean AY. 4820 |Spring-clips........... LOS0TIOCSI SS” (Serge ee. eee X4130 
Rollers 4. ac saree vere 6195 oC dibs deo anes © 1060 corrosion-resistant}| 51210 
Screening, corrogsion-re- SDRRIZB store oo ste Ae ele 1080 : X51410 
RISCAN oc. cca erat stele 51210 | ee 5150 FA 51510 
do. X51410 ie FOr hnnt sardines 1045 7 51710 
do. 51510 f Seber nee en 1055 |Structural parts....... 2515 
do. 52100 se SE Sem, th: 1065 ve SS ae teerehs 3115 
Serewsichcuncate tacts an 1112 ‘s CE ne a X1065 BE) Mee eeers a 3120 
Hino SOCRa an cree X1112 Pe S|) Riateetada eat 10990 a 
Teds SECS 2330 i YS wld Gee 1095] physical qualities.... 3125 
ee Cacsmicis,« ca caren 2335 ¥ Seaties eeee 6145 3130 
ee fargo: nuysksecah os 3135 “ Hoe Detaneion 6150 3135 
AS ete Len... care Poi 3140 tee SekwbGhe ao, oe 1060 3140 
1 Meeris Meee erence 6135 ‘ ‘GuahienSc.00 X1055 X3140 
VGH CEES, rete cae 6140 ‘s a ESS ta 3 1060 
Screw stock........... 1112 ‘¢ hard-drawn....}| X1065 3145 
iy 4 Giyarcts, Seige X1112 ‘* heat-treated...| X1065 3150 
ut GRR Gene 1115 SF w deat hee 1085 3215 
LN Bo eda aan care 1120 ts Se ect ce 1090 3220 
Seeder discs........... 1090 Mh re 1095 4150 
yy Somme capiseto cia ase 1095 ms ee Oe he yy oe 6145 
Bewere ditty oi cceraan 3435 “fe Fe Cee SU 6150 
OE adiahie miksd ah PAP NET ee eee wae 9255 lupitea, silks Pecos 3335 
ys Be Ser araienne 6150 st Faia eee $260 {Structural parts, resis- 
[SSaCRAs tot 2 Dee Alweeyeeeere cee 4345 ‘*  oil-tempered. . 1055] tance to dynamic 
t : corrosion-re- ie us X1065 BETESSER, . cae soa s 3340 
AIStAN Gs, «aac ee ss 51210 eo Sees wien 1090 |Structural parts, 
do. X51410 4 Whe ee eam eee 1095 strength and tough- 
do. 51510 3 VELVBs, oss asters 1060 2340 
"4 heavy duty 4340 Dh} np kasinice oS 1065 2345 
Shafts oe 4615 of WHRRca kad 1065 '[Studs.,../3.cnakuewes 1040 
SRR a cin «Si ycRtieer ven 4620 wv YS, aerds, | asl, Av DOS ee ae 1112 
MA ett oia's, atv 5150]? celeewit « o.cs is wicks ed HET C001] Ma Geena ene X1112 
EW arctic. ve Wes 6115 [Springs, ‘wire, oil’ tem=|' Sees eee 2330 
2) I esis... a ee 6120 mared Grawecteacking SNOOTY OS eee ae ee ae 2335 
Rae eemieoetembass sia 6145 [Steel balls... ......0< cnt [090 | Olt ee tere 3135 
(i s) 0b tesnis mapas sce 6150} * Mey WP a a 10959 DED ch teeta nee 3140 
‘* anti-fatigue..... 4640} ‘* cold-rolled...... LOFO} DEEP. eee 4815 
‘* axle, see Axle, o> Skdhed: tee cee 1010 Sod ot a ork 4820 
shafts * Oe Rieke SN TOES G2POT Js. Bie aes 6135 
Shafts, cam. onc p has 1020) | oc » oil-hardenings.5...//osdsSo Meee a, hive. 6140 
** corrosion-resistant| 513354 ‘* tS Pe ae X1340 i 3125 
Shafts, counter-....... S115: 1 aes He PISSS AL ese ait ys eee 3130 
e ix 3120} ** Ee > Suk teal T1340 |Surface hardness...... 4815 
¥ orank=..485. 08h. X3140] ‘* lt T1345) eal" > heels 4820 
i tants 4340 sf Sade T1350 tSwaging). ...c sees 1115 
4 cyanided....... 5140] ‘* planished........ 1070 |) 8k". Avner 1120 
propeller, see HE i Pimmed 5 o Scwlas 1010 |Thrust washers, see 
Propeller shafts a eal bahtooeere 1015 | Washers : 
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Table 18.—Applications of S.A.E. Steels—Continued 


Quality or Use No. ; Quality or Use Quality or Use ru 
<n bX DEE SRR [ea RN ee tee ‘Os 
Toughness, see Strength Tubing, front axle..... Welded tubing........ 1020 

and toughness x seamless...... Welding, corrosion-re- 
Transmission gearing... 3112 nt welded....... Bistants. geek ee 30905 
4 ey ae 6115 do. 30915 
i Fr ate GU20 Aturalit. ere oer do. 51510 

d shafts.... 4140 |Upsetting, cold........ ire, corrosion-resis- 
Trim, corrosion-resis- Valves, corrosion-resis- Gants eRe eeareccn otere 51210 
SUH Gauche cleteigens, deste = SICH Pe tant. once eee do. X51410 
Tubing ee seeees 1040 |Washers, lock......... Wire, MUBIGE I. ss. ac te 1085 
SorrOnmOr tom ty aly Se FE dee ‘* “spring, hard- 

CRED canst te sees eeeias S12 ey ee epthruptis soe rawr a eae X1055 

Sa a, Wire, spring, oil tem- 


carbon content in points, 7.e., hundredths of 1%. Thus, 2340 indicates a nickel steel of 
approximately 3% Ni (3.25-3.75%) and 0.40% C (0.35-0.45%); 71360 indicates a tung- 
sten steel containing about 13% W (12-15%) and 0.60% C (0.50-70%). The prefix X 
is used to designate variations in the range of manganese, sulphur and chromium. The 
prefix T is used to differentiate the 1300 series of manganese steels of different manganese 
range, identified by the same number without the prefix. Table 18 shows the uses of the 
various 8.A.E. steels. Table 19 gives the chemical composition and identifying numbers 
of various S.A.E. standard steels. The various steels are specified by chemical composition 
only, since the physical properties can be varied by heat treatment. Table 20, compiled 
from curves in the S.A.E. Handbook, 1936 edition, gives the effect of heat treatment on 


various steels. 
Notes to Table 19 


CHARACTERISTICS AND USES OF THE VARIOUS S.A.E. STEELS.—The follow- 
ing notes are abstracted from the 8.A.E. Handbook, 1936 Edition. 

CARBON STEELS.—S.A.E. 1010 and S.A.E. 1015.—Made by two methods of manu- 
facture, known as rimmed and killed steel, respectively. Rimmed steel is used for sheet, 
strip, rod, and wire where high surface finish is desired. Suitable for deep drawing opera- 
tions, and for cold heading wire. Killed steel is preferable to rimmed steel for carburized 
parts, especially where both core and rim of rimmed steel are involved in heat treatment. 

These steels are of low tensile values and should not be used where much strength is 
desired. Heat treatment by direct quenching does not increase strength or hardness 
materially, or improve machinability, but cold drawing or cold rolling increases strength 
and hardness about 20% as compared with the hot-rolled condition, which improvement 
is lost if the steel is heated to 1000° F. or more. 

S.A.E. 1020.—Standard carburizing grade of carbon steel. Used for wrist-pins, cam 
shafts, drag links, welded tubing, and forged and automatic parts where high strength is 
not necessary. May be brazed, butt-welded and drawn, but is not as desirable for deep 
drawing as 8.A.E.1010. Is not recommended for smooth threading, turning or broaching. 
Does not respond materially to heat treatment unless carburized or cyanided. 

S.A.E. X1020.—A high-manganese variant of S.A.E. 1020, with better machining and 
carburizing properties. 

S.A.E. 1025.—Has fair machining properties. Forgings usually machine better with- 
out annealing, or by simple normalizing. Is not considered a carburizing steel, but is 
suitable for case hardening where core hardness is desirable. 

S.A.E. X1025.—A high-manganese variant of S.A.E. 1025, with better machining and 
physical properties; used for hub and rim bolts, studs, ete. 

S.A.E. 1030.—Responds well to heat treatment, and is used for forged, machined or 
cold worked parts requiring higher physical properties than are obtainable with the lower 
carbon steels. Machines satisfactorily either without annealing or by a simple normal- 
izing. Used for seamless tubing, key stock, levers, rail brackets, etc. Suitable for case 
hardening where core hardness is desired or for large sections. ; 

S.A.E. 1035.—Fair machining properties, suitable for small and medium size forgings 
of moderate physical properties. Used for wire and rod for cold upsetting. Bolts and 
screws made from it, less than 3/g in. should not be quenched in water, because of danger 
of quenching fractures. 

S.A.E. 1040.—A medium carbon steel of fair machining properties and deep drawing 
characteristics. Suitable for small and medium size forgings. Used for tubing, crank- 
shafts, connecting-rods, tubular and solid axles, spring clips, levers, bolts, studs, etc. 
Quenching of thin sections or small diameters in water should be done with caution. 


2-42 


IRON AND STEEL 


Table 19.—Specifications of S.A.E. Steels 


5% Liou aa oe 
Carbon Steels 

1010 |0.05-0.15|0.30-0.60| 0.045* OlO55* |e 22a. Me AIR a esreretlralvereltesns||ie ctetet 2's Sreveso] eee ee eee 

1015 |0. 10-0. 20|0.30-0.60| .045* OSS ® alls erasers ar ficiate sare ratauadese te econo eter all's ateterceorete tte 
X1015 |0.10-0.20/0.70-1.00) .045* 055%) [PR ee sees scree Saeemrate ollla aleve Ceatew ee 

1020 |0.15-0.25|0.30-0.60} .045* LOSSY ibs cotssweterailee artes een eae Sees ecole selma 
X1020 |0.15-0.25)0.70-1.00} .045* OS5% 4 hes ieierrcrd les craters I terete tac]: -s eae arene 

1025 |0.20-0.30/0.30-0.60)  .045* JO55* | Ree Reesor. | Sees || oe See 
X1025 |0.20-0.30/0.70-1.00} .045* Sto) alll presen PE 2 iid Grn AA De A 

1030 |0.25-0.35}0.60-0.90| .045* LO55* > il. cavsis dea \Ueoracte eee Pare ate ome, || ree ee ae 

1035 |0.30-0.40}0.60-0.90} .045* LO5S* poe tera Sos era eae ig aeeeacia |e oie eee 

1040 |0.35-0.45/0.60-0.90} .045* O55" 9. ft ai.oc SA teres cect tree mere. & |. en eee 
X1040 |0.35-0.45'0.40-0.70} .045* BUSS VINE woraare.6:a\l cpanel adem ctesie tes broncos 

1045 |0.40-0.50/0.60-0.90}  .045* Aes peak i eet SPs HAGE Gc acco Ome deese 
X1045 |0.40-0.50/0.40-0.70} .045* ODDS al hoveieraisregerascl ls ala feeanvare eteraul esters asta. eras arenes e arceona nee 

1050 |0.45-0.55/0.60-0.90} .045* JOSS 2 rece sarees OSS emereeee Perr oe eR Beas 
X1050 |0.45-0.55|0.40-0.70} .045* LO55% ) [..2 ones DeSean eet beaeoenc siheatatemetetes 

1055 |0.50-0.60/0.60-0.90} .040* AOS SE Alinvaits Sioye ollie ature sc! oveatesese ore alee Seem eens 
X1055 10.50-0.60/0.90-1.20} .040* O55 FE Wilber a cde aoe weer ee te eae 32 eee a 

1060 }0.55-0.70/0.60-0.90} .040* O55 iN -c3 a.) crokom [ha “fabs eee aot se eaceiececstl See eee 

1065 |0.60-0.75/0.60-0.90} .040* 61 5 hadi rt Seamed) (Aree hs (me el aa Pay Bat 
X1065 |0.60-0.75/0.90-1.20} .040* SOT loc <0, vrai Ro aieret eres tae ee nc 5 ee 

1070 |0.65-0.80|0.60-0.90} .040* 115 aalnme| iPtecapie ae) Ores! 15 8 leat etieeril PRR Be pn 

1075 |0.70-0.85/0.60-0.90} .040* LOSE Rossa oe laces sae cas] Sencmeeres 

1080 |0.75-0.90/0.60-0.90} .040* O55" A. SoCo e eck ASe ees Sate a ee se 

1085 |0.80-0.95/0.60-0.90} .040* LOSS” sts. See a ern weed Soka, clo pac cee 

1090 |0.85-1.00)0.60-0.90} .040* O55" Yack ctareranielhl wee geareeeoalh eoanoschAs Lcee aaa 

1095 |0.90-1.05|0.25-0.50} .040* <055* . f.ctuss ccafacaaun bes lbyces sco eens 

Free Cutting Stecls 

1112}0.08-0:..161060=0' 90}0 09-05 15)'0210-G.20)- 5. coclleeeee ame clan cc en a] ean 
X1112 1008-0: 1610.60-0.90/0:09=0.13) 0220-0. 30)> >.< oc...) ceeecceescieces- ce cle. eeeeeeee 

TPS: 10.10-0..20}0 70-1007 105045" 10 '075-02 15). a oaee eee eee caeee ote cece ee alee ee eee 

1120:)0\15-0.:2510::60-0.. 90) *(0:045* 10.075-O.151=. .Se05. Wega aee ee ie age cee ee ee 
X1314: 1010-0, 20)1. 00-1230), 0045* 0075-051 Siz nee weiss eee eae ee all oe ae 
XI315:10;:10-0).201 1. 30-1 60))5,.03045* 10025-0155 crore i rata. atetetee ciate ee eee ak ia ert ee 
1330 |0..25-0).35/ 135-8. 658 0045" 10.075-0 Eoin rc octet seers haa 
X1335, 10.300. 4011 35-165)" 0045" 10.075-0.15|\.- scemic. | -nceeeeeee ths seas oe eee ae 
X1340"10.35-0..4511 35-165] 01045" 10.075-O015 |. oeccmcl feces semen |e eta on | 

Manganese Steels 
T1330 0, 25-0..35/1:60—1',90}~ O:040% 11) 0050.) ie. mcs selva serena sell etcetera 
T1335 |0.30-0. 40/1 .60-1.90 .040* O50) «(hors icesaqcral arcane alles Gyr Ne ee ee 
T1340 |0.35-0.45/1.60-1.90 .040* M1 Taam (Par ete ae wd Sa Nee I a 
T1345 |0.40-0,50}1.60-1 90 .040* OSU Fc ores Geeaneet etc siemerets cael erctche antanee | eee 
T1350 |0.45-0.55}1.60-1.90 .040* i, lead Bee Geyeys| ence nl Cee Pe da a 
Nickel Steelst 

2015 |0.10-0.20|0.30-0.60} 0.040* Q050* “10.40-0.00le cn come ale ce ce eal anaes 

2115 |0.10-0.20|0.30-0.60 .040* O50 WN 2ST 7 5 ee care ccicte clic eactel ee eeeeea 

2315 |0. 10-0. 20|0. 30-0 60 .040* O50" ~"|B25-S IPSec meen socllcte co ee nee 

2320 |0.15-0.25|0.30-0.60)  .040* 2050") ° [3525-375 ccnaic acinsc|[e con ae ee ee 

2330 |0.25-0.35|0.50-0.80 .040* O50" | 13.25-5 75 |e rece os nee ess eee 

2335 |0.30-0.40/0.50-0.80] .040* sO50") [325-575 iccee meee a lteccitepiae eee aae 

2340 |0.35-0.45|0.60-0.90} .040* O50") (52523275 ie ce crake cr ia achorae, vara ae 

2345 |0.40-0.50/0.60-0.90 .040* $050") 1325-375 [oan Soto oall ers oe acl ee 

2350 |0.45-0.55/0.60-0,90 .040* sO50* "1325-3. 29 Reeee cic a:lluce canine eee 

2515 |0. 10-0, 20/0. 30-0. 60 .040* S050 “4. 75=5..25| Send ee allce oe eae eee 

Nickel Chromium Steelst 

3115 |0. 10-0. 20]0.30-0.60] 0.040* | 0.050" |1.00-1.50 

3120 |0.15-0.25|0.30-0.60] .040* | .050* |1.00-1.50 

3125 |0.20-0.30|0.50-0.80 .040* .050* = |1.00-1.50 

3130 |0.25-0.35|0.50-0.80 .040* -050* |1.00-1.50 

3135 |0.30-0.40|}0.50-0. 80 .040* -050* |1.00-1.50 

3140 |0.35-0.45|0.60-0.90}  .040* -050* = |1.00-1.50 
X3140 |0.35-0.45}0.60-0.90} .040* .050* = |1.00-1.50 

3145 |0.40-0.50|0.60-0.90 .040* -050* |1.00-1.50 

3150 |0.45-0.55|0.60-0.90 .040* -050* |1.00-1.50 

3215 |0. 10-0. 20|0. 30-0 .60 .040* -050* |1.50-2.00 


See footnotes at end of table. 


Table continued on following page. 
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Cc | Mn | Pp | iS) Ni Cr | Mo 
Nickel Chromium Steels t—Continued 
3220 |0.15-0.25]0.30-0.60 040* 0505 50=2 0010. 9021525) | me reek in tene ne an eee 
3230 |0.25-0.35/0.30-0.60] .040* | .050* |1.50-2.00| 0.90-1.25 |.........]........0 J 
3240 |0.35~-0.45/0.30-0.60] .040* | .050* |1.50-2.00| 0.90-1.25 |.........|....... PP 
3245 |0.40-0.50/0.30-0.60 040* -050* |1.50-2.00) 0.90-1.25 oS tir PIS Bee 10 tere I nee Ch 
3250 |0.45-0.55|0.30-0.60 040* ROSS EE D0=200 OLS ea Sally. cern aelbree caenc ete ese | acne 
3312} 0.17* |0.30-0.60 .040* UE Udy] Ear = 1 it eye) 1 Ell [ee See Se ata, eae a | ne 
3325 |0.20-0.30/0.30-0.60}  .040* RODDE M13. 25-3275 Se D5=1 575 ile oa vente leone aes eel ligated eceeaae ee 
3335 |0.30-0.40/0.30-0.60 .040* ALE Lo Soe eo gy fd fear ony 7 Ey ee end Die eel Hea a ety 
3340 |0.35-0.45/0.30-0.60} .040* BO50% 1 13k25-329) (loess ema. |trceneerree oleate meee 
3415 |0.10-0.20/0.30-0.60} .040* O50 F273 1250), BOE0 95 Anican em ct || erste eto, [econ em 
3435 |0.30-0.40/0.30-0.60}  .040* 2050" 12-75=3.25|) OV 6000951 |e aerate | se cece | een | een 
3450 |0.45-0.55}0.30-0.60]  .040* SO5O E912. 75—3 22505 GOL 195 er at ysl een eee | ee acl ne ee 
Molybdenum Steelst 
4130 |0.25-0.35/0.50-0.80| 0.040* DUUSOF loosens (0250-0780) 081520125 [eee | eee | eee 
X4130 |0.25-0.35|0.40-0.60 .040* BODO TS We cosnaere OLEO— TOM OR1S=0.25 [econ ashce |e cneloeee ete 
4135 |0.30-0.40/0.60-0.90 .040* O50 Se itrereontue OS80=1E TOMO IS=OL25 etsancerse isc lors oatcl entree 
4140 |0.35-0.45/0.60-0.90 .040* S050" Il...d.cenwe OUSO TALON ORIS—O 25 eae tek ste lle croral eekendetererece 
4150 |0.45-0.55|0.60-0.90 .040* AS tba | Weert meee 0. SO=1T OM O50 25 lyase acters, era senll too everett 
4340 |0.35-0.45/0.50-0.80 .040* 2050*_. 11/:50=2 00) 0-50-00 10238-0440 lies ot oc nei |'saen cle cede cee 
4345 |0.40-0. 50/0. 50-0. 80 .040* 2050" | 1) 250=2;00}) (060-0 090.10) 1520) 25). ciictoccis< cls civedlonceusone 
4615 |0.10-0.25)0.40-0.70|  .040* {050% 2165-200) cc cae sc OE 2050 30 entenin lacie seclcce pemiecre 
4620 |0.15-0.25/0.40-0.70 .040* 5050" 1 1':65—2.001) se ccaces. 2 OF 20-0730 | Reasrpietieeallonacleriss cite cc 
4640 |0.35-0.45|0.50-0.80) .040* 2050*" 65-200". 7, oes: 082020; 20 [Ease cmtss al coelieecene 
4815 |0.10-0.20/0.40-0.60 .040* BODO IS 25-3. 7 Diy wertercaatsws 020-030 ee esc x.[leacehlomeeonicee 
4820 |0.15-0.25/0.40-0.60 .040* 2050 F215 225=3" 75)! eonseeone: OS20-0630| Seca altace dlecsaeeues 
Chromium Steelst 
5120 |0. 15-0.25/0.30-0.60) 0.040* | 0.050* |......... OZ60- ON SOc ieeee eile: coma ota cellos. talents Goa 
5140 |0.35-0.45/0.60-0.90 .040* BODO MA ye cinta s CLOTS IOM ME cera Alercieeeh colic ce ale caeoes 
5150 |0.45-0.55/0.60-0.90 .040* 3050" see eess ON BORIS TOI ea reecacinu terete seisvayche oars |(ayoks ans tics ctarter stele 
52100 |0.95-1.10)0.20-0.50 .030* LOSS A ie ciactetexen M20 NESON Ee dae caeelicuomtermele a des col emacs aes 
Chromium Vanadium Steelst 
6115 |0.10-0.20/0.30-0.60) 0.040* | 0.050* |......... BOSE TOM Pereceneh Lele een ORS ilkerateterass 
6120 |0.15-0.25/0.30-0.60}  .040* BOSO™ sien sis OLSOSTE TOU etapa ae allen seen oe Fl Reilgecocacer 
6125 |0.20-0.30)0.60-0.90)  .040* O50 cite tees, OV SOAN IOs nbtrcerets ||| sraateerter. cil Balers arene 
6130 |0.25-0.35/0.60-0.90}  .040* 3,5 enon Meee eee Uf = Rl Lisl Reerdondge laeeeceme p BSS eraschatatovaicts 
6135 |0.30-0. 40/0. 60-0.90 .040* O50 TF Aliran-cate er OS80S1E 1G: ele sc alls opyesorsid ate mi Sigleristercrestars 
6140 |0.35-0.45/0.60-0.90 .040* O50 teh oe eepere. OBO Os ration cacs lteRias rer cers .< PNOU Woe av cteiclere 
6145 |0. 40-0. 50/0. 60-0.90 .040* HOS0S Weigcaciete. 0 SO= NETO rerarissctetrall e,stersteista.e oi0e at Rol a Gai 
6150 |0.45-0.55/0.60-0.90/ .040*| .050* |......... OO=U0 ee ener ee be ea ae A 
6195 |0.90-1 05/0. 20-0. 45 .030* Ai ban aver eacents OPSO=F Os ete cee fe ltreece soars Al Oia patiroevooausve 
Tungsten Steelst 
71360 |0.50-0.70} 0.30* 0.035* (ij te ha |e 5 00—4.00 0 acrineas BZ 200=05 00) ee cits cceie ce « 
71660 |0.50-0.70 Be, the .035* taal ea eee 3300=4:,00" licensee 1500-18. 0012) ural aceon ce 
7260 |0.50-0.70 230" .035* di ee (ern ares 0 50= 1200 ll ac saree W50=2. 00) sie crrcliee octe ere 
Silicon Manganese Steels 
9255 |0.50-0.60/0.60-0.90] 0.040* RO Aiean er Pate | aosteses se rav-tanit ha aed ienarec |loteiecetat sakes woodias aise 1.80-2.20 
9260 |0.55-0.65/0.60-0.90 .040* I vl ie seat alates crf prvi z-a siotaraynse all ace stareta a mrelftortaleusts cietdrcsel|lieaatec 1.80-2.20 
Corrosion- and Heat-resisting Alloys 
30905 | 0.08* |0.20-0.70} 0.030* | 0.030* [8.00-10 00|17.00-20.00].........J.........../..0.. 0.75* 
30915 |0.09-0.20/0.20-0.70 .030* 030% 18.00=10/60 17 00-2000}. 5. itaccrs/s1e\|le/mjs/<\ssrer0 012 sles 0.0 Ay fos 
51210} 0.12* 0.60* .030* ALE Vad 2: cae itt WTO sera sater cre «.||cixtwere craven ave lll cians -50* 
X51410 | 0.12* 0.60* .030* |0.15-0.50]......... 13) OOS ES COO|Etemetee acill trata orere eleva arisen 250” 
51335 |0.25-0.40} 0.60* BOSOS 1 OROS0% | oracderin. [2200 = 14500) rioters srarstart aiecalaentell alerts .50* 
51510} 0.12* 0.60* .030* F030 SE eal sereorse TA OO=16400 | leisrapeycteccsats|llbcrarerstetetsy creel .Pearet 50e 
51710! 0.12* 0.60* .030* £030 Sb) eta TEAOOS BOO tl rrerertemnal tie recs teavercvell eet 50% 


* Maximum. e 
t Silicon range of all S.A.E. basic open-heart 


i tent; minimum = 0.15. ’ 
I eth e tuaie Gon hoes h steels shall be 0.15-0.30. For electric and acid 


open-hearth alloy steels silicon content shall be 0.15 minimum. 


S.A.E. X1040.—A low-manganese variant of S.A.E. 1040, used where deep hardening 
properties are not required. More suitable for water quenching than S.A.E. 1040. 

S.A.E. 1045.—A medium carbon steel used for larger sizes of automotive forgings, as 
crank-shafts, starter ring gears, axles and spline shafts. 
small diameter parts in water should be done with caution. 


Quenching of thin sections or 


2-44 IRON AND STEEL 


S.A.E. X1045.—A low-manganese variant of S.A.E, 1045 where deep hardening prop< 
erties are not required. See also S.A.E. X1335. 
S.A.E. 1050.—A medium carbon steel for larger sections than S.A.E. 1045. See also 


§.A.E. X1335. : - 
S.A.E. X1050.—A low-manganese variant of S.A.E. 1050 for heavier forgings and sec- 


tions. 

S.A.E. 1055.—Used for hard-drawn, oil-tempered or patented spring wire, and for gen- 
eral coil spring purposes. 

S.A.E. X1055.—Used for snap rings, cushion springs, lock and thrust washers, hard- 
drawn spring wire, etc. 

S.A.E. 1060.—Used for the same purposes as S.A.E. X1055. 

S.A.E. 1065.—Used for smaller sections of valve springs, hard-drawn spring wire and 
general purpose coil springs. 

S.A.E. X1065.—Used for larger sections of coil springs of hard-drawn or oil-tempered 
wire, and heat-treated springs. 

S.A.E. 1070. Used in cold rolled or planished form for clutch discs; in agricultural 
industry for mower sections, plow beams, etc. 

S.A.E. 1075.—Used in agricultural industry for cultivator discs, coulter blades and 
plows. 

S.A.E. 1080.—Used in agricultural industry for plowshares, twine holders, knotter 
discs, springs, molds, shovels, harrow and plow discs. 

S.A.E. 1085.—Used for bumper bars, lock pins, clutch dises, leaf springs, music wire; 
in agricultural industry for mower knives. 

S.A.E. 1090.—Used for steel balls, pins, keys, bumper bars, leaf and coil springs; in 
agricultural industry, for harrow and seeder discs, seat springs, hay rake teeth and bundle 
carrier teeth for binders. 

S.A.E. 1095.—For uses similar to those of S.A.E. 1090. 

S.A.E. 1112.—A Bessemer steel, often called screw stock. Used for studs, screw and 
automatic machine products. Has good machining properties, but is cold short and 
should not be used for vital parts. May be carburized and cyanided, but open-hearth 
steels are recommended where heat treating is required. 

S.A.E. X1112.—A variant of S.A.E. 1112, in which sulphur is added to improve finish 
and machinability. Should not be used in vital parts. 

S.A.E. 1115 and S.A.E. 1120.—Known as open-hearth screw stock; inferior in machin- 
ing properties to S.A.E. 1112 and 8.A.E. X1112, but have a better combination of strength 
and toughness. Used for case-hardened parts and for bending, swaging, riveting and 
forming operations. 

S.A.E. X1314 and S.A.E. X1315.—Used for case-hardened parts where good machining 
properties are desired. S.A.E. X1314 is preferable for drastic quenching of light sections 
where core toughness is essential. 

S.A.E. X1330.—A free-cutting manganese steel that may be substituted for S.A.E. 1035 
and §.A.E. 1040 where improved machining, deeper hardening and higher physical prop- 
erties are required. 

S.A.E. X1335 and S.A.E. X1340.—Free cutting manganese steels that may be substi- 
tuted for S.A.E. 1045 and 1050 where improved machining, deever hardening, and higher 
physical properties are desired. They are oil-hardening steels, and care should be used in 
water quenching. 

S.A.E. T1330.—A manganese alloy steel that for certain applications can be used inter- 
changeably with other medium alloy steels of similar carbon content. 

S.A.E, T1335 and S.A.E. T1340.—Manganese oil quenching steels that for certain 
applications can be used interchangeably with other medium alloy steels of similar carbon 
content. Great care should be used in water quenching. 

S.A.E. T1345 and S.A.E. T1350.—See note T1335. 

NICKEL STEELS.—S.A.E. 2015.—A 0.5% nickel steel applicable as a substitute for 
carburizing grades of plain carbon steel. Will harden from an oil quench and may replace 
carbon steel for carburized parts if distortion is a factor, and water quenching undesirable 

S.A.E. 2115.—A carburizing grade of 1.5% nickel steel, used as an economical stibeti= 
tute for S.A.E. 2315. Quenches readily in oil, but does not have toughness or strength 
equal to 3 1/2% nickel steels. 

S.A.E. 2315.—Primarily intended for carburizing. Should be given a single quench 
after carburizing when maximum hardness only is required, and a double quench when 
maximum core refinement and case hardness are necessary. Has low critical points and 
the case quenches to file hardness in oil. If used for gears of high accuracy and high 
strength, carburizing preferably should be preceded by normalizing at least 50 deg. F. 
above carburizing temperature, ae 
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S.A.E. 2320.—Similar to and sometimes used interchangeably with S.A.B. 2315. In 
the higher carbon range, it shows marked increase in core hardness and should not be used 
for thin sections. Machinability better than S.A.E. 2315. See S.A.E 2315 for note on 
use in gears. 

: S.A.E. 2330 and 2335.—For agricultural, automotive and aviation parts requiring con- 
siderable strength and toughness. Have good machining qualities, but are not carburiz- 
ing. Used for keys, heat-treated butts, screws, studs, nuts, levers, etc. 

S.A.E. 2340 and S.A.E. 2345.—Used for structural purposes where great strength and 
toughness are required. Are sensitive to heat treatment, and water quenching is not 
recommended. Typical uses are propeller shafts, spline shafts, axle shafts, etc., and 
(S.A.E. 2345) gears. 

S.A.E. 2350.—Used for oil-hardened gears and heat-treated parts of large section. 

FIVE PERCENT NICKEL STEELS.—S.A.E. 2515 and S.A.E. 2512.—Used for car- 
burized parts requiring exceptionally tough core after heat treatment. Will not give the 
surface hardness of some of the other steels. For excellent core toughness, carbon content 
should be held to 0.17% max. The steel then is known as S.A.E. 2512. 

NICKEL-CHROMIUM STEELS.—S.A.E. 3115 and S.A.E. 3120.—Intended primarily 
for carburized parts, but are more responsive to heat treatment than the carbon steels. 
May be heat treated for structural parts requiring a certain degree of strength. Car- 
burizing should be preceded by normalizing at 50° F. above carburizing temperature. 
Applications are ring gears and pinions, spline shafts and countershafts, transmission 
gearing, piston pins, etc. 

S.A.E. 3125 and S.A.E. 3130.—Used for water-quenched parts where greater strength 
and toughness are required than is possible with plain carbon steels. Used for cylinder 
studs, steering arm bolts, keys, nuts, connecting-rod bolts and structural parts requiring 
good physical qualities. 

S.A.E. 3135 and S.A.E. 3140.—Used for heat-treated structural parts where good 
physical properties are required. Typical applications are crank-shafts, axle shafts, spline 
shafts, links for drive chains, studs, screws, etc. 

S.A.E. X3140.—A higher-chromium variant of S.A.E. 3140, used where improved hard- 
ening characteristics are desired for parts of large section. 

S.A.E. 3145 and S.A.E. 3150.—Used for oil-hardened gears and structural parts of 
heavy section. 

S.A.E. 3215 and S.A.E. 3220.— Used for carburized parts requiring greater core strength 
than is possible with S.A.E. 3115 and S.A.E. 3120. S.A.E. 3220 should be used only for 
Massive sections. These steels are not recommended for water quenching. Should be 
preceded by normalizing at 50° F. above carburizing temperature, followed by an anneal 
for machinability. 

S.A.E. 3230 and S.A.E. 3240.—For parts requiring higher physical properties than are 
possible with steels of lower alloy content, and especially for sections over 1 1/2 in. diam- 
eter. Not recommended for water quenching. 

S.A.E. 3245 and S.A.E. 3250.—For oil-hardened machined or forged parts that require 
high physical properties, as axle shafts, gears, and similar heavy duty parts. 

S.A.E. 3312.—For carburized parts requiring a core of high strength and toughness. 

S.A.E. 3325.—An oil-hardening steel, sometimes used interchangeably with 8.A.E. 3230 
for parts requiring high physical properties and capable of resisting severe dynamic stresses. 
Not recommended for water quenching. 

S.A.E. 3335 and S.A.E. 3340.—Used for structural parts requiring high physical quali- 
ties and ability to resist severe dynamic stress. 

S.A.E. 3415.—For carburized parts with a core of very high strength and toughness. 

S.A.E. 3435.—For parts subject to severe service conditions. 

S.A.E. 3450.—Used interchangeably with S.A.E. 3240 and 8.A.E. 3340 for heat-treated 
machined or forged parts that require exceptionally high physical properties and ability 
to resist severe dynamic stress. 

MOLYBDENUM STEELS.—S.A.E. 4130.—A chromium molybdenum steel used for 
axles, steering knuckles, steering knuckle arms, and sheet and strip for aircraft. Care 


should be used in water quenching. ; 
S.A.E. X4130.—A higher-chromium and lower-manganese variant of, and used for the 


same purposes as, S.A.E. 4130. { th 

S.A.E. 4140.—Used for rear axles, front axle tubing, propeller shafts, transmission 
shafts and forgings for aircraft. ; 

S.A.E. 4150.—Used for parts of heavy section. : 

S.A.E. 4340.—Suitable for oil-hardening gears, axle shafts, Diesel engine crank-shafts, 
and heavy duty shafting over 2-in. diameter, where high strength and anti-fatigue prop- 


erties are required. 
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Table 20.—Physical Properties of Certain S.A.E. Steels with Various Heat Treatments 


Tensile | Yield Reduc- | Elonga- | Rock- | Tensile | Yield Reduc- Elonga- Rock- 
Draw Strength,| Point, | tion of | tion iu | well |Strength,| Point, tion of tion in | well 
TempP..| 1900 Ib. | 1000 Ib. | Area, 2in., | Hard- | 1000 lb. | 1000 lb.| Area, 2in., | Hard- 
°8: “~ |per sq.in.|per sq.in.| percent | percent | _ness per sq.in.|per sq.in.| percent | percent | ness_ 
S.A.E. 1035. Quenched in water at 1525-1575° F. 'S.A-E. 1035. Quenched in oil at 1525-1575" F. 
800 106 75 52 23 B96 97.5 66 48.5 19 B93 
900 98 70 55 25 B94 S255 63.5 52 21 B92 
1000 95 ado 56.5 27.5 B92 90 60 55 23 B91 
1100 93 73 60 28.5 B91 88.5 56 58 25 B90 
1200 89.5 57 64 30 B90 87 53 61 27 B89 
1300 85 49 68 33 B88 83 51 63 28.5 B87 
S.A.E. 1045. Quenched in water at 1475-1525° F.] S.A.E. 1045. Quenched in oil at 1475-1525° F. 
800 121 91 46.5 16 C24 116 80 42 16 B99 
900 115 84 48.5 20 B99 110 84 45 18 B98 
1000 111 77 51 22.3 B98 107 70 48 20 B97 
1100 107.5 71 52.5 25 B96 104 67.5 50 2075 B96 
1200 103 66 55 PH fo B96 99 65 ys 22, B95 
1300 97.5 60 56 28 B93 ioe 62 55 2255 B92 
S.A.E. T1330. Normalized at 1650-1750° F. | S.A.E. T1340. Normalized at 1600-1700° F. 
Quenched in water at 1525-1575° F. Quenched in oil at 1475-1525° F. 
800 161.5 137.5 42.5 13 C35 162 135 40 10 C35 
900 140 117.5 48 16 C30 148.5 120 47 1255 C32 
1000 122 100 52 19 C24 136 106.5 54:5 16 C29 
1100 108 86 57 7A eb) B96 123 92.5 57 18 C24 
1200 98.5 73 59 5 23.5 B96 112 81 59 19 C20 
1300 92 68 61.5 25:5 B91 102 70 60 20 B95 
S.A.E. 2330. Normalized at 1625—1675° F. | S.A.E. 2340. Normalized at 1625-1725° F. 
Quenched in water at 1450-1500° F. Quenched in oil at 1425-1475° F. 
800 15225 126.5 byae) 14.5 C32 165 148 46.5 14 C35 
900 137 110 58 16 C29 148 12725 50 16 C32 
1000 121 95 62.5 18 B99 130 r 108 54 20 C24 
1100 108 80 66.5 20 B96 115 90 58 25 C21 
1200 95 1 RE 68 22 B91 102.5 75 60 27 B96 
1300 92 56 69 26 B86 93 63 61 28 B90 
§.A.E. 3130. Normalized at 1650-1750° F. | S.A.E. 3140. Normalized at 1600-1700° F. 
Quenched in water at 1500-1550° F. Quenched in oil at 1475-1525° F. 
800 167 142 BY 10 C33 175 151 45 12 C35 
900 145 123 60 17 C29 157 13235 50 16 C32 
1000 127 115 64.5 21 C24 148 110.6 55 18 C28 
1100 110 90 68 25 B96 122.5 100 58.5 19 C24 
1200 100 1D 7135 27.25 B94 111 85 62 20 C20 
1300 92.5 67.5 73 28.5 B91 102.5 70 65 20 B96 
S.A.E, 3230. Normalized at 1625-1675° F. | S.A.E. 3240. Normalized at 1625-1725° F. 
Quenched in oil at 1500—1575° F. Quenched in oil at 1475-1525° F. 
800 178 152 48 16 C37 202 180 44 16 C41 
900 157 132 55 18 C33 LZ725 152.5 50 [Wess C36 
1000 137 113 59.2 20.5 C28 155 132.5 56 19 C34 
1100 119 96 63 22:5 C23 132.5 116 60 21 C30 
1200 105 80.5 67 25 B97 122.5 100 62.5 22 C25 
1300 97 70 68.5 27.5 B94 110 87.5 65 23 C21 
§.A.E, 3250. Normalized at 1600-1700° F. | S.A.E. 3325. Normalized at 1600-1700° F. 
Quenched in oil at 1425-1475° F, Quenched in oil at 1475-1525° F, 
800 220 200 39 125 C44 170.5 142.5 55 18 C37 
900 192 172 47 15 C40 148 126 58.5 20 C32 
1000 168 148.5 52 IZ. 5 C35 130 110 62 225 C28 
1100 149 128.5 57 19 C31 117.5 99 65 25 C24 
1200 132 112 59 20 C28 110 92 67 27 C21 
1300 118 98 60 21 C23 | ccsievscerederal|acecenelerste | eee Meee 
§.A.E. 3335. Normalized at 1600-1700° F. | S.A.E. 3435. Normalized at 1550-1650° Fr 
Quenched in oil at 1425-1475° PF. Quenched in oil at 1425-1475° F, E. 
800 188 168.5 50 12.5 C40 188 162.5 55 15 C3 
; 6 
900 167 146 56 N/R C35 166 144 bY fee) 16.5 C33 
1000 148 W27o 59.5 20 C32 157 127 60 18.5 C30 
1100 132 112 61.5 21 C29 130 110 62.5 20 C26 
, 1200 118.5 100 62.5 22 C23 OS 97.5 65 ae C2! 
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Table 20.—(Continued) 


wenn. ae Reduc- | Elonga-| Rock- ];Tensile | Yield 
rength, oint, | tion of | tion in well |Strength,| Point, | tion of | tion in ll 
1000 Ib. 1000 Ib, Area, 2 in., Hard- | 1000 Ib. | 1000 Ib. | Area, Zin\, Hard- 
per 8q.1n./per sq.in,| percent | percent ness |per sq.in.|per sq.in.| percent percent | ness 
S.A.E, 3450. Normalized at 1550-1650° F. S.A.E. 4140. Normalized at 1650-1750° F. 
Quenched in oil at 1400-1450° F. Quenched in oil at 1525-1625° F. 


ee 
Reduc- | Elonga- | Rock- 


Draw 
Temp., 
deg. F. 


800 200 175 52 12.5 C40 180 156 36 10 C38 
900 F275 1575) 53 15 C37 170 146 40 11 C37 
1000 156.5 138 55 Lass C34 UY (oe) 132 45 12 C34 
1100 140 120 58 18.5 C31 142 118 51 14 C31 
1200 126 UZe5: 61.5 21 C28 126.5 101 56 Wise C25 
UZ (le sale omel leet oo Sorel cet es gl GCE amen 110 86 59 21 C20 


S.A.E. 4640. Normalized at 1650-1700° F. 
Quenched in oil at 1450-1500° F. 


178.5 147-5 47 10 C38 


S.A.E. 4340. Normalized at 1625-1725° F. 
Quenched in oil at 1475—-1550° F. 


800 210 190 40 11 C44 


900 195 175 42 11 C42 158.5 130 49 11 C34 
1000 178 EYRE 45 12 C38 142 115 51 12 C31 
1100 160 138 48.5 15 C35 138.5 102.5 55 15 C26 
1200 140 119 52.5 18 C30 119 93 58 19 C23 
1300 120 95 60 20 C23 115 88 61.5 22 C21 


S.A.E. 6140. Normalized at 1650-1750° F. 
Quenched in oil at 1550-1650° F. 


S.A.E. 5140. Normalized at 1625-1725° F. 
Quenched in oil at 1500—1600° F. 


800 180 160 42.5 13 C38 180 160 42.5 13 C38 
900 160 140 47.5 14 C35 160 140 47.5 14 C35 
1000 141 120 52 15 C31 142 121 52 15 C31 
1100 126 102 56 17 C25 L275 115 56 17.5 C26 
112 88 59 19 C20 115 D755 59 19 C21 
100 78 62 21 B94 108 87 62 20.5 B96 


S.A.E. 4345.—Used for large gears and shafting, rear axle shafts and heavy sections 
and parts where high tensile and anti-fatigue properties are essential. Often specified 
for axle shafts over 2 in. diameter. 

S.A.E. 4615 and S.A.E. 4620.—Used for carburized gears, shafts and parts where high 
fatigue resistance and high tensile properties are requisite. 

S.A.E. 4640.—See S.A.E. 4615. 

S.A.E. 4815 and S.A.E. 4820.—Used interchangeably with 5% nickel steel for gears 
and carburized parts. Also used for steering knuckle pins, roller bearings, chain pins, 
and high strength bolts and studs. Have excellent core and surface hardness and good 
wear resistance. 

CHROMIUM STEELS.—S.A.E. 5120.—A plain chromium alloy steel of deep harden- 
ing type. Hardens satisfactorily in oil. Equal in physical properties to S.A.E. 2320 and 

§.A.E. 3120, except that it does not have the tough fibrous core of nickel-chromium-steels. 

S.A.E. 5140.—May be used interchangeably with S.A.E. 2340 and 3140 for heat- 
treated forgings requiring greater strength and toughness than are obtainable in plain 
carbon steel. Used for gears and shafts hardened by direct cyaniding. 

S.A.E. 5150.—An oil-hardening chromium steel used for gears, shafts, thrust washers 
and springs. Is a deep hardening type. 

S.A.E. 52100.—Used for races and balls or rollers of anti-friction bearings. 

CHROMIUM VANADIUM STEELS.—S.A.E. 6115 and S.A.E. 6120.—Normally are 
fine-grained steels used for carburized parts such as shafts, rear axle and transmission 
gearing. Are interchangeable with other alloy steels of similar carbon content. 

S.A.E. 6125 and S.A.E. 6130.—Suitable for oil- or water-quenched parts. Steels of 
over 0.30 carbon should not be quenched in water. 

S.A.E. 6135 and S.A.E. 6140.—Used for studs, screws, connecting rods, axle shafts, 
propeller shafts and similar applications. S.A.E. 6140 sometimes is used for gears hard- 
ened by direct cyaniding. 

S.A.E. 6145 and S.A.E. 6150.—Used for heat-treated forgings and machined parts sub- 
jected to severe conditions, and requiring high strength and anti-fatigue properties. Also 
used for leaf and coil springs, gears, shafts and heavy forgings. 

S.A.E. 6195.—Principally used for balls, rollers and races of anti-friction bearings. 

SILICON MANGANESE STEELS.—S.A.E. 9255 and S.A.E. 9260.—Used principally 
for leaf springs. Mn on the high side of the range is specified for leaf spring sections 3/g 
in. and over, and on the low side of the range for sections under 3/g in. 

CORROSION AND HEAT-RESISTING STEELS.—(See also p. 3-19). S.A.E. 30905 
and S.A.E. 30915.—Standard so-called 18-8 Cr-Ni stainless steel, suitable for heat resist- 
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ance up to 1500° F. May be forged, riveted, welded, cold-worked and deep drawn. 
Do not respond to hardening treatment. Somewhat difficult to machine. . : 

S.A.E. 51210.—A stainless steel used for strip, rod and wire, shafting, forging, tubing, 
nuts, rivets, etc., where corrosion resistance is required. Can be hammered, forged, cold- 
worked, welded and machined at reduced speeds. Resists oxidation up to 1200° F. ; 

S.A.E. X51410.—A free-machining, high-sulphur variant of S.A.E. 51210. Contains 
also Zr, Se, Mo and Cu. Applicable to the same uses as S.A.E. 51210 but machines easily 
at the speeds and feeds used for ordinary steel. May be readily polished. 

S.A.E. 51335.—Standard cutlery grade of stainless steel. Used only in the hardened 
condition. Should be forged between 2000 and 1600° F. Has air hardening properties, 
and must be annealed after forging if it is to be machined. Used for shafts, bushings and 
bearings subject to corrosive conditions. Will resist tarnish from vegetable and mineral 
oil, moist air, water, steam and alkalis. Will not resist hydrochloric, sulphurous or hydro- 
fluoric acid. d 

S.A.E. 51510.—Used for same purposes as §.A.E. 51210, but only in annealed condi- 
tion. Is somewhat superior to §.A.E. 51210 in corrosion resistance. Can be forged, cold- 
worked and welded, but is not a good machining steel. Used for automobile trim and 
for bright surfaces maintained under exposure to oxidizing conditions. 

S.A.E. 51710.—Used solely for ornamental purposes. Is more corrosion resistant than 
S.A.E. 51510, Not susceptible to heat treatment except annealing. 


WELDING OF IRON AND STEEL 


By J. C. Hodge and R. E. Hiller 


1. TYPES OF WELDS 


WELDING has been defined as a localized consolidation of metals, accomplished by 
the application of either heat or pressure or a combination of the two. The temperature 
for accomplishing welding may vary; the source of the welding heat may differ; and 
pressure may be applied by various means or methods. The several welding processes 
involve different sources and degrees of welding heat, and also may involve different 
methods of applying pressure. These variations serve as a basis of classifying welding 
processes. See Fig. 1. 

WELDING PROCESSES are divided into two general groups: 1. Methods in which 
the joint surfaces are heated to within the plastic temperature range and pressure applied. 
2. Methods in which the joint surfaces are heated above the melting temperature of the 
parent metal and fusion obtained without pressure (fusion welding). 

Soldering and brazing are joining processes allied to fusion welding, in which junction 
is accomplished by fusion of an intermediate metal of relatively low melting temperature 
between the parts to be joined without fusing their surfaces. These processes will not be 
further described. 

The two main divisions of the welding processes are further classified according to the 
source of heat; for example, the plastic welding processes into forge welding, electric 
resistance welding, and Thermit pressure; the fluid or fusion welding processes into gas, 
electric arc, and Thermit welding. 

FORGE WELDING is the oldest form of welding. The parts to be joined are heated 
locally in a furnace to the plastic temperature range and then subjected to pressure by 
‘hammering or rolling either by hand or by machine. This process is used for a wide 
variety of applications, from the miscellaneous work of the blacksmith to the joining of 
steel plates up to approximately 2 in. thick in the fabrication of boiler drums and other 
pressure vessels. Large tonnages of lap-welded and butt-welded tubes have been pro- 
duced by passing heated formed skelp through pressure rolls. Forge welding has been 
largely superseded by other more recent welding processes. 

RESISTANCE WELDING.—The various electric resistance welding processes are in 
principle similar to forge welding, in that the weld is made by application of pressure 
while the surfaces being joined are heated to plastic temperature. All resistance welding 
processes involve heating the edges of the parts to be joined by the passage of a heavy 
current across the joint. Heat is generated locally at the joint by reason of the greater 
electrical resistance of the circuit at the joint contact surfaces. Hither direct or alter- 
nating current may be used, but generally it is most convenient to use alternating current, 
since the desired high amperage at low voltage is readily supplied through suitable trans- 
formers. Because of the high current required and the necessary “push-up” forces, 
the surfaces which may be joined by this method are limited. For a given cross-section 
to be welded, the power requirements vary widely with the time interval of current 
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application to produce the weld. For the usual resistance weld, with low-carbon steel, 
requiring a heating period of several seconds, 30 kva. or more are required per square inch 
of weld surface. As the time interval is decreased the power requirement increases and, 
where welds are made in a fraction of a second, 1500 to 2000 kva. per sq. in. are not uncom- 
mon. The necessary pressure or push-up force applied after the joint surfaces have been 
heated to plastic temperature is approximately 5000 lb. per sq. in. of weld surface. 

Resistance welding processes are particularly applicable to mass production, because 
special equipment is required for each type of welding job. 

Electrodes for introducing the welding current into the work generally are faced with 
a hard copper alloy to avoid excessive replacement, which would be necessary if soft 
copper alone were used. 

Resistance Butt Welding.—In resistance butt welding the parts to be joined are 

pressed into contact and electric current is passed through the grips (electrodes) and 

across the junction of the two parts. When the temperature of the contact surfaces has 
reached the plastic range, pressure is applied, and upsetting of the plastic metal to a 
greater or less degree accompanies the making of the weld. 

Electric Resistance Flash Welding is a modification of resistance butt welding and is 
earried out in much the same manner. Contact edges are slightly separated, however, 
and arcing or flashing occurs from edge to edge of joint. This arcing may burn or flash 

--off a considerable amount of metal at the joint before the ends become sufficiently hot 
to form the weld by pressure. During the flashing period this loss in metal is compen- 
sated by feeding the two edges together to provide a uniform distance between them. 
Pressure is applied after flashing has heated up the contact surfaces to welding tempera- 
ture. Flash welding is applicable to the welding of larger joint areas than resistance butt 
welding. This method also requires less care in the preparation of joint surfaces and 
smaller current densities for satisfactory welding than does resistance butt welding. 
A hydrogen atmosphere often is maintained at the weld to prevent oxidation of the joint 
surfaces. 

Both butt and flash resistance welding processes are widely used for joining ends of 
wires, bars and tubes. They have been more recently developed for producing tubing 
from flat strips by a continuous longitudinal butt weld as the formed strip passes through 
electrical contact rolls. In such tube welding processes very high currents are utilized, 
the weld being effected at point of contact in a fraction of a second. 

After completion of the weld, it may be heat treated in the resistance welding machine, 
using the current to bring the portion between the grips or electrodes to the desired heat 


treating temperature. 
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Resistance Spot Welding is applied to the welding of overlapped metal sheets or other 
comparatively thin sections. The overlapped parts are held between electrodes, which 
apply pressure while electric current is maintained through them, and the current cut off 
before the pressure is released. The area welded is approximately the same size as the 
electrode tip, usually 1/g to 1/4 in. diameter. Spot welding is particularly applicable to 
fabrication of metal sheets up to 1/4 in. thick. Automatic equipment makes possible the 
production of many welds per minute. 

Shot Welding is spot welding, in which an extremely high welding current is applied 
for a short period of time. This method is used, and is particularly valuable, for the 
welding of certain alloy steels, as nickel-chromium steels, where time at welding tempera- 
ture is harmful to the metal. In spite of the large welding currents employed, the total 
heat required is relatively small because of the small time interval of current application. 

Resistance Seam Welding may be considered as a series of overlapping spot welds, 
the electrodes generally being in the form of rolls which also transmit pressure as the 
overlapping sheets pass between them. Automatic equipment for this type of welding 
generally utilizes a current interrupter which so times the current impulses with relation 
to the speed of travel of the sheets that a series of overlapping spot welds actually results. 

Percussive Welding Processes are a form of resistance welding in which electrical 
energy is discharged suddenly at the junction, accompanied by the application of pressure. 
Closing of the discharge circuit often accompanies the bringing of the two parts into con- 
tact with pressure. The energy discharge may be obtained from a condenser, or by the 
transformation, by the collapse of the field, of the energy stored in a magnetic field. 

THERMIT WELDING.—In the Thermit welding process, superheated steel is 
obtained by the exothermic reaction which results when a mixture of iron oxide and 
aluminum is ignited. The iron oxide is reduced by the aluminum to iron. The resulting 
superheated steel is poured into a mold around the joint to be made, mold and joint 
having been preheated. The superheated steel resulting from the iron oxide-aluminum 
reaction has a temperature far in excess of the melting point of steel, and hence there is 
sufficient heat to produce fusion with the surfaces of the parts to be joined. The composi- 
tion of the metal may be varied by the introduction of alloying elements. The process 
has been applied to all types of wrought or cast steel andiron. It is particularly applicable 
to repair of heavy sections and for making butt welds in pipe and rails. 

Thermit Pressure Welding.—A modification of the Thermit process is the Thermit 
pressure method of butt welding. This is applicable to joining such parts as rails, tubes 
or bars which may be conveniently pressed together by end pressure. The surfaces to be 
joined are butted together and the Thermit slag and metal poured into the mold around 
the joint. The alumina slag produced in the Thermit reaction is poured into the mold 
first and covers the surfaces of the parts. The superheated metal does not come into 
direct contact with the parts, but heats them to the plastic temperature range. When 
the ends are heated, as judged by a suitable time interval, pressure is applied and pro- 
duces what is essentially a forge weld. 

GAS WELDING.—In this fusion welding process the welding heat is obtained from 
a gas flame, oxygen and acetylene being generally the gases used. Fuel gases other than 
acetylene may be used in combination with oxygen. With the oxygen-acetylene combi- 
nation a flame temperature of 5,000 to 6,000° F’. is obtained. By varying the proportions 
of oxygen and acetylene, a neutral, reducing, or oxidizing atmosphere may be obtained. 
For most purposes a neutral or slightly reducing atmosphere is used. The process is 
applied successfully to the welding of practically all metals. It is of particular advantage 
in making welds of any shape or position on comparatively thin sections, especially at 
sharp edges and corners. It is not, however, limited to thin sections, but may be satis- 
factorily used to produce welds in heavy metal parts. For joining thin parts, a filler 
metal may or may not be required, but for thicker sections a filler rod of suitable composi- 
tion must be used. The reducing flame protects the molten metal from oxidation, but in 
the welding of some materials a flux is necessary to help remove oxides. j 

ARC WELDING.—In arc welding the welding heat is obtained from an electric arc 
formed between the base metal and an electrode, or between two electrodes. Welding 
current may be either alternating or direct. Depending on the character of the electrode, 
are welding is designated as either carbon arc welding or metal arc welding. In both 
processes the heat is highly localized and the temperature of the molten metal is con- 
siderably higher than in gas welding. Arc voltages will vary from 15 to 45 volts and the 
arc current from 20 to 600 amperes, although some processes use current values as high as 
2000 amperes. The magnitude of the current which can be successfully used depends 
on ae ae chet a oo emg se and rate of weld travel. 
of the electrode the molten pool is made to pene ‘ hes en ed MS 

along the joint as desired. Additional 
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metal is introduced by a filler rod with the carbon arc process. In the metal are process, 
the molten metal is supplied by melting from the tip of the electrode. Metal arc welding 
is more readily adaptable to a wider variety of applications than carbon are welding. 

The Carbon Arc Method always is used with direct current, and for most purposes 
with the electrode negative in order to avoid excessive consumption of electrode and 
absorption of carbon in the weld metal. The procedure is essentially a puddling one, and 
is not adapted to welding in the vertical or overhead positions. Its best application is in 
automatic welding in the flat position, in which it is general practice to shield the arc and 
molten metal from the atmosphere by introducing a combustible material and fluxing 
agents into the are. The method has had wide application for high-speed welding of thin 
sections in the fabrication of steel barrels, tanks and light tubular products. It also has 
been used for welding heavy sections in pipe and pressure vessels. 

The Metal Arc Method carries metal across the are from the electrode to the work in 
very small globules and deposits them in the molten pool on the work. The electrode is 
consumed and the metal deposited at a rate dependent on the current used. By proper 
choice of electrodes, either direct or alternating current may be used. The procedure is 
adaptable for welding of sections 1/15 in. thick or more, and may be carried out in flat, 
vertical, or overhead position. Best quality welding is obtained by protecting metal in 
the are from oxygen and nitrogen of the atmosphere by covering the electrodes with suit- 
able fluxing materials and combustible agents. These exclude oxygen and nitrogen from 
the arc and give a slag covering to the pool of molten metal. A wide variety of electrodes 
are available for particular applications. The method is the most versatile and most 
widely used of the various fusion processes. 

ARC WELDING EQUIPMENT.—Either alternating or direct current may be used 
for arc welding, depending on the type of electrodes. Carbon electrodes, bare wire, and 
covered electrodes, with covering principally of combustible materials, generally require 
direct current. Covered electrodes, with covering principally of minerals are, in general, 
satisfactory for direct or alternating current. Alternating current has the advantage of 
eliminating arc disturbances created by magnetic fields, and is conveniently supplied from 
power lines through transformers. 

Motor-Generator Sets.—The most satisfactory source of direct current is a motor- 
generator set. The most common type is a portable unit, supplying one arc. The gen- 
erator is of the variable voltage type which adjusts its output voltage to the arc demands. 
A less common unit is a larger set, suitable for supplying several arcs. This type usually 
has a constant voltage type generator to supply 70 to 100 volts. The voltage for individual 
arcs is adjusted by resistances in each line. 

Alternating current is supplied from single-phase transformers, either with variable 
voltage taps or with a variable inductance in each arc circuit to obtain desired current 
values. To obtain the necessary constant-current characteristics, inductance always is 
employed, although sometimes it is inherent in the transformer design. The magnitude of 
the constant current may be adjusted by varying the inductance. 

The Amount of Current Required for each size of electrode will vary considerably with 
the type of coating and the mass of metal being welded. Approximate values are listed 
in Table 1. These values are for usual manual or automatic welding procedures. Some 
special methods use currents as high as 1500 to 2000 amperes with metal electrodes of 
1/9 in. diameter or larger. One such method uses a bare electrode and keeps the arc 
completely buried in powdered flux. 

Electrodes.—All important metal arc welds now are made with covered electrodes, 
because of the greater strength and ductility of the weld metal as compared to that 
obtained from bare wire. A large variety of materials is used for covering electrodes, 
but coverings may be grouped as those consisting principally of combustible material, 
those consisting principally of mineral substances, and those using a combination of 


Table 1.—Approximate Current for Various Electrodes for Welding Steel 


Current Required, Amperes 
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combustible and mineral materials. The combustible type gives protection to the are 
largely by producing a gaseous envelope about the are which excludes oxygen and nitro- 
gen. The mineral-coated types give protection by forming a sheath of molten slag about 
the arc and a heavy slag layer over the weld metal pool. The action of this slag may be 
considered similar to that of slag in steel-melting furnaces. The coverings of electrodes 
also aid in stabilizing the arc, and, to a very large degree, determine the welding char- 
acteristics of the electrode. Electrode coverings also may be used to some extent for 
introducing alloying elements into the weld metal. 

ATOMIC HYDROGEN WELDING is actually a combination of both are welding 
and gas welding. A stream of hydrogen is made to pass through an electric are estab- 
lished between two tungsten electrodes. The heat of the are causes disassociation of the 
molecular hydrogen to the atomic form. After passing through the are the atomic 
hydrogen recombines into the molecular form, liberating the heat obtained originally 
from the arc. The atomic hydrogen flame is used in fundamentally the same manner as 
the oxy-acetylene flame. This process is of particular advantage for welding along edges 
and corners of thin sections. It is used for welding stainless steels. The hydrogen flame 
gives excellent protection to the readily oxidizable chromium in these steels. Filler metal 
of suitable composition may be melted in the atomic hydrogen flame as required. 


2. PHYSICAL PROPERTIES OF FUSION WELDS IN STEEL 


CONDITIONS FOR SOUND WELDS.—tThe physical properties of fusion welds 
depend, of course, on the relative freedom of the weld metal from defects such as porosity, 
entrapped slag, cracks, incomplete fusion, etc. Assuming that a sound weld has been 
obtained, physical properties will depend on the degree of protection which has been given 
to the molten metal from the gases of the atmosphere. Avoidance of contamination by 
nitrogen and oxygen is especially important in metal are welding. Welds deposited with 
bare wire electrodes with no arc protection will contain approximately 0.10 to 0.15% N, 
and approximately 0.8% O. With a satisfactorily designed covered electrode, the 
deposited weld metal will contain less than 0.03% N, with oxygen correspondingly low. 
The effect of such contamination on weld metal physical properties may be best indicated 
by the following typical properties of metal arc welds in plain carbon steels using bare 

_ electrodes and covered electrodes: 


: [sew Bare Electrodes Covered Electrodes 
Yield poinit,b. pexsHasam. 0,2 men este obes eee 35—40,000 45-55,000 
Ultimate tensile strength, lb. per sq. in... ...... 40-55,000 60—75,000 
Hlongation.imy2. mi, percantive.nek eeweese eite were 0-10 20-38 
Endurance hmait, db. per SGeaNin. sels eleelees eels 15—20,000 28-31,000 
Density: i. sccctelele UO untelan Rice eee ert eeeen 7 .50-7 .70 7 .80-7.85 
Charpy, impact,iit-l bin. qua > sascrin ate eee Gate 3-8 20-45 


The tensile strength of steel welds may be considerably increased over the above values 
by addition of suitable alloying elements, but in all cases, for a given composition, superior 
properties will be obtained in metal are welding by using covered electrodes. 

SOUNDNESS OF FUSION WELDS.—Producing welds by the gas or are fusion 
processes introduces many variables of technique and operator skill which may cause 
mechanical defects in the weld. These may be gas pockets, entrapped slag from the 
electrode covering, zones of incomplete fusion between weld metal and base material, or 
cracks resulting from contraction stresses. 

Several methods have been utilized for inspection of welds to detect such defects. 
The common medical stethoscope has been used to a limited extent, by detecting variation 
in sound issued at positions along the welds when struck by a hammer. This method is 
not very sensitive and is limited to welds up to about 1 in. thick. Magnetic methods 
have been used quite successfully in magnetic materials, to detect cracks at or near the 
surface of welds. They have not proved adaptable to detect defects far below the surface. 
The simplest of the magnetic methods consists of establishing a magnetic field approxi- 
mately perpendicular to suspected defects and dusting a magnetic powder over the 
surface. The powder tends to concentrate at locations of fissures or cracks. The mag- 
netic method may be used to advantage in some cases to supplement radiographic methods 
for the detection of small surface cracks which can not be disclosed readily by the x-ray 
method. The magnetic method also may be used to advantage for examining welds 
which can not for one reason or another be x-rayed. 

The most thorough and reliable method of inspection is x-ray examination of the 
complete weld. The x-ray tube is placed on one side of the weld and photographic film 
on the opposite side. Excellent quality radiographs can be obtained which register the 
presence of all types of defects and give a clear picture of their size, location and distribu- 
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tion. This method may be used for examination of steel sections 4 1/2 to 5 in. thick, and 
will detect defective areas which are in thickness equal to 2% or more of the steel section. 
Gamma rays arising from radio-active materials may be used in the same manner as 
x-rays. They are particularly applicable to heavy sections and to use in locations where 
x-ray equipment can not be placed. Use of both x-rays and gamma rays require suitable 
precautions to avoid excessive exposure of personnel to the radiation. See X-ray Pro- 
tection (U. S. Bureau of Standards Handbook HB20) for recommended practice. 
STRESSES IN WELDS.—The thermal contraction of fusion welds, and the expansion 
and contraction of metal parts from the heat of welding, produces stresses of high magni- 
tude in welded structures. The effects of these stresses are to distort the structure during 
welding and to create residual internal or locked-up stresses in the completed welds. 
By control of procedure, the degree of distortion, and the magnitude of the stresses may 
be considerably reduced. In thick sections and rigid structures, however, the completed 
welds invariably have residual stresses equal to the yield point of the material. It is not 
uncommon for these stresses to act in more than one axial direction, and to be of such 
magnitude as to cause fracture of the weld without any external loading. During welding, 
assembly of parts so as to allow for deformation due to contraction, and peening of the 
layers of weld metal will reduce the stresses. Their removal, however, is best accom- 
plished by uniform heating, followed by slow cooling. For steel welds, heating the entire 
structure to 1100 to 1200° F. for one hour per inch of thickness is recommended. If it is 
possible to heat only part of the structure at a time, the temperature gradient between 
heated and unheated portions should not exceed 200° F. per foot. This stress relieving 
practice may be expected to reduce residual welding stresses to the approximate yield 
point value of the steel at the stress-relieving temperature, t.e., 3000 to 8000 lb. per sq. in. 


--for mild steels. 
38. WELDING DESIGN 


ADVANTAGES OF WELDED CONSTRUCTION.—The design and assembly of a 
structure with welded connections offer a number of advantages as compared to mechani- 
cal joints, such as riveting. The connections are simplified in that the joint generally is 
made direct, and no third member, as a butt-strap, is required. Welded joints permit 
placing the added metal exactly where needed, and produce an integral structure which, 
with mild steel, can develop 100% joint efficiency on any thickness of section. Elimination 
of extra material results in a weight saving of up to 25%. This saving in weight is an 
important consideration in transportation fields. : 

FORMS OF WELDED JOINTS.—Many forms of joints are used in fusion welding 
processes. Some of the more widely used are shown in Fig. 2. Drawings of welded con- 
struction should contain full information as to weld details, type of joint, dimensions of 
welds, etc. The American Welding Society has issued welding symbols which may be 
conveniently used on drawings specifying welding. See Figs. 5-8. In designing a welded 
structure, consideration also should be given to the following points: 

1. The joint should be made as accessible as possible to the welding operator. This 
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means that wherever possible welding should be done in the downhand position rather 
than taxing the skill of the operator by welding in the overhead position. 

2. The dimensions of the joint should be such as to permit complete fusion through 
the thickness of the sections being welded. If incomplete fusion is obtained an undesir- 
able stress concentration will be present. See Fig. 3. 

3. Butt joints are preferable from the viewpoint of uniform stress distribution across 
the weld. In the case of fillet welds a 30 deg-60 deg. weld provides a more uniform 
transfer of stress through the weld than a 45 deg.—45 deg. weld. See Fig. 8. 


FUSION WELDING SYMBOLS 
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1, In plan or elevation, near, far and both sides 5. All welds are continuous and of user’s stand- 
locations refer to nearest member parallel ard proportions, and all except V- and 
to plane of drawing and not to others bevel-grooved welds are closed unless 
farther behind. otherwise shown. 

2. In section or end views only, when weld is not 6. When welds are drawn in section or end 
drawn, the side to which arrow points is views, obvious information is not given by 
considered near side. symbols. 

3. Weld symbols on both sides are of same size 7. In joints in which one member only is to be 
unless otherwise shown. grooved arrows point to that member. 

4, Symbols govern to break in continuity of 8. Tail of arrow used for specification reference. 
structure or to extent of hatching or dimen- Note. All dimensions areanmnohes™ 


sion lines. 


RESISTANCE WELDING SYMBOLS 
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1. Symbols govern to break in continuity of structure or to extent of dimension lines. 2. Tail of 
arrow used for specification reference. Note: All dimensions are in inches. 
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4. Where the structure previously has been a casting or built by riveting, and where 
the structure is being redesigned for welded construction, it should be appreciated that 
welding cannot be used interchangeably with the older riveted or casting design, and the 
designer should adapt his structure as far as possible to utilize the full advantages of welded 


_ construction. 
; 5. Where distortion of the 
welded structure by reason of the 
contraction of the weld metal is 
liable to occur, and where the 
distortion is objectionable, the 
welds should, if possible, be so 
positioned that the contraction of 
the welds will tend to balance each 
other on each side of some central 
plane through the structure. 

The design stresses will, of 
course, vary, depending on the 
quality of the welds and the con- 
ditions of service of the structure. 
For example, pressure vessels may 
be built on the basis of factors of 
safety of 4 or 5, corresponding to an 
allowable working stress of about 
10,000 to 12,000 lb. per sq. in. 
(55,000 Ib. per sq. in. tensile 
strength steel), while an open stor- 
age tank could reasonably employ 
much higher stresses. The allow- 
able working stresses for welds of 
various types have been set by 
engineering codes governing differ- 
ent types of construction. 
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Root opening or smaller symbol when used 


angle of fillet 
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Size (except for plug es 
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specification 
reference 
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Vee 


Specification 


Arrow connectin 
reference rd 


reference line to ¢ 
of weld, to grooved 
member, or in 
section or end 
views. to near side 


Field-weld symbol 
Weld-all-around symbal 


Length of weld or 
increments of non- 
continuous welds. (Omib 
for resistance welds. 


Pitch of non- 
continuous welds: 


Reference line for 
showing weld location 


Note:- Relative position of data and_symbols shown; 
near, far and both sides significance as given in instructions. 


Fie. 7. Standard Location of Information on 


Welding Symbols 


A brief résumé of each code, including permissible working 


stresses for different types and classes of welded construction, is given below: 
A.S.M.E. Boiler Construction Code—Unfired Pressure Vessel Section.—Rules for 
the fusion process of welding in this section are so drawn as to provide for three different 


classes of vessels as follows: 

I.—Paragraph U-68. Vessels 
may be used for any purpose when 
constructed in accordance with 
requirements, which are identical 
with those of the Power Boiler 
“Section. 

II.—Paragraph U-69. Vessels 
constructed in accordance with the 
rules of this paragraph may be used 
for any purpose except for contain- 
ing lethal gases or liquids and/or 
liquids operating at a temperature 

“in excess of 300° F., providing the 
plate thickness does not exceed 1 1/2 
in., and the maximum pressure does 
not exceed 400 lb. per sq. in., nor 
at a temperature in excess of 700° F. 
This pressure limitation does not 
apply to vessels operated under 
hydraulic pressure at atmospheric 
temperature. 

Requirements are as follows: 
1. Main joints of double-welded 
butt type; 2. Vessels to be stress 


[csoofeo 
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Sketch 1 Sketch 2 


Fic. 8. Comparison between Symbolic and Verbal 


Methods of Welding Information 


Interpretation of symbol: Double-fillet-welded, partially 
grooved, double-J, tee-joint with incomplete penetration. 
(Type of joint shown by drawing.) Grooves of standard 
proportions (which may be 1/9 in. rad., 20° included angle, 
root edges in contact before welding) 3/4 in. deep on far 
side and 11/4 in. deep on near side. 3/g in. continuous 
fillet weld on far side and 1/g in. intermittent fillet weld 
on near side with increments 2 in. long, spaced 6 in. 
center-to-center. All fillets standard 45° fillets. All weld- 
ing done in field in accordance with welding specification 
number A2 (which may require, for example, that weld 
be made by manual D.C. shielded metal-are process 
using high-grade, covered mild steel electrode; that root 
be unchipped and welds unpeened but that joint be pre- 
heated before welding). 


relieved when both the wall thickness is greater than 0.58 in. and the shell diameter 


less than 20 in., and for other wall 


thicknesses and shell diameters where the diameter 


is less than 120 t — 50, where ¢ = thickness, in.; 3. Qualification tests of welding 
operators at intervals of 6 or 12 months: a, tensile strength of weld not less than minimum 
of specified tensile range of plate for full section tension specimen, and not less than 95% 


e) 
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for reduced section tension specimen; }, bend test, ductility across weld, 20% minimum. 
4. Factor of safety, 5; 5. Joint efficiency, 80%. 6. Allowable working stress as follows: 


Minimum Tensile Strength of Plate......... 55,000 lb. per sq. in. 70,000 lb. per sq. in: 
Allowable working stress, lb. per sq. in...... 8,800 11,200 


III.—Paragraph U-70. Vessels constructed in accordance with the rules of this 
paragraph may be used for the storage of gases or liquids, except lethal gases or liquids, 
at temperatures not materially exceeding their boiling temperature at atmospheric pres- 
sure, and at pressures not to exceed 200 lb. per sq. in. and/or not to exceed 250° F. 

Requirements are as follows: 1. Plate thickness not over 5/g in.; 2. Qualification 
tests of welding operators at intervals of 6 to 12 months; a, tensile strength of weld not 
less than 90% of minimum of specified tensile range of plate used for full section tension 
specimen and not less than 85% for reduced section tension specimen; 6, bend test ductil- 
ity across weld, 10% minimum. 

Allowable working stresses are as follows: 


Double-weldedbuttijointe forall jomtte. 2502). .- scien se salautsl domes 8,000 Ib. per sq. in. 
Single-welded butt joints for girth or head joints................. 6,500 oS 
Double full-fillet lap joints for girth joints only.................- 7,000 * 
Plug or intermittent welds for girth or head joints................ 5,600 oe 
Single-welded butt joints and double full-fillet welds for longitudinal 
joints: 
a, For*thickness.of less.than2/4-1ndsia on ercieteesteleielc «eteveise ta ce stenate 5,600 3 
bites ae PE d GOx Siig IM shcia co 358 >: Sehage ta, See ee eet eS 7,000 as 


A.P.I.-A.S.M.E. Unfired Pressure Vessel Code.—This code covers the construction 
of vessels for use with petroleum liquids and gases. Stress relieving is required for plate 
thicknesses above 1 1/4 in., or when radiographing is not mandatory. Factors permitting 
various joint efficiencies are employed, these factors varying with type of steel plate, 
type of joints, and whether or not radiographing of the welded joints and stress relieving 
of the vessel has been employed, as follows: 


Steel: Specification Factor 
AST M.,,.A.70,; firebox, pradewonly..s cnrete debs f. =o esi ee 1.00 
a A30, a “ bi savadia’ Sean qhasatrel® «Pais Srdednstar dh olists ERIS 1.00 
Group Ay) eT AI20 gS ge ere aka ek ee 1.00 
oe A LOOSE sale ee “2 v,'e 6 se lpetghdite er anainlrertae: tant perenne 1.00 
se A70, flange 4 el RIE IPS AE 55 S Seacticns ea 0.97 
Group B = A380, ae at ae Sinn, A See De ta ee 0.97 
#s Al49, «‘* “< Oh whe SRS lo MELEE ete eae oR eee Ree 0.97 
ek AT Not to be used for plates thicker than 5/g in. or for metal 
Group C A10 
ee temperatures above 450° Feu. ccc decree cess tece 0.92 
A113 
Radiographing: 
Radiographed i). 3...:6 0:8 « oie Sou ale, 0.4.4.0 oie Gieesot dvs: 0/ciclat ye Gee ele ioral nee 1.12 
Not:radiographegd . .. & «.....« smeworsrt! erertreterete or alevecctre ole MACE See et Ree @eTne tegen 1.00 
Stress Relieving: 
Stress TEMS VE . asta e ecarerapenre ayare.ecc, eqeietesrerercle ets @ AIT RCReEE ence ter Tene eee 1.06 
Not stress relieved 6 ¢s:sartsabastaynns ors atu tleetheneactuntemcal crierten ine rea neea 1.00 


Weld Joints: 
Double-welded butt joint and single welded butt joint with backing-up strip.... 0.80 
Single-welded butt joint without backing-up strip... 2.0... cc cece cece e ce eee .70 
Double-full-fillet lap joint and single-full-fillet lap joint with plug welds........ 65 
Single-full-fllet:lap joint screeds: ccd awlsle). Here Sere ee ee ee a 205 
For service temperatures below 650° F. the allowable working stress in tension and 
shear for carbon steel in this code is 25% of the ultimate strength in tension at atmospheric 
temperature. The allowable working stress of a welded joint, therefore, is 


Wa XK fo XK feX Ia X% Fo 
where S = ultimate tensile strength of steel, and fg, f,, fs and f,, = respectively, the factors 
for plate quality, radiographing, stress relieving and weld joint. Thus welded joints on 
plate of 55,000 Ib. per sq. in. minimum tensile strength of Group A, of the double-welded 
butt type, radiographed and stress relieved, would have an allowable working stress of 
1/4 (55,000) K 1.00 X 1.12 X 1.06 X 0.80 = 13,060 Ib. per sq. in. 
Table 2 gives the probable combinations of construction factors and joint efficiency. 
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Table 2.—Joint Efficiency of Various Types of Construction 
a TS Se ee aS cee OTe ed POET A aE eT 


yond Radio- Stress Final Joint Efficiency for 
ipa bt Tone Efficiency graph Relief Groups of Steel, percent 
percent ’| Factor Factor | A, Factor | B, Factor | C, Factor 
(1,12) (1, 06) = 1,00 = 0.97 = 0.92 
Double-welded butt joint and i ee 1 a 8 0 78 74 
single-welded butt joint BO seks tet cite 85 82 78 
with backing-up strip. <a Ae ae as of apes yarsere ate 
a ed sahara Eee ee 70 Bia wtES 3 
Single-welded butt joint with- } 70 J |sseseeeeee * 74 72 68 
out backing-up strip. rt rs ib ieee ae 78 TO SOU sh is. ee 
* * 83 Sli allccethaetee 
Double-full-fillet lap joint 
eee te scl wee len } rf { BRE AE «tid ue con : : - 60 
sort wii pluz welds, — [J = 2 o> So ses 2 
Single-full-fillet lap joint. | 55 [fJ--ccrt+-+e]s-: ous des ed a 


Norre.—The asterisks in the columns Radiograph Factor and Stress Relief Factor indicate 
that these operations have been performed. For example, in Line 4, the factor under Column A = 
80 X 1.12 X 1.06 = 95, and under Column B = 95 X 0.97 = 92. 


A.S.M.E. Boiler Construction Code—Power Boiler Section.—The use of forge weld- 
ing, electric resistance butt welding, or pressure Thermit welding, has been sanctioned 
for many years. The ultimate strength of the joint is considered as 35,000 lb. per sq. in. 
Allowable working stress on factor of safety of 5 is 7000 lb. per sq. in. 

The rules for the fusion process of welding, adopted in 1931, apply only to drums and 
shells. The chief requirements are as follows: 1. Main joints are of double-welded butt 
type. 2. Main joints are radiographed. 3. Completed welded drum is stress relieved. 
4. Test plate welded with drum: a, tensile strength of transverse specimen and all-weld- 
metal specimen to be at least that of minimum of the range of the plate; b, elongation of 
all-weld-metal tension specimen, 20% in 2 in. minimum; c, elongation of outer fibers of 
transverse bend test, 30% minimum across weld; 5. Carbon content of plate material. 
0.35% maximum. 6. Factor of safety, 5. 7. Joint efficiency, 90%. 8. Allowable working 
stress of plate as follows: 


Minimum Tensile Strength of Plate....... 55,000 lb. per sq. in.* 70,000 lb. per sq. in.* 
Allowable working stress, lb. per sq. in., 
at temperatures up to 700° F.......... 9,900 12,600 


Bureau of Marine Inspection and Navigation, U. S. Dept. of Commerce.—The 
welding rules of this code, covering the construction of marine boiler drums and unfired 
pressure vessels, are similar to the requirements of the A.S.M.E. Boiler Construction Code. 

; Bureau of Engineering, U. S. Navy Dept.—These welding specifications establish for 
purposes of requirements as to design and tests of welded assemblies a classification of 
welded structures as follows: 


Class A—Pressure vessel welds. 
Class Al—Fired pressure vessels such as boiler drums, 
Class A2—Unfired pressure vessels. 
Class AZB— ‘‘ us oY 
Class A4A— ‘“ i ts 
Class B—Structural welds. 
Class B1—Moving machinery parts. 
Class B2—Stationary machinery parts. 
Class B3—Non-pressure vessels. 
Class B4—Tack welding. 


A joint efficiency of 90% is permitted on welds which have been radiographed. Other- 
wise the joint efficiency is taken as 80%. 

A.S.A. Code for Pressure Piping.—This code covers construction requirements for 
various kinds of piping including piping for steam, gas, air and oil. Welding requirements 
involve qualification of welding operators. Stress relieving of pipe joints is mandatory 
when the pipe wall thickness is greater than 3/4 in., and the service temperature is in excess 
of 250° F. See Kent’s Mechanical Engineers’ Handbook—Power, p. 5-23, forming 


Vol. 2, of this series. 


* Intermediate tensile strengths in proportion. 
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National Board, Rules for Repair of Boilers by Fusion Welding.—Rules for the repair 
of boilers by fusion welding have been issued by the National Bureau of Casualty and 
Surety Underwriters in co-operation with the National Board of Boiler and Pressure 
Vessel Inspectors. Copies of these rules may be obtained upon application to the National 
Bureau of Casualty and Surety Underwriters, 1 Park Avenue, New York City. 

A number of other codes exist covering various types of welded construction. In 
general, all codes require qualification of welding operators, and most of them embody 
filler metal specifications in accordance with the requirements of the American Welding 
Society specification, issued August, 1933. 

Some of the constructional codes issued by the American Welding Society are as 
follows: Code for Fusion Welding and Gas Cutting in Building Construction (Jour., 
Am. Welding Soc., March, 1935). Specification for the Design, Construction, Alteration 
and Repair of Railway and Highway Bridges. Tentative Code for Fusion Welding and 
Flame Cutting in Machinery Construction. Marine Code for Welding and Gas Cutting, 
Part D, Rules for the Fusion Welding of Hulls and Hull Parts (Jour., Am. Welding Soc., 
Feb., 1935). 


4. WELDING OF VARIOUS MATERIALS 


STEELS.—General.— The difficulty which may be encountered in the welding of various 
steels is, in general, in proportion to the hardening developed in the heat-affected zone along 
the weld. With high hardness, fine cracks or even complete fracture may result from weld- 
ing stresses. As the carbon content of steel increases, the potential hardness increases, and 
the addition of alloying elements in general emphasizes the hardening effect. 

Excessive hardening can be somewhat controlled by regulating the cooling rate from 
the welding temperature. With Thermit welding and Thermit pressure welding, a slow 
cooling rate can be obtained by the insulating effect of the mold surrounding the entire 
weld. With gas welding, particularly on thin sections, the torch can be used to heat the 
base materials and keep the zone adjacent to the weld sufficiently hot to retard cooling. 
With are welding, the area of high temperature is very localized, and preheating of the 
parts sometimes necessary to obtain slow cooling and to reduce welding stresses. Witha 
composition giving high hardness, more difficulty is likely to occur with heavy sections, 
and whatever welding method is used preheating will be necessary. Heating to 400 to 
500° F. is effective and, depending on the steel and the particular structure, this tempera- 
ture may need to be maintained until the weld has been stress relieved. 

Variation in the quality of steel may result in welding difficulties even for grades 
normally considered weldable, such as plain carbon steels below 0.30% C. Fortunately, 
such difficulties are exceptional. No definite information is available as to the reasons 
for such difficulties, although it is generally conceded that trouble may occur because of 
excessive segregation in the steel, or because of the presence of abnormally large amounts 
of residual elements such as arsenic, copper, ete. Laminations in rolled steel products 
will, ef course, produce welding difficulties, especially if the lamination extends along the 
joint edge. 

CASTINGS.—Castings may be satisfactorily welded, provided rolled or forged steel 
parts of the same composition can be satisfactorily welded. This assumes that the casting 
adjacent to the weld region is sound and free from shrinkage cracks which otherwise would 

.open under the contraction stresses during cooling from welding. 

IRON AND CARBON STEELS UP TO 0.35 PERCENT CARBON.—Iron and plain 
carbon steels up to 0.35% C. are readily welded by all processes, and completed welds 
can be obtained with strength equivalent to the base materials. Preheating is not neces- 
sary except for extremely rigid joints where welding stresses become exceptionally high. 
In fusion welding, with gas or electric arc, filler metal of approximately 0.15% C. is recom- 
mended. With shielded are methods (carbon or metal arc), ductile welds with strength 
of 60,000 to 70,000 lb. per sq. in. will be obtained. This strength can be increased to 
70,000 to 80,000 lb. per sq. in., without loss of ductility, by small additions of alloying 
elements. Molybdenum in amounts of 0.2 to 0.4% is very effective. 

Where stress relieving is required, heating at 1100 to 1200° F. for a period of one hour 
per inch of thickness is recommended. 

MEDIUM CARBON STEELS OF 0.35 TO 0.60 PERCENT CARBON.—As the 
carbon content of steel increases above 0.35%, difficulty in welding is likely to develop 
With thin sections and a flexible design, gas or are welding may be used without ee 
heating, but in joints over 3/g to 1/2 in. thick, preheating is necessary. In oxygen- 
acetylene gas welding, better welds are obtained with a flame having excess acetylene 
To develop equivalent strength in the weld, a low-alloy filler metal should be used ANS 
both gas and are welding methods, A rod containing chromium and molybdenum is 
recommended, ‘These steels are readily welded by the Thermit process. 
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Welds should be stress relieved at 1100 to 1200° F. and, where preheating has been 
necessary or with the higher carbon ranges, this stress relieving should be carried out before 
permitting the weld to cool below 300° F. 

HIGH CARBON STEELS OF 0.60 TO 1.50 PERCENT CARBON.—Steels above 
0.60 percent carbon may be welded quite satisfactorily by the Thermit process, and this 
method has been used considerably for butt welds in rails. Gas and arc welding can be 
done only with considerable difficulty, and the resulting welds are only fairly satisfactory. 
Gas welding is more easily performed. A joint can be made by are welding by depositing 
low-carbon metal over the surface of each part and then making the are weld between 
these low carbon surfaces. The resulting weld will, of course, have the properties of a 
low carbon weld. 

LOW-ALLOY HIGH-YIELD-STRENGTH STRUCTURAL STEELS.—There are a 
considerable number of low-alloy steels especially designed to produce yield point values 
of 50,000 to 70,000 Ib. per sq. in. and with ultimate strengths of 70,000 to 100,000 Ib. 
per sq. in. Most of these steels have been produced with a low carbon content and no 
particular difficulty is encountered in welding them. In general, where carbon contents 
are 0.20% or less, gas or are welding can be performed without preheating. With higher 
carbon contents, preheating will often be necessary. To develop weld strengths equiv- 
alent to the base material, it is necessary to use filler metal with some alloy content. 
Low carbon filler metal with alloy composition similar to the base materials usually can 
be used. Stress relieving should be carried out at 1100 to 1200° F. 

S.A.E. ALLOY STEELS.—For welding of the S.A.E. alloy steels, the same general 
procedure may be used as for the alloy structural steels. The ease of welding will depend 
on the hardness developed in the heated zone. Where high hardness occurs, preheating 
to 300 to 500° F. will be necessary. Filler metal of similar alloy composition to the base 
material usually can be used. 

CHROMIUM STEELS OF 4 TO 6 PERCENT CHROMIUM are definitely air 
hardening, even with low carbon content, and preheating at 300 to 500° F. is essential. 
Welds generally must be kept above 300° F. until annealed or stress relieved. Heat 
treatment after welding should be a full anneal or long time stress relieving at 1300 to 
1350° F. The same procedure should be used with steels of 21/2% Cr. With such 
procedure, welds in these steels with carbon less than 0.20% are very ductile and equal to 
the base metal in every respect. E 

CORROSION- AND HEAT-RESISTING STEELS have high percentages of chro- 
mium or chromium and nickel, with low carbon content. Welding steels with 12 to 30% 
Cr requires preheating to above 200° F., and an annealing treatment after welding in 
order to obtain ductility. The lower chromium ranges, 12 to 16% Cr, may be welded 
without great difficulty if preheating precautions are taken. As the chromium content is 
increased, the welds are much less ductile, and the very high chromium range becomes 
very difficult to weld. Heat treatment should consist of annealing at 1450 to 1550° F. 
To maintain equivalent chromium content in the welds, filler metal should have a slightly 
‘higher chromium content than the base metal. Due to rapid carbon absorption in high- 
chromium steels, the carbon are method is not suitable. 

The stainless steels containing high percentages of both chromium and nickel are not 
subject to hardening from heat treatment and may be welded without difficulty. Typival 
steels of this group are: 18% Cr-8% Ni, 25% Cr-12% Ni, 25% Cr-20% Ni; there are 
many other variations of analysis. Welds in all of these materials are soft and ductile, 
and no heat treatment after welding is required, except as may be needed to improve 

~ corrosion resistance. In this respect the 18% Cr-8% Ni type is subject to serious loss of 
corrosion resistance, due to precipitation of carbides in the temperature range of 900 to 
1500° F. For this reason, very low carbon contents (less than 0.07%) are desirable for 
these steels if they are to be welded. The carbides may be stabilized by addition of 
titanium or columbium, and steels so stabilized are recommended for welding. Filler 
metal also should be of the stabilized analysis. Titanium should be used in amounts of 
at least 6 times the carbon content, and columbium in amounts of at least 10 times the 
carbon content. If the 18% Cr-8% Ni steels are not of the stabilized type, heat treat- 
ment after welding should consist of heating to 1900 to 2100° F. followed by rapid cooling. 
In the higher alloy steels, carbide precipitation is not serious. igs ; ] 
Because of higher electrical resistance and lower heat conductivity, electric welding 
of these steels requires about 10% lower current than carbon steels. Also, the high coeffi- 
eient of expansion requires additional care to prevent excessive distortion. ; 
MANGANESE AUSTENITIC STEEL with 12 to 14% Mn and approximately 1 to 
11/2% C is quite brittle in the as-cast condition, because of large carbide areas, but upon. 
heating to 1900° F. and quenching, the carbides are retained in solid solution and a tough 
ductile material results. On reheating to 1100 to 1400°I’., carbides are again precipi- 
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tated and the material becomes hard and brittle. In welding this steel it is necessary to 
deposit weld metal which is ductile and to avoid embrittlement of the base material by 
excessive heating. 

Welding may be accomplished by either the gas or arc methods. A filler metal of 
12 to 14% Mn and 3 to 5% Ni is recommended to obtain a good quality weld. Care 
should be taken to avoid excessive heating of the base metal. 

CAST IRON.—Cast irons, either gray, white or malleable, are not considered adapt- 
able to welding, but may be welded with proper care and procedure. White cast iron is 
the most easily welded. The process may be the gas or metal are, using a white cast-iron 
filler rod. Resistance welding may be used where shape permits. Gray or malleable 
castings may be fusion welded with proper precautions, and the same general procedure 
can be applied for both types of castings. Whatever method is used, because of the low 
tensile strength and poor ductility of these materials, it is essential to avoid excessive 
variations in temperature throughout the casting to prevent cracking from thermal 
stresses. 

Gas Welding is best performed by preheating the casting to approximately 1000° F. 
and completing the weld while the castings are hot. After welding, the casting must be 
cooled slowly. A suitable flux such as borax should be used, and the filler metal should be 
of a high-silicon cast-iron composition. Welds made in this manner will be machinable. 

Carbon Arc Welding can be performed in a manner similar to that used for gas welding. 
Use of cast-iron filler rod and borax flux is recommended. 

Metallic Arc Welding may be performed using either coated cast-iron composition 
electrodes or coated steel electrodes. Preheating is necessary in using the cast-iron elec- 
trodes, and this method will produce a machinable weld. The method is best adapted 
for welding in the flat position. Using coated steel electrodes, welds may be made with- 
out preheating the casting, but a hard unmachinable zone will be present. Small- 
diameter electrodes (1/g in. maximum) should be used and welding should progress slowly 
with intermittent peening. This will keep thermal stresses in the casting, and contraction 
stresses in the weld metal, ata minimum. Welds made with steel electrodes will be con- 
siderably stronger than the cast-iron base metal. Welds not so strong, but very satis- 
factory and machinable, may be made, using an alloy electrode of high nickel composition 
such as Monel metal (68% Ni, 29% Cu). Similarly, welds may be made with copper 
or copper alloy filler metal. 


5. SURFACING BY WELDING 


For special applications, steels often are surfaced with another material in order to 
obtain resistance to wear or corrosion. These materials are conveniently welded to the 
steel base by gas or metal arc methods. For corrosion resistance, stainless steels or 
Monel metal commonly are used. For wear resistance or hard surface, deposits of plain 
high-carbon steels, alloy steels, high-speed steels, alloys of cobalt, chromium, and tungsten 
(Stellite), high-carbon austenitic steels such as Hadfield’s manganese steel, and prepara- 
tions of tungsten or boron carbides, are available. All of these materials may be applied 
by metal are or oxygen-acetylene welding. 


6. QUALIFICATION OF WELDERS 


In all welding processes, but particularly in fusion welding processes such as gas 
welding and electric welding, employing manual welding, the quality of the welds for a 
given welding process depends largely on the skill of the welding operator. Weld quality 
depends less on the operator with automatic welding equipment. For manual welding 
by any of the processes, the welding operator should have received special training in 
making welds under conditions similar to those encountered on his production work 
The skill of the welding operator should be checked from time to time. This generally ig 
accomplished by what are known as qualification tests. The operator deposits a weld 
using the same process and under conditions similar to the production work which he is to 
undertake. Specimens from these qualification test plates are obtained and tested 
Requirements for qualification tests of welding operators are quite varied as to detail. 


See Qualification of Welding Process and Testing of Weldi 
Welding Soc., 1936, Oct. Supplement. ; inal ch 


Section 3 


CORROSION AND CORROSION RESISTANT METALS 


CORROSION 


By Frank N. Speller 


CORROSION RESISTANT METALS 


3-01 
itI—< 


TABLE OF CONTENTS 


CORROSION OF METALS hee 
Gorrosionvin.Gemerall 5 srt ctere 5 hole: Sete oarS le SS re Seetaa eleve 21D ot eyelets) nie Miorelane retaam 03 
Mechanism (0f \Corrosiowsccarcieccio ys oie alae ote alowalousrecalaarataraiaiaaley <i> sale iciehe bale ieee eae 03 
PiINGIDlES GL T SSMS 5/5, ove eraradeheuc o/s 41 5) Srovetaney Savawstece, <lars) SEEPS Gs: = ode wie Gueoreler iinet 06 
PreventionsOL, COrroslows. aya elas care bo ais) ata aaa iss 4 hretaiaeatete <a) <1e\'= anoreteleicveleaeten ae eee 11 
Paints ands Varnishes sais, .coyasoiteus, ato Sater ceRAVN Se Skateys loys eel science aloveliahs, 6 ghchel olevs e.g ort e 12 
Carrosion-resisting Processes, cide. aa cote eos oon = aa abiaine as ehele Gctecleke anaes 13 
Protection Against’ Under Water Corrosion=>s see sontee os eemeees = eoee ee oe eee 16 
ProtectionxzAgainst) Soil. Corrosion. sic oo: hc ale «save se alee einrel as = cvelota @icleusiolere aieeaenane 18 


CORROSION RESISTANT METALS 


Stainless Steel’ i..co3 oh cee. : ae Fo ok ae Pee Se ee ee Eee ee eee 19 
High-siliconAdloys: 28 cs anche ee hee ec cee oe eee ee ee ots Ce ee 24 
Non-ferrous Alloyiins «co sae cise cs eee eels siete ce oe ee nett S oe ae ee eee eee 25 


3-UZ 


CORROSION OF METALS 


By Frank N. Speller 


1. CORROSION IN GENERAL 


Corrosion of metals may be defined broadly as the chemical action of their environment, 
often resulting in their deterioration or destruction. Under most ordinary conditions of 
exposure the corrosion products comprise mainly oxides (more or less hydrated), car- 
bonates, and sulphides. At high temperatures the products consist mainly of oxides, 
though indications are that corrosion of this type also progresses more rapidly when some 
moisture is present. Corrosion may be entirely superficial or may attack the intercrystal- 
line boundaries and cause disintegration in the metal, as dezincification of brass or so-called 
caustic embrittlement in boiler steel. 

It may be taken as established that in nearly all cases of corrosion at ordinary tem- 
peratures, comprising those most important in practice, the driving force of the corrosion 
reaction between metal and environment is electrochemical. 

ESTABLISHED FACTS REGARDING CORROSION.—a. In most cases both moist- 
ure and oxygen are necessary for corrosion. 6. The initial rate of corrosion usually is com- 
paratively rapid, slowing as a protective film forms. c. Surface films are important in 
controlling the rate and distribution of corrosion. d. Increased rate of motion increases cor- 
rosion in water up to a certain velocity; the rate then may drop where strong protective 
films are formed. e. Dissimilar metals in electrical contact accelerate corrosion of the ones 
that happen to be anodic. Galvanic action is a most active agent of corrosion. It occurs 
when two metals, one electronegative to the other, are placed in contact and exposed to 
moisture. f. The composition of ordinary iron and steel has little or no effect on their rela- 
tive rates of corrosion under water or under ground. Under these conditions the particular 
kind of metal usually is not so important as environment. g. Variation in the concentra- 
tion of a solution in contact with a metal tends to localize corrosion. Where this is due to 
oxygen in solution, the surface to which the oxygen diffuses most rapidly is cathodic to the 
area that is protected from diffusion of oxygen: The smaller the anodic areas in relation 
to cathodic areas the greater is the rate of penetration at anodic points. Corrosion, like 
other chemical reactions, increases with temperature. 

The above, and other facts (See F. N. Speller, Corrosion Causes and Prevention, 
McGraw-Hill Book Co., 1926), are the basis of the electrochemical mechanism which now is 

_generally accepted to explain corrosion in the presence of water. 


2. MECHANISM OF CORROSION 


CORROSION OF IRON OR STEEL IN GENERAL.—While there is a vast differ- 
ence in the amount of corrosion of iron and steel under different conditions, and while 
the relative corrosion varies with surrounding conditions, certain fundamental causes 
‘underlie all cases of corrosion. 

Every metal when placed in water is subjected to a fixed tendency to go into solution. 
This is wholly a matter of electrochemical activity and varies to a definite extent with each 
metal. The initial reaction in the process of corrosion is analogous to solution in acid. 
The acidity of the water determines the initial speed of attack. As in all electrochemical 
reactions, however, the initial speed of solution soon slows down as the electrochemical 
couples which form over the surface of the metal become ‘Dolarized’’ due to the accumu- 
lation of hydrogen on their cathodic surfaces, ultimately stopping the solution of the metal. 
In the case of iron a small amount of the metal is dissolved as ferrous hydrate, which also 
retards the rate of solution of the metal. This first stage of corrosion of iron, while essen- 
tial, is not serious if the reaction between water and iron can be stopped at this point. In 
fact, it cannot proceed unless, in some manner, the hydrogen film protecting the metal is 
removed. This is usually accomplished by some depolarizing agent, generally free oxygen, 
which also combines with ferrous hydrate forming insoluble ferric hydrate, commonly 
known as rust. 

This second stage of corrosion, is thus caused by the oxidation of hydrogen and ferrous 
hydrate in solution by free oxygen from the atmosphere. Oxygen is soluble in water at 
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normal temperature to the extent of about ten parts by weight per million, and as 
water readily absorbs more oxygen, the reaction will continue until the metal has been 
destroyed, or the reaction may be stopped by exhaustion of the available supply of oxygen. 
The latter case is illustrated in any closed water system, where in a metallic water pipe 
the amount of free oxygen will decrease as the water travels from the inlet. If, then, the 
pipe is long enough the corrosion will finally be reduced to a negligible amount. : 

Iron, like all other metals, when in contact with water or a solution has a definite 
inherent tendency to go into solution in the form of electrically-charged particles (iron- 
ions.). The solution must remain electrically neutral, and these positive ions can enter 
it only if an equivalent number of positive ions of some other elements are displaced. 
Thus, iron immersed in a solution of copper sulphate begins to go into solution, but si- 
multaneously, an equivalent amount of copper is plated out on the surface of the iron, and 
protects it somewhat from further action. Similarly when iron is immersed in water, 
hydrogen is plated out and forms a thin invisible film on the iron surface. 

FACTORS CONTROLLING CORROSION.—Primary factors are those having to do 
with the initial tendency toward solution, and are mainly associated with the metal itself. 
Secondary factors are those that influence the subsequent rate of corrosion, and usually 
are much more important than primary factors. ‘They mainly depend on the environment 
of the metal. The main factors influencing corrosion are listed below, regardless of their 
relative importance which changes materially with environment. 

Primary Factors Having to Do Mainly with the Metal——1. Effective electrode poten- 
tial of the metal in solution. 2. Chemical and physical homogeneity and texture of its 
surface. 3. Its inherent ability to form an insoluble protective film. 4. Overvoltage 
of hydrogen on the metal surface. : 

Factors Which Vary with Environment.—5. Hydrogen-ion concentration (pH) in 
the solution. 6. Effective supply of oxygen in the solution adjacent to the metal. 
7. Distribution of available oxygen on the metal surface. 8. Specific nature, concen- 
tration, and distribution of other ions in the solution. 9. Effective rate of flow of the 
liquid past the metal surface. 10. Presence of solid particles (dirt), or a coating of any 
kind, as mill scale, on the metal surface, or contact with other conducting material in the 
presence of an electrolyte. 11. Temperature. 12. Whether the metal is under static 
stress conditions or exposed to cycles of alternating stress (the so-called corrosion fatigue). 
13. The ability of environment to build up protective films on the metal. 

While all the above factors are important under some conditions, the following deserve 
special attention and should be more clearly recognized: 

Oxygen.—In most cases, oxygen concentration and the rate at which oxygen diffuses 
to the metal are controlling factors when the metal is immersed in water or buried in soil. 
The part to which the oxygen diffuses most readily is cathodic to the adjacent areas that 
are shielded by protective coatings or other material. That is, the points that are less 
accessible to oxygen corrode more rapidly than areas to which the oxygen has freer access. 
This and the galvanic effect from contact between dissimilar materials generally causes 
local corrosion or pitting. 

Surface Films.—Clean metallic surfaces exposed to air quickly acquire a film of oxide, 
which at ordinary temperature is thin and invisible. At higher temperatures, it is thick 
enough to give well-known characteristic colors, varying with the temperature. The 
nature and properties of the film depend on the composition of the metal itself and its 
environment. Aluminum and stainless steels, for instance, owe their high durability, 
in certain environment, to the formation of a continuous and permanent film that is stable 
under the conditions of exposure. In other environment the film may not form, or is 
quickly dissolved. The metal, therefore, has short life under such conditions. The addi- 
tion of 0.25% copper to ordinary steel increases the life of the steel in atmosphere two to 
four times, due to the formation of a dense adherent film apparently consisting of iron 
oxide with a little copper oxide on the surface of the metal. When copper steel is im- 
mersed in water or buried in soil, the protective film does not form. Under such con- 
ditions, copper steel has been no more durable than ordinary steel without copper. 

: If the metal has no inherent power to form a protective film in solution, a film may be 
built up by adding film-forming reagents, as the chromates or alkalies, to the water. 
When removed from the solution, however, these films are only temporary. To secure 
permanent protection it is necessary to maintain in the water the proper concentration of 
chromate, or other material, used for this purpose. Films, when formed, should be self 
healing, Se) that if injured or removed in any way, a new film will form immediately. 
Chromium will form a very resistant invisible film under oxidizing conditions, but in dilute 
hydrochloric acid, where such films cannot exist, chromium dissolves even more rapidly 
than pure iron. : Metals which acquire a stable film by contact with an oxidizing solution 
are termed passive. In this condition they are at least temporarily resistant to corrosion 
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when removed from the film-forming solution. The presence of thin invisible oxide films 
on passive material has been determined by the change in potential of the metal and by the 
removal of the films from the surface by selective dissolution of the underlying metal. 
See U. R. Evans, Thin Films in Relation to Corrosion Problems, Jour. Inst. Metals, 46, 
7-23, 1931. Where the corrosion products form spongy layers of irregular thickness, they 
do not protect, and may even accelerate the normal action by interfering with the rate of 
diffusion of oxygen to the surface of the metal. 

Corrosion Fatigue.—Metals subjected to repeated application of stress fail at consider- 
ably below their static ultimate tensile strength. However, the metal may be cyclically 
stressed indefinitely without apparent injury, below the so-called fatigue or endurance 
limit. This endurance limit is about one-half the tensile strength in the case of carbon 
steels. Even a small amount of corrosion present with cyclic stress will reduce considerably 
this endurance limit. Concentrated stress tends to accelerate the rate of corrosion. A 
notch is soon formed at the point of maximum stress and after this reaches a certain depth, 
the metal under cyclic stress fails by ordinary fatigue. The combined action of stress and 
corrosion is termed corrosion fatigue. The amount of cyclic stress that a metal will stand 
under these conditions depends on the character of the corrosion and on the nature of the 
protective films formed by the metal or its environment. Hence, it is difficult to conceive 
of a fixed corrosion fatigue limit for any metal under all conditions of exposure. Corrosion 
factors predominate in corrosion fatigue. Therefore, if there is a so-called corrosion 
fatigue limit, it usually is independent of the tensile strength. Heat treatment of steel 
raises the tensile strength and the air endurance limit, but if it does not increase resistance 
to corrosion it will have no material influence on the resistance to corrosion fatigue. Even 
18% chromium steel and 18-8% chromium-nickel steels show a considerable reduction in 
endurance limit in corrosive environment. Carbon steels in the as-rolled condition may 
fail at less than one-half of their air-endurance limit when kept continuously wet, depend- 
ing on the composition of the water and the amount of oxygen present. 

An exceedingly small amount of corrosion is sufficient to depress the endurance limit of 

“the metal under stress. In practice, therefore, it is important to prevent contact between 
stressed portions of metal and corrosive solutions. When inhibitors have been added to 
water that ordinarily causes failure at a relatively low stress by corrosion fatigue, the 
endurance of the steel has been maintained at the same stress asin dry air. This appar- 
ently is due to the formation and maintenance of a protective film on the surface of the 
metal under stress. See D. J. McAdam, Stress-Strain Cycle Relationship and Corrosion 
Fatigue of Metals, Proc., A.S.T.M., Vol. 26, Pt. II, pp. 224-254, 1926; Corrosion Fatigue of 
Non-ferrous Metals, Proc. A.S.T.M., Vol. 27, Pt. II, p. 102, 1927; Some Factors Involved 
in Corrosion and Corrosion-Fatigue of Metals, Proc. A.S.T.M., Vol. 28, Pt. II, pp. 117-158, 
1928; and Stress Corrosion of Metals, presented at the Convention of the New Inter- 
national Assoc. for the Testing of Materials, Zurich, Switzerland, 1931; also F. N. Speller, 
I. B. McCorkle, and P. F. Mumma, Influence of Corrosion Accelerators and Inhibitors on 
Fatigue of Ferrous Metals, Proc. A.S.T.M., Vol. 28, Pt. II, pp. 159-167, 1928. 

ELECTROLYTIC CORROSION DUE TO OVERSTRAIN.—(C. F. Burgess, El. 
Rev., Sept. 19, 1908).—Mild steel bars overstrained in their middle portion were subjected 
to corrosion by suspension in dilute hydrochloric acid solutions, and others by making 
them the anode in neutral solutions of ammonium chloride and causing current to flow 
under low current density. In all cases a marked difference was noted in the rate at which 
the strained portions corroded as compared with the unstrained. Differences of potential 
of from five to nine millivolts were noted between two electrodes, one of which constituted 
the strained portion and one the unstrained. The more rapid electrolytic corrosion of the 
strained portion appears to be due to the fact that the strained metal is electro-positive to 
the unstrained, the current finding the easier path through the surface of the electro- 
positive metal. That the strained metal is the more electro-positive is also shown by a 
liberation cf hydrogen bubbles on the unstrained portion. 

EFFECT OF CORROSION ON WROUGHT MANGANESE BRONZE UNDER 
TENSILE STRESS. (Paul D. Merica and R. W. Woodward, Proc. A.S.T.M., Vol. 19, 
1919).—An investigation to determine what service stresses may, with safety, be applied 
to physically normal wrought brass and bronze showed that brass rods exposed to the 
action of concentrated ammonium hydroxide and subject at the same time to a gradual 
application of tensile stress, would break with little elongation at any values of the stress 
greater than the yield point of the material. It appears that the effect of combined tensile 
stress and surface corrosion is to decrease the stress at which fracture will occur. This 
discovery is important in that brass and bronze are substituted for steel usually only on 
account of their supposed superior resistance to corrosion. If this superior resistance is 
not as great as has been assumed, the field of brass and bronze for structural purposes 18 
largely limited. The general conclusion seems to be that brass or bronze should not be 
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subject to corrosion in ammonium hydroxide while under a tensile stress greater than 
20,000 lb. per sq. in. or more than 5000 lb. per sq. in. above the yield point without danger 
of failure. The tests indicate that the proportional limit is to be regarded as the maximum 
safe stress for manganese bronze of harder tempers but it is not certain that this limit may 
not be slightly exceeded in materials that are soft; 2.e., free from work hardness. 


3. PRINCIPLES OF TESTING 


RELATIVE CORROSION.—Difference of opinion regarding the relative corrosion of 
iron and steel and other metals apparently is due to failure to appreciate that different 
factors control in different environments. Factors external to the metal usually determine 
the corrosion rate, and these vary considerably with environment. The relative rate, 
therefore, may vary under different conditions of exposure. This should be the basis 
on which all corrosion tests (laboratory or service) are designed. Thus, in a study of 
metals, under atmospheric conditions, the dominant factor should be an excess of oxygen. 
If the endurance limit of metal under water is in question, the test should be made in that 
environment alone. It is a mistake to take the results of tests made under one type of 
corrosion, 1.¢., in the atmosphere or in acids, and to apply the conclusions to the conditions 
in which entirely different factors control. An extreme instance is the well-known acid 
test made by exposing the metals to dilute sulphuric acid, in regard to which the A.S.T.M. 
has issued the following statement: 

The continued functioning during the past 25 years of the Committee on Corrosion of Iron and 
Steel of the A.S.T.M. has developed no further information as to the relation of the accelerated 
acid test to corrosion by the elements, or the trustworthiness of the acid test as a measure of natural 
corrosion, 

Studies have been made to determine whether consistent results can be obtained in testing iron 
and steel sheets in 20% sulphuric acid, and if the results in acid compare favorably with the results 
of corrosion testsin the atmosphere. See Report on Total Immersion Tests, Proc. A.S.T.M., Vol. 31, 
Part I, p. 176, 1931. 

A representative average set of samples from two sheets each of ten materials of iron and steel, 
both copper bearing and non-copper bearing, part of each sheet having been exposed to the atmos- 
phere, was tested by five co-operating laboratories following an exact accelerated acid test procedure. 
The life in acid of similar sheets in atmospheric corrosion tests at Pittsburgh, Pa., and Key West, 
Fla., indicated that an acid test conducted by the procedure followed by the committee is not capable 
of consistent repetition. Further, the data from such an acid test should not be used to forecast the 
relative life of ordinary ferrous materials in the atmosphere. 

Clearly, the subject of relative corrosion should be studied on the basis of type of 
service. The service test is the final criterion of the value of the metal, although judi- 
ciously made laboratory tests, with proper consideration given to the factors involved, will 
show under accelerated conditions a fair approximation of results in service. Three 
common types of service to be considered are atmospheric, water and soil corrosion. 

ATMOSPHERIC CORROSION.—In atmospheric corrosion, oxygen is the dominant 
factor. In general, results of tests indicate little difference between the various kinds of 
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A critical study of A.S.T.M. tests (V. V. Kendall and E. 8. Taylerson, A Critical Study 

of the A.S.T.M. Corrosion Data on Uncoated Commercial Iron and Steel Sheets, Proc. 

A.S.T.M., Vol. 29, Pt. II, pp. 204-219, 1929), is summarized as follows: 

A study of the Pittsburgh and Fort Sheridan results confirms previous conclusions as to the 
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effect of copper. At the close of eleven years of observations of these tests, the sub-committee 
would direct attention to the fact that failures at the Fort Sheridan location confirm the findings 
at the Pittsburgh location, that copper-bearing metal shows marked superiority in rust-resisting 
properties as compared to non-copper bearing metal of substantially the same general composition 
under atmospheric exposure. (Report of Committee A-5 on Corrosion of Iron and Steel, Proc. 
A.S.T.M., Vol. 28, Pt. I, p. 156, 1928.) This paper also points out that at the Pittsburgh location, 
phosphorus combined with copper has beneficial effects from an atmospheric corrosion standpoint. 
Manganese and sulphur, within the limits of composition involved, seem to have little, if any, effect 
either way. The Fort Sheridan data, although limited on account of the incompleteness of the test, 
show similar beneficial results for high-copper material. The A.S.T.M. total immersion tests have 
been thoroughly studied, and, contrary to the atmospheric tests, the results indicate that the 
variation of the common elements, either singly or in combination, within range of composition 
and under the conditions of these tests, has no material influence on corrosion resistance and is 
entirely secondary to external conditions. 


Tests of Vent Lines on the roofs of buildings were carried out by the National Tube 
Co., with wrought-iron, steel, and copper-steel pipe. Results based on the decrease in 
wall thickness indicated the relative loss of these metals to be as follows, taking steel as 
100: wrought-iron, 92%, copper-steel, 36%. 

Tests on Hopper and Gondola Cars, constructed one-half of copper steel and the other 
half of plain steel, showed after 13 years that the copper steel had about 200% longer life 
in the hopper cars (subjected to some abrasion with corrosion), and 300% longer life for 
the side sheets of the gondolas (subject to corrosion only) in comparison with plain steel 
of the same composition. The number of cars tested was 100. U.S. Unger (Results of 
Using Copper Bearing Steel in Freight Cars, Rwy. Age, Vol. 84, p. 1062, May, 1928), sum- 
marizes the experience with these cars as follows: 

1. Paint adheres much better to copper-bearing steel in a car body than to plain open-hearth 
steel. 2. The saving in repainting cars, due to better adherence of paint to copper-bearing steel, 
would be sufficient to justify the use of copper-bearing steel in the bodies of steel freight cars. 
3. Where mechanical abrasion has not been a serious factor, as in the side sheets of gondolas, the 
Joss in thickness for the copper-bearing steel was only one-third as great as for the plain open-hearth 
steel. 4. Where the steel was subjected to severe mechanical abrasion as well as corrosion, the 
loss in thickness for the copper-bearing steel was approximately 60% as great as for the plain open- 
hearth steel. 5. From the results of this investigation, it can be conservatively stated that the use 
of all copper-bearing steel in the body of the cars would increase the life of the car body from 33 1/3 
to 50%. 

Service Tests on Copper Steel Tie Plates, containing 0.25% Cu, over a period of 
11 years, show 5% loss in weight for copper steel and 20% loss for plain steel. Similar 
results have been obtained on cut spikes. See Report of Committee on Iron and Steel 
Structures, Am. Ry. Engrs. Assoc., Rwy. Age, Vol. 86, 562 pp. 166-167, 1929. Tests of 
730 plain and a similar number of copper steel ties, in track for 9 years, indicate at least 
double the life for copper steel ties with a sub-grade of broken slag and ashes for ballast. 
See J. S. Unger, Comparison of Corrosion Resistance of Copper Steel and Plain Steel 
Railroad Ties, Steel Maker, Vol. 2, No. 1, pp. 93-95, Summer 1931. 

: WATER CORROSION.—When material is in continuous contact with water, the 
available oxygen is limited to its solubility in water. This affects the nature of the film 
formed by corrosion products, and therefore the rate of corrosion. Immersion tests were 
made by A.S.T.M. on the materials referred to above, in their atmospheric tests. The 
results show no material difference between the copper steels and similar steels without 
copper. Wrought-iron, steel and ferrous alloys commonly used in the manufacture of 
pipe, tested in service in warm water and return steam pipe lines, show the results given 
in Table 1. They are summarized according to condition of service and material in 
Table 2. In connection with these tables the following should be noted: 1. Tests are 
arranged in chronological order, 1910 to 1931. 2. Table 1 covers the results of 57 tests 
expressed in terms of measured pitting. 3. Table 2 is a classification of the tests listed in 
Table 1, based on character of service and material, and gives 78 comparisons of other 
ferrous material against steel. 4. For convenience, wherever possible, the amount of 
corrosion also has been figured in percentage, the corrosion being taken as 100. 

Examination of these test samples from various parts of the country indicate no 
fundamental difference in the rate of corrosion of any of the materials in water, except that 
the copper steels are somewhat more durable for return steam lines, where corrosion at 
times is of the wet and dry type asin air. For further information and practical experi- 
ence with steel pipe for water service, see H. R. Redington, J. L. W. Birkinbine, He Ne 
Speller, Corrosion of Water Mains, Jour. A.W.W.A., Vol. 23, No. 11, Nov. 1931. ' 

SOIL CORROSION.—Under ground, the dominant factor is local electrolytic action, 
resulting in pitting. The rate of penetration varies with moisture content, electrical 
resistivity, physical structure and chemieai composition of the soil and ground water, 
and stray electric currents leaving the pipe (electrolysis). (Continued on p. 3-11) 
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Table 1.—Summary of Complete Record of Comparative Service Corrosion Tests of Pipe 


Tests conducted in co-operation with outside interests by Dept. of Metallurgy and Research, National 
Tube Co., Pittsburgh, Pa. 
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For elicit of symbols in Tables 1 and 2, see Notes A, B and CG, p. 3-10, 
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1 | sc ‘041 | 76]SC 052| 81/sc 
1 lw "067 | 152 | W 082 | 146 | w 
27 3y 9am | SRL to iHils 044 | 100 |s 056 | 100 |s 
2|w ‘072 | 136 | W o91 | 125 | w 
32 3y 1lm | HWM 3/4 {1 8 "053 | 100 | 073 | 100 |S 
1 |sc "038 | 72|SC 050 | 68|Sc 
1 lw "079 | 141 |W 095 | 130 | w 
hu ifs "056 | 100 |S 073 | 1001s 
{ism |HWE) |a 1 | SSCo.o] :066 | 118 | SSCo.zo} 092 | 126 | SSCo.s0 
1 | SSCo.76{ .058 | 104 | SSCo.75} .079 | 108 | SSCo.76 
1 | SSCroo} 1055 | 98 | SSCroe} 1075 | 103 | SSCyoe 


Notes on Taste 1. Nore A. Location of tests were: 1. New York City, Allen St. Bath 
House. 2. H. C. Frick Coke Co. Power Plants. 3. Cresson, Pa., Coal Fields. 4. Pittsburgh, Pa., 
Allegheny General Hospital. 5. New York City, Hotel. 6. Philadelphia, Pa., Pennsylvania Bldg. 
7. Scranton, Pa., International Correspondence Schools. 8. West Homestead, Pa., C. F. Greiner 
Plumbing Co. 9. Pittsburgh, Pa., Irene Kaufmann Settlement. 10. St. Louis, Mo., Third National 
Bank. 11. Nanticoke, Pa., Susquehanna Coal Co. 12. New York City, W. 41st St. Bath House. 
13. New York City, E. 76th St. Bath House. 14. New York City, E. 109th St. Bath House. 15. New 
York City, Cherry and Oliver St. Bath House. 16. McKeesport, Pa., National Works. 17. Atlantic 
City, N. J., Hotel Traymore. 18. Providence, R. I., Brown Univ. 19. Cambridge, Mass., Harvard 
Univ. 20. New York City, Rutgers Pl. Bath House. 21. Pittsburgh, Pa., Wm. Penn Hotel. 
22, Philadelphia, Pa., Widener Bldg. 23. San Diego, Cal., San Diego Consolidated Gas & Elec. Co, 
24. Auburn, R. L., \ugllong Rose Co. 25. Pittsburgh, Pa., Mellon Inst. of Industrial Research. 
26. Rochester, N. Y.,- Mechanics Inst. 27. Oakland, Cal., Athens Athletic Club. 28. Emeryville, 
Cal., General Cable Co. 29. San Francisco, Cal., Phelan Bldg. 30. Ithaca, N. Y., Cornell Univ. 
31. Cromwell, Conn., A. N. Pierson Greenhouse. 32. Los Angeles, Cal., Biltmore Hotel. 33. Sacra- 
mento, Cal., Hotel Senator. 34, Ellwood City, Pa., National Tube Co. 35. Los Angeles, Cal., Bart- 
lett Bldg. 36. New England Dressed Meat and Wool Co. 37. An Eastern engineering corporation 
(name confidential), 38. Ashland, Mass., Aniline Dye & Chemical Co. 

Norn B, Character of Service: HWL, Hot water line; BFL, Boiler feed water line; HWM, Hot 
water system; SRL, Steam return line; HWS, Hot water supply; HWR, Hot water return; MRW 
Monongahela River water; MW, Mine water; HSW, Hot salt water; HWV, Hot water service; CCW, 
Circulating cooling water, 100-140 deg. F.; CWS, Cold water service in grease cellar extractor, corrosion 
by fatty acids; RBA, Refrigerating brine and atmosphere alternately; AVP, atmosphere in vent pipe; 
A, Atmosphere. 

Nore C. Kind of Material in Pipe: W, wrought iron; WG, galvanized wrought iron; §, steel; 
SC, copper steel (subscript denotes percentage of copper); SG, galvanized steel; SF, ‘‘scale-free’”’ steel; 
SCG, copper steel, galvanized; SS, seamless steel; SSC, seamless copper steel; T, toncan iron. 
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Table 2.—Summary of Grand Averages of Complete Record of Comparative 
Service Corrosion Tests of Pipe 


Tests conducted in co-operation with outside interests by Department of Metall 
National Tube Co., Pittsburgh, Pa. ead Sag Gia ee 


Percentages based on steel = 100; and for galvanized materials, galvanized steel = 100. 


Galvanized | Galvanized Scale-free 
Char- Steel | Wrought Iron Steel Wrought Iron Copper-steel Steel 
acter of Desths SSS Cad San SEE a ee eS SS 
Ser- epth, Depth, Per- Depth, Per- | Depth,| Per- | Depth, | Per- | Depth, | Per- 
ice In. in. cent In, cent in. cent in. cent in. cent 
Mean Averages of 4 to 10 Deepest Pits in each Pipe in Test 
HWS 0.059 |0.068 LE foie [A ee nl aera IN el IE I ea cee Bele Th een 
PELs |e Ok il eoretas el cepa tre = [a nacdicr sis O2055.)1 100) 1020580] 105" | Naser, 2 c.cs ce lore eee 
HWS OG IEPA cece eee ah spheres, ciliets <toal| kek See eee che 0.062 D0 Misc e ee peiinees 
HWS bse ene Sedat acc kes 6 28 sheesh ge lnlen theca dade sticker tee 040 | 68 
SR 040 045 BUS ie | tes cue Rens ee 7e <col edeyeyene Al aetoks yal leer ene Bt hye ee Gea Roe eeraheie nee 
sR OS AMMA Wa crore ord c8 crate ill hos Sichallloms@inie sies| Cie saai .021 62) ells pate celiac 
MW 023 .048 CON rere oraillenc saci] eee Attorrcals artes | otseereteretell tate eceedl etatemtioteen | comers 
HSW 064 .088 UG clasts clliece crore Le mrers Sol erotic ae Creer erate ele eee 
EEN Waele |) i4t-. eee ieni ae se tones 030 | 100 049 G3 Se ealate see Felnte Gate oleae 
RBA 079 .045 DT Ie ae ecomttol reeetree | Sti, ALTO Serle teers OS APEUE chaise 
AVP t+ .01038} .00956 DDT Bete cece neds aedktatae cel neete 003741 k36 ch boa. caleiceee 
At 00364} .00155 AZarilbee eee sctatien aaesleiee® JOO TO7 |p 290. hetetedelis apeure 
SPW icn aes Ot OL OZ Gr USOOe aan Nay DG CAFO e NT Sees, Be Siem, « SNe eae es ede eel tas 


Titedsk stored .a. 1OOU|PS. OB 2AUE'OSA| Siar OF loriseesnliretnat aie toe 


* Character of Service: HWS = Hot water; SR = Steam return; MW = Mine water; 
HSW = Hot salt water; RBA = Refrigerating brine and atmosphere; AVP = Atmosphere in 
vent pipe; A = Atmosphere. 

+ The figures in these tests are grand averages for penetration of corrosion in inch per year, 
based either on weight lost or decrease in wall. 


(Continued from page 3-07) 

The U. S. Bureau of Standards has conducted an extensive investigation of steel corro- 
sion from 1924 in typical soils in the U.S. This comprehensive test includes some 15,000 
samples. For detailed rec- 
ords of the tests, see Re- 
search Papers Nos. 95 and 
329, U. S. Bureau of 
Standards. A summary of 
the weighted average re- 
sults, based on maximum 
pits on ferrous metals from 
all soils included in these 
tests over a period of eight 
years, is given in Fig. 2. 

CHEMICAL CORRO- 
SION includes the action Fig. 2. Results of Bureau Standards Soil Corrosion Investigation 


of acids and other chemi- a 
cals. It is only possible to determine the relative durability of ferrous materials under such 


variable conditions by actual tests, in each case, in the laboratory, or preferably in_service. 


4. PREVENTION OF CORROSION 


Deterioration of metals may be prevented or reduced in three ways: ily dake using a 
more resistant metal. 2. By application of a suitable protective coating. 3. By making 
the environment less corrosive. The amount of protection specifically depends on the 
corrosive nature of the environment and must be chosen to suit the conditions and with a 
view to economy. , 

Protection Against Atmospheric Corrosion.—A large variety of paints, lacquers, and 
similar protective materials has been developed, which cannot be summarized here. See 
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publications of American Paint and Varnish Mfrs. Assoc., distributed by the Institute of 
Paint and Varnish Research Laboratory, Washington, D.C. Many products suitable for 
atmospheric protection have been developed in the past few years, some being decidedly 
superior to the old type of linseed oil paints. These are mostly compounds of synthetic 
resins, applied with or without baking, self-curing rubber compounds, and the nitrocellulose 
lacquers. See H. A. Gardner, Physical and Chemical Examination of Paints, Varnishes, 
Lacquers, and Colors; Report of Inst. of Paint and Varnish Research, Oct. 1930. 


Paints and Varnishes 

References.—Technology of Paint and Varnish, A. H. Sabin (John Wiley & Sons): Reports 
of Committee, D-1, Am. Soc. Test. Mat.; Modern Pigments and Their Vehicles, Maire (John 
Wiley & Sons). 

PAINT.—Composed of a vehicle or binder, usually linseed oil with some tung oil, or 
varnish (enamel paints), and a pigment, which is a more or less inert solid in the form of a 
powder, either mixed or ground together. Nearly all paint contains paint drier or japan, 
which is a lead or (and) manganese compound soluble in oil, and acts as a carrier of oxygen; 
as little should be used as possible. Boiled oil contains drier; no additional drier is needed. 
None should be used with varnish paints, nor with ‘‘ready-mixed paints’’ in general. 

The principal pigments are white lead (carbonate or oxy-sulphate) and white zinc 
(oxide), red lead (peroxide), oxides of iron, hydrated and anhydrous, graphite, lampblack, 
bone black, chrome yellow, chrome green, ultramarine and Prussian blue, and various 
tinting colors. White lead has the greatest body or opacity of white pigments; three coats 
of it equal five of white zinc; zinc is more brilliant and permanent, but it is liable to peel, 
and it is customary to mix the two. These are the standard white paints for all uses, and 
the basis of all light-colored paints. Anhydrous iron oxides are brown and purplish-brown, 
hydrated oxides are yellowish-red to reddish-yellow, with more or less brown; most iron 
oxides are mixtures of both sorts, and often contain a little manganese and much clay. 
They are cheap, and are serviceable paints on wood and are often used on iron, but for 
the latter use are falling into disrepute. Graphite used for painting iron contains from 
10 to 90% foreign matter, usually silicates. It is very opaque, hence has great covering 
power and may be applied in a very thin coat, which is to be avoided. The best graphite 
paints give very good results. There are many grades of lampblack; the cheaper sorts 
contain oily matter and are especially hard to dry; all lampblack is slow to dry in oil. Ina 
less degree this is true of all paints containing carbon, including graphite. Lampblack is 
used with advantage with red lead; it is also an ingredient of many “‘carbon”’ paints, the 
base of which is either bone black or artificial graphite. Red lead dries by uniting chem- 
ically with the oil to form a cement; it is heavy, and makes an expensive paint, and is often 
highly adulterated. Pure red lead has long had a high reputation as a paint for iron and 
steel, and is still used extensively, especially as a first coat; but of late years some of the 
new paints and varnish-like preparations have displaced it to a considerable extent, even 
on the most important work. 

VARNISHES are made by melting fossil resin, to which is then added from half its 
weight to three times its weight of refined linseed oil, and the compound is thinned with 
turpentine; they usually contain a little drier. They are chiefly used on wood, being more 
durable and more brilliant than oil, and are often used over paint to preserve it. Asphaltum 
is sometimes substituted in part or in whole for the fossil resin, and in this way are made 
black varnishes which have been used on iron and steel with good results. Asphaltum 
and substances like it have also been simply dissolved in solvents, as benzine or carbon 
disulphide, and used for the same purpose. 

All these preservative coatings are supposed to form impervious films, keeping out air 
and moisture; but in fact all are somewhat porous. On this account it is necessary to have 
a film of appreciable thickness, best formed by successive coats, so that the pores of one 
will be closed by the next. The pigment is used to give an agreeable color, to help fill 
the pores of the oil film, to make the paint harder, so that it will resist abrasion, and to 
make a thicker film. In varnishes these results are sought to be attained by the resin 
which is dissolved in the oil. There is no sort of agreement among practical men as to 
which coating is best for any particular case; this is probably because so much depends on 
the preparation of the surface and the care with which the coating is applied, and also 
because the conditions of exposure vary so greatly. 

: APPLICATIONS.—Cast-iron water pipes usually are coated by dipping in a hot 
mixture of coal-tar and coal-tar pitch; riveted or welded steel pipes by dipping in hot 
asphalt. Ships’ bottoms are coated with a red lead or other inhibitive primer and a 
varnish paint to prevent rusting. Over this is a second coat containing a poison, as 
mercury chloride or a copper compound, or a greasy copper soap applied hot; these tend 
to prevent the accumulation of marine growths. Galvanized iron and tin surfaces should 
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be thoroughly cleaned with benzine and scrubbed before painting. When new, they are 
partly covered with grease and chemicals. These must be removed or paint will not 
adhere. Weathering for six months prior to painting serves the same purpose in preparing 
galvanized steel surfaces. 


5. CORROSION-RESISTING PROCESSES 


CEMENT.—Tron-work often is bedded in concrete; if free from cracks and voids it is 
an efficient protection. The metal should be cleaned and then washed with neat cement 
before embedding. 

BOWER-BARFF PROCESS.—Dr. Barff’s method was to heat articles to be coated to 
about 1800° F. and inject steam heated to 1000° F. into the muffle. George and A. S. 
Bower used air instead of steam, then carbon monoxide (producer gas) to reduce the red 
oxide. In the combined process, the articles are heated to 1600° F. in a closed retort: 
superheated steam is injected for 20 min., then producer gas for 15 to 25 min.; the treat- 
ment can be repeated to increase the depth of oxidation. Less heat is required for wrought- 
than for cast-iron or steel. Bya later improvement, steam heated above the temperature of 
the articles was injected during the last one to two hours. By a further improvement 
known as the Wells Process, the work is finished in one operation, the steam and producer- 
gas being injected together. Articles are slightly increased in size by the treatment. The 
surface is gray, changing to black when oiled; it will chip off if too thin; it will take paint 
or enamel and may be polished, but cannot be either bent or machined; the coating itself 
is incorrodible and resists sea-water, mine-water and acid fumes; the strength of the metal 
is slightly reduced. The process is extensively used for small hardware. (See F. 8. Barff, 
Jour. I. & S. Inst., 1877, p. 356; A. S. Bower, Trans. A.I.M.E., 1882, p. 329; B. H. 
Thwaite, Proc. Inst. C. E., 1883, p. 255; George W. Maynard, Trans. A.S.M.E., iv, 
p. 315, 1883.) 

RUSSIA AND PLANISHED IRON.—Russia iron is made by cementation and slight 
oxidation. W. Dewees Wood (U.S. Pat. No. 252,166 of 1852) treated planished sheets 
with hydrocarbon vapors or gas and superheated steam within an air-tight and heated 
chamber. 

NITER PROCESS.—An old process improved by Col. A. R. Buffington in 1884. 
The articles are stirred about in a half-and-half mixture of fused sodium and potassium 
nitrate (saltpeter) to which is added manganese dioxide in the ratio of 1 part oxide to 
50 parts niter by volume. They then are suspended in the vapors, dipped and washed 
in boiling water and finally immersed in hot oil. Pure chemicals are essential. Used for 
small arms and pieces which cannot stand the high heat of other processes. The tem- 
perature of the bath should be from 600 to 650° F. to yield a temper blue, and 1000° F. to 
yield the dark gun-metal finish used for rifle parts. 

PHOSPHATIC COATINGS FOR RUST-PROOFING IRON AND STEEL. (L. E. 
Eckelmann, Chem. & Met. Engg., Dec. 24, 1919).—Recent phosphatic rust-proofing 
differs from other methods in that the dimensions, sharpness of edges of the articles are not 
altered, and the physical properties of tempered steel are not affected. Rust-proofing 
is effected by immersing the clean objects in a hot solution of iron phosphates in weak 
H;P0,. Phosphoric acid solutions will dissolve ferrous phosphate within certain limits 
in direct proportion to the concentration of the acid present. If any base or metal, as 
iron, be added—capable of combining with the free acid in such a solution, ferrous phos- 
phate forming on the metallic surfaces will precipitate this salt back on the iron at the 
point of solution. The action proceeds with the evolution of hydrogen until no more iron 
is exposed, the article being then completely coated with a basic iron phosphate. 

Coslett Process ——The foregoing reaction was the basis of the process developed by 
Coslett in 1907, in which ferrous phosphate, made by mixing iron filings with concentrated 
HPO, sufficient to form a semi-fluid paste was added to weak boiling phosphoric acid. 
Tron or steel articles immersed in this solution, for three or four hours, become covered 
with a rust-resisting light gray deposit of basic ferrous phosphate. The difficulty of 
obtaining uniform coatings, the great amount of suspended salt adhering to the work, the 
necessity of rinsing work after treatment, and the non-uniformity of the finish, made the 
adoption of this process slow. 

Parkerizing is the process by which a coating of insoluble phosphates is produced on the 
surface of iron, using a bath containing some free phosphoric acid and a mixture of ferrous 
monohydrogen phosphate and manganese dihydrogen phosphate. T he coating produced 
is less than 0.0002 in. thick and has maximum rust-resisting ability when the ratio of iron 
to manganese in the coating is 1:1. The free phosphoric acid is produced by the hy- 
drolysis on boiling of ferrous dihydrogen orthophosphate. The bath is maintained at 
208-210° F. The ratio of iron to manganese in the bath is 2:1. About one hour is 
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required. A small amount of copper phosphate can be added as an accelerator to speed 
up the reaction and reduce the time required to 10 minutes. The resultant coating forms 
an excellent base for paints, lacquers, and organic enamels. It can be electroplated either 
before or after buffing. The coating is not as rust-resistant as the one obtained from the 
plain phosphate bath but its value can be greatly enhanced by stoving or by short immer- 
sion in a hot chromate solution. ; 

Bonderizing is the term used when the preliminary accelerated phosphate treatment is 
applied to act as a base for paints or lacquers. It is claimed that should the surface be 
scratched or injured during subsequent service, rust cannot spread beneath the Bonder- 
izing coating. 

GALVANIZING is a method of coating steel or iron articles with zinc, the product 
being known as galvanized steel or iron. Galvanized coatings usually resist, for a reason- 
able time, ordinary corrosive conditions such as in fairly pure air, moderately hard domestic 
waters, sea water, brines, etc. The zinc, particularly under atmospheric conditions, often 
becomes hardened with a protective layer or film believed to be a zinc-hydroxide-carbonate 
mixture. Zinc is anodic to iron and therefore protects the base metal, where exposed, 
until the adjacent outer layer of zinc is dissolved. Galvanized coatings are unsuitable 
where the corroding agent is very acid, as in certain mine waters and industrial solutions, 
or where the solutions are excessively alkaline, e.g., calcium brines with an excess of caustic 
alkalinity. Favorable pH values are given between 5 and 8.5 and temperatures below 
160° F. In brines-the pH should not exceed 8. Very hot soft water attacks galvanizing. 

Galvanized coatings are commercially applied: a, by dipping the article in molten 
zinc; b, by electroplating; c, by heating in contact with zine powder. 

Hot-dip Galvanizing.—Articles to be hot-dipped galvanized usually are cleaned by 
acid pickling, washed, and fluxed by immersion in a bath of zinc ammonium chloride or 
hydrochloric acid. They then are dipped in molten zinc maintained at 830 to 920° F. 
When the steel has reached approximately the zinc temperature, requiring a few seconds 
in the case of wire and several minutes for heavier sections, it is drawn slowly from the 
bath, allowing time for draining. In the case of wire, excess zinc often is removed and 
the coating smoothed mechanically by asbestos or charcoal wipers. Long, slightly corru- 
gated rolls are similarly used for sheets. The article may cool in air, producing a spangled 
(crystalline) zinc surface, or it may cool rapidly in water, producing a matte surface. 

Adherence of zinc coatings depends on the formation of suitable zine-iron alloys. Some 
grades of wire and sheets, conduit pipe, etc., requiring maximum bending qualities are 
made with light coatings consisting largely of zinc-iron alloy formed by wiping after 
dipping. Where bending requirements are secondary, and maximum corrosion resistance 
is desired, as for other grades of iron and sheets, galvanized water pipe, galvanized ware, 
etc., the galvanizing should be considerably heavier, and with more pure zinc in the coat- 
ing. The average weight of coating applied varies from 1/2 to 2 1/2 oz. per sq. ft. of covered 
surface, depending on the thickness of base metal, temperature and time in bath, and 
amount of wiping. 

In the process of galvanizing, tin is at times added to the zinc bath to improve the 
spangle, while aluminum may be added to improve the fluidity of the bath and brightness 
and smoothness of the coating. The vapor of burning sulphur or ammonium chloride dust 
on the zine surface as it comes from the bath has been used to improve brightness. 

Electrogalvanizing.—Electrogalvanized zine coatings are applied to conduit pipe, wire 
and intricate shapes. Electrogalvanized coatings on the threads of pipe couplings prevent 
sticking or galling of the threaded joints, and generally are used for tubular goods in 
petroleum production. Articles to be electrogalvanized may be cleaned by pickling with 
or without the aid of electric current, or machined surfaces may be cleaned with alkaline 
grease removers. The zinc is deposited from sulphate or cyanide baths using low-voltage 
plating current, 

GALVANIZING BY CEMENTATION. SHERARDIZING. (H. A. Calderwood, 
Natl. Elec. Prod. Corp.).—The characteristic feature of the cementation process, shere 
ardizing with zinc being a well-known example, is a definite and appreciable alloying of the 
surface of the treated metal. The treatment does not result in a layer of the simple 
secondary metal adhering to the base metal, but in an alloy of the two metals which varies 
in richness, there being more of the secondary metal at the surface of the coating. 

Cementation, such as sherardizing, involves the use of the coating or cementing metal 
in the form of fine powder. The articles to be treated are placed in a drum or retort, 
which then is nearly filled with the metal powder, sealed and brought to the proper tem- 
perature. This ternperature is in some cases well below the melting point of the cementing 
metal, in others, close to or slightly above its melting point, depending upon the metals 
involved, the character and texture of surface finish desired, and other considerations such 
as required speed of operation. 
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ee oe peaaeee refined and perfected the process of cementation 
» an | U.S. patents were granted to him in 1902 for the method known 
as Sherardizing. It consists in packing the articles to be sherardized usually steel, in 
retort with zine powder known as blue dust. The retort or drum is tightly sealed and 9 
suitable means so heated that its contents attain a temperature approaching aie wale 
point of zinc. The melting point of zinc is 786° F. and sherardizing usually is carried on <a 
from 600 to 700° F., although it can be done at temperatures above or below this range 
Better results are obtained if the drums are slowly rotated, and this generally is dekh od 
order to bring a fresh supply of dust into intimate contact with the articles being treated 
The time required is from two to four hours. After drums are removed from the heating 
oven, they are allowed to cool before being opened. The time required for cooling is tae 
to several hours, depending on the size of the retort., Prolonged heating and slow cooling 
of steel articles embedded in zine dust, which is a poor conductor of heat, tends to soften 
them, which is highly desirable for objects which must be cut and bent. 

Blue Dust is a natural by-product of smelting zinc, but when especially made of greater 
purity and uniformity for the purpose of sherardizing, is known as sherardizing zinc dust. 
It consists of minute particles of zinc metal, each encased in a thin skin, shell, or pellicle of 
zine oxide. Commercial sherardizing zinc contains about 95 to 97% metallic zinc. The 
remainder is chiefly zine oxide, with traces of impurities such as iron and lead. The 
resultant coating is a true zinc-iron alloy, ranging from Fe Zn3 at the base metal line to 
Fe Znjo near the surface, and a layer of relatively pure zinc on the exterior; exact analysis 
naturally is difficult. 

Characteristics of a Sherardized Coating are: Color, a rich gray; texture, which is 
matte, caused by innumerable minute fissures not visible to the unaided eye, and which has 
a velvety feel; ability to receive and retain paints, varnishes, enamels, etc., due to the bond- 
ing effect in the minute fissures; uniform distribution and penetration, making possible the 
effective coating of irregularly-shaped and hollow articles, screw threads, holes, etc., 
_ without building up on corners or actually filling up depressions, although allowance must 
be made for thickness on threads and other closely fitted parts: ductility and tenacity, 
which prevents flaking and slivering when sherardized articles such as pipes and sheets 
are bent; ability to take a high polish, the surface being relatively hard. 

Corrosion Resistance of Sherardizing.—The principal object of metallic coatings being 
to prevent corrosion, performance of sherardizing in this respect is important. Concern- 
ing exposure to ordinary attacks indoors, and when exposed to weather and the zinc is oxi- 
dized, Rawdon (Protective Metallic Coatings, p. 112, Chem. Catalog, 1928) says: 

The coating gradually assumes a dark appearance as the iron likewise is oxidized, finally be- 
coming a very dark gray and almost black if the iron content is not too high. Coatings high in 
iron, and hence containing the iron-rich compound, usually show a red dusty surface on weathering 
from the ferric oxide produced. A wrong impression often is formed concerning such coatings, 
that is, that the coating has been entirely corroded away and that the red dust indicates an exposure 
of the base metal. It can generally be shown that such is not the case. 


When this color is not due to rusting of the base metal, the red or yellowish formation 
usually disappears in a short time, and the surface darkens. The black coating is believed 
to be the magnetic oxide of iron. When sherardizing acquires this surface formation it 
becomes highly resistant to further corrosion. The relation of thickness of coating to 
durability is important, since a heavy coating is, for mechanical reasons, objectionable on 
some articles, particularly those subject to bending and flexing. 

Opinions differ regarding the mechanism of the sherardizing (cementation) process. 
Rawdon says: 

All agree that once the zinc is deposited on the surface of the iron article embedded in the zine 
dust, alloying results by diffusion in the solid state. The method by which the zinc is deposited 
on the surface is the disputed point. Some (A. Sange, Llectrochem. and Metal. Ind., Vol. 7, p. 485; 
L. McCulloch, Factors Influencing the Process of Sherardizing, Elec. Jour., Vol. 19, p. 156, Trans. 
AI.M. & M.E., Vol. 68, p. 757) consider that the slight vaporization of the zinc which occurs even 
at the relatively low temperature used in this process is sufficient to account for the transportation 
of the zinc from the dust particles to the iron surface. Others (J. W. Hinchley, Some Practical 
Experience of the Sherardizing Process, Trans. Faraday Soc., Vol. 6, p. 133, and O. W. Storey, 
The Sherardizing Process, Met. and Chem. Engg., Vol. 14, p. 683) hold that intimate contact of the 
zinc particles and iron surface is sufficient, and that the zinc particles become attached bodily to the 
surface. The discussion is one of academic rather than practical interest. Both factors un- 


doubtedly contribute to the coating process as carried out in practice. 

TESTS AND SPECIFICATIONS FOR GALVANIZED COATINGS.—Galvanized 
coatings usually are specified as a given weight of zinc per unit area. If bending or forming 
is anticipated, bend tests may be specified. Coatings may be expressed as ounces of 
zine per square foot of surface, and determined by weighing a suitable sample of the 
galvanized article, removing the zinc, and reweighing. The usual means of removing the 
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zine is hydrochloric acid containing sufficient antimony chloride to prevent attack on the 
base metal. The minimum thickness of galvanized coatings, particularly on wire, also is 
expressed in terms of the Preece test, which consists of dipping the zinc coated article in a 
neutral solution of copper sulphate (sp. gr. 1.186 at 18° C.) for periods of one minute, 
washing and wiping between each dip until the zinc is penetrated, as shown by the forma- 
tion of adherent copper on the exposed surface of the steel. Coating weight is expressed 
as number of dips to cause failure For details of both methods, see Standard Methods 
of Determining Weight of Coating on Zinc Coated Articles, A.S.T.M. Specification, 
Designation A 90-30. 

Specifications for most commercial products covering weight of coating and bend tests 
when required are available in A.S.T.M. Standards, 1936, Part 1, Metals. 

On sheets, coating weights are given as weight per sq. ft. of sheet, 7.e., 2 sq. ft. of coated 
surface. Ordinary coatings on sheets range from 1.25 to 2.75 oz. per sq. ft. of sheet coated 
on both sides. The weight. of zinc per single covered surface would be one-half this 
amount. Zine coatings on pipe, structural shapes, etc., generally range between 1.5 and 
3.0 oz. per sq. ft. of covered surface. The weight of coating on wire varies with the size 
of wire and process of coating, and,. except in fine sizes, will range from 0.15 to 1.25 oz. 
per sq. ft. of covered surface. 

LEAD COATINGS.—Lead is very resistant to some types of corrosion, and lead 
coatings on steel have been used to some extent. A thin coating of lead, however, is 
difficult to apply, either by electroplating or hot dipping, so as to be sufficiently free from 
pin holes to be effective when submerged in corrosive water. The atmospheric resistance 
of such coatings usually is quite good. Hot-dipped lead sheets, known as terne plate, 
are extensively used. Wrought steel or iron pipes protected on the interior by thick lead 
tubes mechanically applied, when carefully installed with suitable fittings and valves, are 
effective for carrying corrosive acids and similar liquids. 

RUST-RESISTING METALS.—Iron.—Various modifications of iron and steel have 
been introduced to give better service under atmospheric conditions. High purity iron 
and ingot iron (see p. 2-06) have considerable resistance to corrosion, but the purity of 
iron has been shown to be a minor factor in most types of natural corrosion, as external 
conditions usually predominate. This grade of iron is included in the A.S.T.M. corrosion 
tests referred to on p. 3-06. 

Copper Steel has found a wide commercial application on account of its slow rusting 
properties under atmospheric and similar conditions of exposure. See D. M. Buck, A 
Review of the Development of Copper Steel, Year-Book Am. Iron and Steel Inst., pp. 
373-379, 1920. Over 500,000 tons of copper steel in sheets, plates, and similar products 
have been manufactured for use where the metal is exposed to the weather. The addition 
of 0.25% copper at an increased price of $3.00 per ton usually will prolong the life of the 
metal two to four times under such conditions. (See also p. 3-06.) 

Corrosion-resistant Alloys, containing high percentages of chromium are widely used, 
See pp. 3-19 to 3-24. 


6. PROTECTION AGAINST UNDER WATER CORROSION 


The main factors controlling the rate of corrosion in water are dissolved oxygen, 
temperature, rate of motion, and the composition of the water. The chemical composition 
of ferrous metals, within rather wide limits, does not seem to have a marked influence on 
the character or amount of corrosion. The high chromium series of steels are an exception 
to this. With cold water the rate of corrosion is usually slow, but in hot water the corro- 
sive action is accelerated according to the temperature, the rate being doubled for every 
25 deg. F. + increase in temperature. 

Localized corrosion or pitting usually is much deeper near mill scale, especially where 
the scale is thick and firmly adherent, undoubtedly due to the electro-negative character 
of the scale with respect to the iron. Old rust acts somewhat similarly but is less harmful. 
Removal of mill scale and rust greatly reduces the tendency to pitting, providing the metal 
itself is fairly homogeneous and free from strains. Surface finish is a greater controlling 
factor in corrosion than is the variation in the composition of the metal itself. 

Within certain limits, corrosion varies directly with the temperature and the rate of 
flow and also with the composition of the water. Corrosion is likely to be more rapid on 
unprotected metal with increasing velocity of the water. The amount of corrosion is 
almost directly proportional to the amount of oxygen in the solution in the water. Hot 
water heating systems show practically no corrosion after 35 or 40 years of use, whereas 
hot water supply systems, operating at the same temperatures, have deteriorated in from 6 
to 8 years. The only difference between the two is that the heating system carried no 
oxygen while the water in the supply system usually is saturated with it. 
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In some cases it is more economical to prevent internal corrosion by removing dissolved 
oxygen from the water, especially with hot water. Oxygen removal may be accomplished: 
1. By mechanical deaeration for which there are two or three satisfactory designs of 
apparatus in use. 2. By the chemical combination of the oxygen with some material such 

_ as scrap and sheet iron. The two methods may be combined by using mechanical de- 
aeration to remove most of the oxygen and chemical treatment for the remainder. 

MECHANICAL DEAERATING OF WATER is accomplished by passing the water 
over baffles or spraying into a high-vacuum chamber at normal temperature, or by increas- 
ing the temperature and controlling the pressure and temperature so that more or less 
complete removal of all the gases is obtained. One system involves heating the water 
above the boiling point corresponding to the pressure and spraying it into a chamber at 
lower pressure. The air and aqueous vapor are drawn through a condenser where the 
vapor is condensed with a simultaneous transfer of heat to the incoming cold water. 

For practical protection of water pipe from 


internal corrosion at 180° F., the oxygen need 
not be lower than 0.4 e¢.c. per liter (cold ; Hot Well Water 

_ water carries from 5 to 10 e.c. per liter, de- to Deaerator ~~” 
pending on the season of the year and tem- VenuGondenese 
perature). To avoid appreciable corrosion in 
steam boilers, superheaters and economizers 
operating at a much higher temperature, the 
oxygen should be below 0.03 c.c. per liter. 
This may be accomplished by means of de- 


aerators now on the market. 


Fig. 3 shows diagrammatically a type of 
deaerator in which a current of steam sweeps 
over the surface of the heated water. The Stenui Jet 
water and steam are brought to the same tem- 
perature, which facilitates complete removal of 
dissolved gases (mostly free O, CO2 and N). Exhaust Steam 
After extracting the residual gases from the = 
water, the steam flows upwards into the heater, SAE ] 


Air Vent to 
Atmosphere 


Auxiliary 


to Deaerator 


and gives up its heat to the incoming: water. Pressure Valve 

Where conditions warrant complete recovery 

of the heat, a condenser cooled by the incom- GMa - Wie 
ing water to the heater, may be installed at to Boiler | Feed Pump 
the vent. An auxiliary steam jet brings Hie) 32. Principle of Deaerator 


the temperature of water leaving the heater 

chamber to the temperature of the steam in the separator chamber. The cycles of opera- 

tion are: Water from the supply line passes through the vent condenser, and, controlled 

by the float valve, enters the heating chamber, where it is heated to the desired temperature 
_ by steam previously used for deaeration. ‘The heated water then flows through the piping 

between heater and separator, where it comes in contact with the auxiliary steam jet. 
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Fie. 4. Principle of Apparatus 
for Fixing Free Oxygen 


This injects into the water sufficient steam to compensate 
for the temperature depression of the heater, and the 
water enters the separator or deaerating chamber, at 
substantially the temperature of the steam. It cascades 
over the trays and is agitated in the presence of the steam. 
The steam sweeps through the separating chamber, 
deaerates the water, and flows up through the steam 
passage between the separator and the heater. The water 
drops into the lower part of the separator, and is pumped 
to the boilers, economizers, or service line. The gases 
are vented into the vent condenser. 

FIXING OF FREE OXYGEN IN WATER BY 
CHEMICAL COMBINATION is effected in practice by 
passing heated water through a storage tank carrying a 
mass of expanded sheet iron, giving about 60 to 70 sq. ft. 
of surface per cu. ft. of space. At 170° F. the oxygen may 
be reduced in this way in about 1 hr. to 0.3 c.c. per liter. 
If, as is usual, the water carries free CO2 and bicarbo- 
nates, the free CO» often is a little higher under this treat- 


ment, notwithstanding which, practically no corrosion is found. The first plant of con- 
siderable size based on this principle was built in Pittsburghin 1915. The essential features 
are indicated in Fig. 4. For domestic use, the water must be filtered after treatment. 
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COMBINATION OF MECHANICAL AND CHEMICAL DEAERATION.—Deactiva- 
tion (a term suggested to designate chemical deaeration process) may supplement mechan- 
ical deaeration. Such combination seems to be the most economical means for complete 
oxygen removal from hot water on a large scale under average conditions. Water so 
treated is practically inactive toward iron, and may be used in boilers or steel economizers 
without fear of corrosion. ) ; 

Other metals in scrap form, as zinc, may be used for oxygen removal, but iron is the 
most economical, not only because of low first cost, but also because the residual ferrous 
hydrate formed renders the water slightly more alkaline. Sodium sulphite sometimes 
is used effectively for this purpose. In high pressure steam boiler practice, in addition 
to the complete removal of the oxygen, the water should be kept slightly alkaline with pH 
of about 9. 

CORROSION IN STEAM BOILERS.—Internal corrosion may be caused by the use 
of water containing free acid, by water containing chloride of magnesium, which decom- 
poses when heated, liberating acid, or by water containing air or carbonic acid in solution. 
External corrosion rarely takes place when a boiler is kept hot, but when cold it is apt 
to corrode rapidly in those portions where it joins the brickwork or where it may be 
covered by dust or ashes, or wherever dampness may lodge. 

CORROSION OF NON-FERROUS PIPES.—The corrosion of brass, zinc, and other 
metals is greatly retarded or entirely stopped by removing oxygen from the water in con- 
tact with these metals. Brass and copper piping are sometimes seriously attacked by 
heated water under pressure. Water heated in a copper boiler of the usual type loses 
nearly one-half of its free oxygen in passing through the heater. Brass pipes after 10 or 12 
years frequently have lost nearly all their zinc content. The same has been observed with 
alloy condenser tubes. -It is now generally recognized that no one metal will meet all 
requirements of service. Ordinary brass pipe (30 Zn, 70 Cu) is adequate where the water 
is fairly pure and almost free from chlorides; red brass (15 Zn, 85 Cu) is much more durable 
where the water carries considerable amounts of soluble salts and is less likely to suffer 
dezincification. This grade is preferable for sea water. Copper pipe usually is more 
durable than brass for practically all domestic water service. See J. R. McDermot, 
Separation of Dissolved Gases from Water, Trans. A.S.M.E., xlii, p. 267, 1920. Also 
F. N. Speller, W. H. Walker, and R. G. Knowland, Trans. A.S.H.V.E., 1918-1920. 


7. PROTECTION AGAINST SOIL CORROSION 


SOIL CORROSION is highly localized and usually is caused by electrochemical action 
resulting from variations in the soil and solutions therein. Low alloy steels, 7.e., steels 
with less than 10% Cr do not show enough advantage, from an economic standpoint, under 
severe soil corrosion to warrant their use and the solution of the problem of longer life of 
underground pipe is practically limited to a selection of suitable protective coatings. 

Soil corrosion varies considerably from point to point on pipe lines. On long lines 
serious damage is confined to 5% or less of the line asarule. (W.T. Smith, Economy in 
Wider Use of Protective Coatings on Pipes, Eng. News-Record, April 21, 1932.) It, 
therefore, is advantageous to have a soil survey of the territory through which the pipe 
line will run, before deciding on the type of protective coating, if any, to be used. Much 
progress has been made in the study of soil factors at the U. S. Bureau of Standards, so that 
a careful survey, judiciously interpreted, with regard to all of the factors involved, should 
give an approximate idea as to the corrosivity of the soil. See U.S. Bureau of Standards 
Research Papers Nos. 95, 298, 329, 359, and 363. A survey, together with experience on 
pipe lines situated in similar soils, affords a fairly sound basis for selecting the most econom- 
ical coating for a particular location. 

BITUMINOUS COATINGS have been mostly used for underground protection. 
These consist of the well-known coal tar and asphalt dip coatings; preferably applied, after 
removing all grease, dirt, and loose mill scale, by vertically dipping the pipe in a bituminous 
bath at about 350° F. The melting point of the asphalt mixture should be varied between 
140° and 190° to suit climatic conditions. Coatings of this type, properly applied at the 
mill, are suitable only for mild corrosive conditions, but afford good protection on the 
inside of water mains. In wet, marshy places, or in alkaline or acid soils, more substantial 
protection often is required. A thicker coating may be applied at the trench, but the pipe 
either should receive an asphalt or coal tar dip coating, or a coating of a suitable bituminous 
primer applied cold at the plant before shipment to prevent rusting intransit. Bituminous 
coatings usually are reinforced with fabric or with saturated felt wound spirally on the 
pipe over the dip coat. Asbestos-base reinforcement is preferable. In certain soils, 
unless these bituminous coatings have a high melting point and are unusually rigid, they 
are subject to soil stress; that is, some soils have a tendency to cling to the coating and 


CORROSION RESISTANT METALS 3-19 


pull it away from the pipe when the soil shrinks by drying; or irregular pressure in the 
trench may distort the bitumen and cause thin spots in the coating. In such soils a 
shielding material should be used to prevent damage to the coating by soil stress. Experi- 
ence shows that many bituminous coatings that otherwise would have afforded adequate 
protection have been destroyed or rendered ineffective in this way. Thin, stiff, rolled steel 
sheet (26 gage) or copper foil may be used as a shield. Asphalt mastics consisting of 30% 
bitumen and 70% of a graded sand have been used with good results, especially for pro- 
tection of pipe conveying hot oil through very corrosive soils. These mixtures are applied 
about 3/g in. thick, but are too expensive for ordinary use, costing about 60 cents per ft. 
on 8-in. pipe. 

In soils where the electrical conductivity is high and fairly uniform, as in New Orleans, 
it has been found practicable to maintain the coated pipe lines at lower potential than the 
soil by imposing a current on the pipe to prevent the destruction of coating wherever it 
happens to be broken. 

PORTLAND CEMENT CONCRETE has been used for over 40 years for protecting 
pipe in highly corrosive soil. It has a record as one of the most practical means of affording 
permanent protection. The minimum thickness usually is about 1 in., the mixture being 
applied in a wooden box surrounding the pipe. A portable steel form has been developed 
so that a concrete mixture consisting of 3 sand and 1 Portland cement can be poured 
around the pipe with a minimum thickness of 5/g in. Portions of the Hetch Hetchy steel 
conduits have been protected with such a mixture applied 1/2 in. thick, wrapped with 
fabric. (Construction Methods, Dec. 1931, pp. 22-26.) 

Portland cement coatings are applied in such thicknesses at about the same cost as 
fabric-wrapped bituminous coatings, and are highly durable in most soils, the cost of 
application being about 13 cents per lineal foot on 8-in. pipe. Concrete coatings offer 
some resistance to stray electric currents but should not be relied upon to protect pipe 
against electrolysis. Where pipe lines pass under electric railways, or in situations where 
complete electrical insulation is necessary, the line has been effectively protected by boxing 
and coating with hot asphalt with a minimum thickness of about 1 in. for a distance of 
100 feet on each side of the track. 

A comprehensive test of pipe coatings is now (1935) being conducted under the auspices 
of the U. S. Bureau of Standards with the co-operation of committees of the Am. Gas 
Assoc. and A.P.I. These tests are being made on short lengths of pipe, and also on operat- 
ing oil lines. They should give useful information in a few years concerning the dura- 
bility of all the material now available for such protection. 


CORROSION RESISTANT METALS* 


1. STAINLESS STEEL 


STAINLESS STEEL.—Alloys of iron, chromium and nickel are grouped under the 
general name of stainless steel. They are in three general groups. 1. Chromium-iron, 
with moderately high carbon. 2. Chromium-iron, with carbon under 0.12%. 3. Chro- 
mium-nickeliron with low carbon. The various grades have been standardized by the 
producers of stainless steel under type numbers as shown in Table 1. 


Table 1.—Analyses of Standard Grades of Stainless Steel 


C, ; C, 
C, Cr, | Ni, 4 Ni, Other Taal ped | Os Other 
ou percent, | per- | per- Pte ae i woh per- Elements, he ae per- | Elements, 
max. cent | cent Pree | cent percent ere cent percent 
302 | 0.08-.20* | 17-19} 7-9 0.20} 22-26 MN=I3|| Peeeede a 410 }0.12 | 12-14] ....... 
303 | 0.08-.20*f| 17-19} 7-9 .25| 24-26 19=2 ie eeraane tae AlOul ele z= tere aine 
304 | 0.11 17-19} 7-9 11} 17-19 7-11} Mo, 2-4 418 | .12 | 12-15 | W,2.5-3.5 
305 | 0.08-.20* | 18-20) 8-10 -20| 17-19 7-9 | Ti=4C Ly kia OPA VERE Rocce ne 
306 | 0.11 18-20} 8-10 20) 18-20 8-10] Ti = 4C Zo) aan) 2) We Ko" Bs tl Meter 
307 | 0.08-.20* | 19-22} 9-12 AV UGES ECON Be adca | Seaereneer 438 | .12 | 15-18 | W, 2.5-3.5 
308 | 0.11 19-22} 9-12 S08 AT 25=13.5 | ca. Al, 0.10-.20t] 442 |-.35 | 18-23] ....... 
SID A2=14 | sacs. Al, 4-4.5§ B46 W035 P2930 4s wen ae es 


wcewe] eeserse Lornses|sserns 


* Carbon may be specified to a 4-point range within these limits. | 
Free-machining quality. Phosphorus, sulphur and selenium, min., O15. 
Non-hardening quality. § High electrical resistance. : 

4 Free machining quality; contains phosphorus, sulphur and selenium. 


* Staff contribution. 


3-20 CORROSION RESISTANT METALS 


These alloys are resistant to oxidation and generally to attack by acids, salts and 
organic substances, with the exception of carbolic, hydrochloric, hydrofluoric, phosphoric 
and dilute sulphuric acids, bleaching powder, the calcium, sodium and stannous hypo- 
chlorites, and the copper, ferric and mercuric chlorides. They also are subject to attack 
by wet or dry chlorine gas and molten zinc. The resistance to corrosion and attack of the 
various alloys by various reagents differ, and manufacturers should be consulted regarding 
the particular alloy for a given purpose. F 

A wide range of physical properties may be obtained with these alloys. The 18 Cr, 
8 Ni group has a modulus of elasticity of (annealed) 28,600,000 which may be reduced to 
22,000,000 by cold working. That of the 22 Cr, 11 Ni group is 29,000,000 annealed, and 
22,000,000 cold worked. The modulus of shear of the two groups is respectively 11.9 and 
11.2 million. Tensile properties at elevated temperatures are given in Table 2. Other 
physical properties are given in Table 3. 

The effect of annealing on the physical properties of alloys containing nickel is given 
in Table 4. The effect of hardening and tempering at various temperatures of alloys 
containing no nickel, is given in Table 5. Creep stress is given in Table 6 and the fields of 
service or uses of the several alloys are given in Table 7. 

The characteristics of the various groups vary widely in their reaction to heat treat- 
ment. In the first two groups, the steels with up to 18% Cr harden when cooled rapidly 


Table 2.—Tensile Properties of Stainless Steels at Elevated Temperatures 
(Average Values) 


Temp., deg. F. 
100 | 200 | 500 | 1000 | 1200 | 1400 | 1600 | 1800] 2000 


Cr, 18-20; Ni, 8-10; C, 0.08-0. 29. 
Ultimate Strength, 1000 1b. persq.in.} 89.4 | 82.4 | 74.4 | 70.6 | 64.5 | 50.2 | 30.0 |.....|..... 
Proportional Limit, 1000 1b. persq.in.| 28.0 | 28.0 | 26.9 | 25.2 | 23.6 | 18.0 |......J.....]..... 
Hlongation! im\2\in:, %. 226s. aces ¢ 6:10), |) S754, |, AS? 46,25) (425001) S415 34) Ghee aoe 
Reduction of Area, %.:.....-...-- 75.2 | 75.28) 7.3 |) FO.2 || 69.95), 345801 55754. oe eee 
Cr, 22-26; Ni, 11-13; C, 0.20. 
Ultimate Strength, 1000 1b. persq.in.| 98.8 | 92.4 | 85.0 | 77.0 | 69.4 | 56.4 | 36.0 | 20.9) 13.4 
Elongation BR Dinh 5) a evcyd Saree ciciheets 59.41) 57.2: | A922.) 46.21 35.51, | 2458) | Leh 22 Ose 
Reduction of Area, %......5e000- 68.2 | 68.1 | 67.3 | 57.5 | 42.2 | 30.9 | 24.6 | 39.0) 46.4 
Cr, 12—15;, G,. 0.12. 
Ultimate Strength, 1000 lb. persq.in.| 75.0 | 75.1 | 70.0 | 30.3 | 23.2] 11.5 9.6 4. 81453 
Elongation I 2am ie a in eae ce re 45.8 | 44.9 | 37.0] 46.0 | 40.0 | 39.0 | 42.0 | 60.0! 64.0 
Reduction of Area, %..........02 70.6 | 69.7 | 71.9 | 85.4 | 88.3 | 94.1 | 90.4 | 64.9] 93.1 
Cr, 16-18; C, 0.12. 
Ultimate Strength, 1000 1b. persa.in.| 84.5 | 82.6 | 76.5 | 47.5 | 30.0| 18.1 | 9.6] 4.0]..... 
Cr, 23-30; C, 0.25. 
Ultimate Strength, 1000 1b. persq.in.|......| 116.0] 102.2| 84.5 | 43.1 | 24.3 | 14.4 | 7.3 | 5.5 


Table 3.—Physical Properties of Stainless Steels 
(Average Values) 


Cr, 18-20 
d : Cr, 23-30; 
C05 35) 
Specie gravity vs via. e ves eee ee eel ea Os eOrOs et) ye OO—7 oi lennon 7.58-7.62 
Average weight, lb. per cu. in......... S2O8SF oh) ON Z85 lsc eareree ‘ 2.74 
Melting point, deg. Boo. .ce.cees neh oe 2606-2679 | 2552-2597 
Thermal conductivity, B.t.u. per sq. ft. 
per | in. thick per hr. per 1°F., 68- 
AVP eieisx ouch Melanesia eee 200.04 113.22 
Specifio heat, cites wekcuatacchaleiete ste il emenee eee eee 0.142 # ces 
Coefficient of linearexpansion, perdeg.| #8 $§§>| °°  - |  &4x,| ~~» "" 
BOX 1055s 
Ab S422 oer cttee eas ines 0.900 
Bt 54-1 8320, ene ee ee eee 1.112 ey 


Electrical resistivity, microhms per cu. 
cm.: 


* Cold-rolled, annealed. + Hot-rolled, annealed. 
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from above 1500° F, With Cr below 15%, they harden intensely when air-cooled from 
above 1500° F. Depending on the Cr-C combination, the Brinell hardness may be as 
high as 600. With Cr from 15 to 18%, the Brinell hardness, in the lower carbon ranges, 
may be as high as 300, but for the high-carbon steels, 7.c., steels containing 0.70 carbon, 
they may run as high as 600 Brinell. Steels with Cr above 18% harden to a much smaller 
extent, depending on the carbon content. Because of this air-hardening, these steels, 
when rapidly cooled from 1500° F. are not highly resistant to shock, and annealing or 
tempering usually is necessary to improve their shock resistance. Steels with Cr over 20% 
do not harden when rapidly cooled. Annealing has little effect on their properties. When 
subjected to long-time heating above 1750° F., they are brittle when cold. As this brittle- 
ness is due to the large grain formed, it cannot be corrected by heat treatment. When 
cooled slowly from above 1200° F. they are brittle when cold, but this brittleness may be 
removed by heating to above 1200° F. and cooling rapidly by water quenching. While 
steels of this composition are classified as brittle, and will break if subjected to violent 


Table 4.—Effect of Annealing on Physical Properties of Chromium-nickel-iron Alloys 


Standard 0.505 in. diameter test bars used. Hot-rolled bars were held 1 hr. at the annealing 
temperature designated 


Cr, 18-20; Ni, 8-10; C, 0.08-.20 Cr, 22-26; Ni, 11-13; C, 0.20 
Tensile | Yield |Elonga-| Reduc- Tensile | Yield | Elonga-| Reduc- 
Temperature, |Strength,} Point, | tion in | tion of |BrinelilStrength,| Point, | tion in | tion of | Brinell 
deg. F. 1000 lb. | 1000 1lb.} 2in., | Area, | Hard-j 1000 lb. |10001b.| 2 in. Area, | Hard- 
per per per- per- ness per per per- per- ness 
sq. in. | sq. in. cent cent sq. in. | sq. in. cent cent 
Hot rolled..... 110.9 73.9 43.0 65.9 223 130.5 107232" Si 59.8 262 
~G@U: chet asl SSA 58 eae SRS) eee eee 122.9 88.4 | 32.0 epee) 234 
Vio eae 107.1 54.4 48.0 56.0 217 120.5 89.8 | 34.0 56.7 229 
ROOD Sacre mle > als 106.8 54.9 43.0 62.8 207 109.9 59.9 | 44.0 59.8 187 
WIG eer. s: 55) ous 93.6 39.6 58.5 67.6 165 107.3 56.6 | 49.0 62.2 179 
OOO desreaisie ove 90.4 PAS 61.0 68,2 135 100.3 49.4 | 58.0 70.0 149 
NOI, oe Stee ae Be ocean Gaal Seen ee 95.5 45.8 | 62.0 69.0 143 


Table 5.—Effect of Hardening and Tempering on Chromium-iron Alloys 
Cr, 16-18; ©, 0.12 Cr, 11.5-13; C, max., 12* 


Tensile | Yield | Elon- |Reduc- Bri Tensile | Yield | Elon- ,Reduc- Bri 

Conditi Deg. |Strength,| Point, | gation| tion of = Strength,|Point, | gation|tion of a 
ee F. | 10001b.| 1000 | in 2 | Area, |_2° _| 10001b. | 1000 | in 2 | Area, | Poh 
per lb. per jin.,per-| per- Hard- per lb. per |in.,per-| per- Eu 

sq.in. |sq.in.| cent cent | P°SS | sq. in. |sq.in.| cent | cent | 2°55 

O90 @mEteGig 525) RL es oe Cee Saar] ean 178.8 | 161.5} 15.0 | 51.0 | 364 
TOG TOUCH atecssie | m0, <0 TSSR SRO OAOM LOMO OHO. NP SD) A itevtae tisietcl| erste sell svcleknarilivcie ss allies eee 
Tempered...... 900 | 157.4 | 84.0 | 21.5 | 51.1 | 286 178.8 161.6} 18.0 | 51.9 | 364 
ee LOGON 14555 1262 1) 22-0! | 6291) 295 144.9 133.1) 191.0!) 64.0) | 302 
REE Tel deteishs 1100 | 108.5 | 81.1 | 24.5 | 61.3 | 228 110.6 OT) 23.05)1".6926 228 

Ma Oasciee 1200 99.0 | 74.6 | 26.0 | 61.6} 183 98.8 GOR 2ae OMe 7S... 19207 

CS eee 1300 SGN Ose [2d D | O4c5: e173 89.4 6051) 29.5 | 75.0 | 187 

en sfeveiatens 1400 SFeo SS yOu eo lon ze0 I) 170 83.9 54.9) 31.5 | 74.2 | 166 

r cso sth ERAGE PS Sees SS reer ive tore eae ore eae cere 85.0 SS eA eSeOn Wer 2a alez>) 
Rovcaied.;... ESO Uy Creer | ercrerre Nser che cilisteravers cei|(avero,- eye 73.0 40.6) 37.0 | 78.7 | 153 
Slow cool...... 1600 THOMA ROR ASS OF Ma sO C43" Pite ce eercleste iis eleuecd sere, feo esrecelperw rave 


* All samples were annealed before heat treatment; 1 in. diameter hot-rolled test bars used. 
These data were obtained by drawing back samples which had been quenched from 1800° F. at 


temperatures indicated. 
Table 6.—Creep Stresses in Chromium-nickel-iron Alloys 
Stress necessary to give an elongation of 1% in 10,000 hr. or 100,000 hr. 


Temperature Gt, ete ree hag Cr coe gin Mes Cr, 12-15; C, 0.12 | Cr, 16-18; C, 0.25 


eg. 10,000 hr.| 100,000 hr.| 10,000 hr. |100,000hr.} 10,000 br. |100,000 hr.| 10,000 hr. |100,000 br. 
Stress, 1000 lb. per sq. in. 

800 33 °%4 24.0 369. DSL Ohe | Mtkateeinly sltasteetcista nts icicle cleiste le | Bir rtniag 

900 20.4 14.9 23.0 16.3 11.8 9.40 Ran ernele alt taetere siete ne 
1000 13.8 98) NEN) 10.4 bee) 4.4 5.38 | 4.15 
1100 9.1 (0), 2 10.3 7.0 236 P28) Dn 395) iPrtste) 
1200 6.0 4.0 750 4.5 ihe 0.95 Wa2d | 0.92 
1300 326 252 4.4 ed) 0.73 oD) 0.64 +39 
1400 250 Lisl] 2.45 MSS cic cis: o ollscsis iereuaye 0 0.39 .20 

1500 0.9 0.65 10 OMT eaI Mtoe eos ire citawiie ie ae et siollc sie wars s 

I he tc 
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Table 7.—Fields of Service of the Various Chromium-iron-nickel Alloys 
; a : ies Z oe 18-20: 
In the following table, the significance of the identifying letters is as follows: A Cr, ; 
Ni, 8-10; C, 0.08-0.20. B = Cr, 22-26; Ni, 11-13; C, 0.20. C =Cr, 12-15; C, 0.12. D = Cr, 
23-30; C, 0.25. E = Cr, 16-18; C, 0.12. 


Service or Quality Service or Quality 

TOM TESISUANCE. ws cco seeccccces Cc Giapatniolds tence eicicins ocr soe a araners D 
rete eet NWEIGEL Neyne teeters ot hey ale lov tiers ons C,D High temp., oxidation resistance....| C, D,E 
Atmospheric corrosion........---+++ A, C,E } High temp., high tensile TA Vales B 
WATbOMOtLV.e) PANGS. tis stile pit ofeteror=i= ol Cc Industrial oven linings. steer eee ee B 
LON ORB a. carciola tc. «cho beer wivied etapsey erecta C, E Internal combustion engine parts....} C 
PROUGK Dt Bare are Shaigels viral owiehe daetoe iB, AZAD shat: aed Pie Oe aS ne eat ines BaD 
SUG FEU eas vale cra hetesine te ae te o> A Laundry aachinery -. .... << <,: ns e- A 
Cannery equipmeént......5-...2.... A Low temp. furnace parts........... E 
Chemical plant equipment........... A, C, E Machiiabilityet.; i. tino saeco esl C, D, E 
Gondonserst Ae foe eee cats C,E Mallonbrrtigi 2:10 yo. 8 sachs areetoere B ‘ 
Cooking equipments ...02 6-00 «cc vsms A Nitric-acid plants:.... 2% << secs wees E 
Creamery equipment..............-. A Oil still tube supports............-. D,E 
Grenpiatress acts site i cklantt wckas 2 B Purp, Dabs. ao ol. cowiiack «ss Sates B 
Dairy SAU PMent ace sew ae as bolas ale A Pyrometer protection tubes........- D 
Drawing and forming..............+. A, C,E Rabble arms (roaster furnace)....... D 
I VaDOrStorBien stinene sicleete cece ea cious C, E FRecupersite Darts is amcnc semanas oe D 
Pans: «ot patenc aoe See ae bile te se ore C,E Roofihe abd siding :55...<3 (RAs aie C,E 
Hirebox:/shectss 5.c6dtisk ¢ ac sv e.a cs eran B Stackidampers .).. sii. 5 SHOTS ot B, D 
Food mfg. and processing........... A Steam engine parts.....-......-.... C,E 
Forming operations........0c0ceeses C, E Stilltube supporter oe. 66.0:s- Sorte sche. « B,D 
Furnace dampers ..j55..603c0s8s0 cds B, D "Panes oc Sates sted the a Sec teh are eho Cc 
Furnace: partss o..i0 sts 5ic. sacks «lstes <x 0» B, D 

7 fee low teEitpes de: ees ct othe E 


shock when cold, they still are sufficiently ductile to withstand normal handling operations. 

Steels of the third group, when subjected to temperatures between 800° F. and 1500° F., 
are less resistant to corrosion. Under severe corrosion conditions they gradually will lose 
ductility and become brittle if the time of heating is sufficiently long. The rate at which 
this change takes place depends on the composition. When the time of heating is short, 
as in a welding operation, the selection of steels with a low carbon content will prevent a 
change sufficient to render the steels susceptible to attack. The same result may be 
obtained by increasing the chromium or nickel content. If, however, the steels are to be 
subjected to this temperature range for a long time, the addition of titanium or columbium 
in sufficient quantity will render them immune to intergranular corrosion. It has not 
been found possible to deposit titanium in weld metal. Consequently, if the titanium- 
bearing steels are welded, the weld metal itself will be subject to intergranular corrosion | 
when the steels are heated in the temperature range 800—1500° F. and subjected to severe 
corrosive conditions. This change, which occurs in these steels after exposure to the tem- 
perature range 800-1500° F. for a long period of time, can be corrected by subsequent 
annealing at about 1900° F., followed by rapid cooling. If maximum ductility is required, 
an annealing temperature of 2100° F. is better, but large grain is apt to form unless 
the time of high temperature application is held at a minimum, See articles by C. A. 
Scharschu, Metal Progress, May, June and August, 1931. 

FABRICATION OF STAINLESS STEEL.—The following notes on fabrication apply 
to all varieties of the stainless steels excepting as noted. Manufacturers should be con- 
sulted concerning special conditions. 

Welding.—Stainless steels can be welded electrically with the metallic arc, the carbon 
arc, by the resistance method, the atomic hydrogen method, and can be seam-, butt-, spot- 
or line-welded. They also can be welded by the oxy-acetylene flame. Electric welding is 
preferred. 

For oxy-acetylene welding, tips one or two sizes smaller than used for steel of the same 
gage are used. Uncoated rod of the same composition as the parts to be welded is neces- 
sary. The flame should be slightly reducing, cover the weld at all times, and be pointed in 
the direction of the weld. The weld should not be puddled. The parts should be pre- 
heated to 300-400° F. 

Metallic are direct-current welding requires that the work be negative and the welding 
rod positive. The welding rod should be low-carbon coated with a non-carbonaceous flux, 
and with Cr and Ni high enough to compensate for evaporative losses, so that deposited 
metal is of the same composition as the work. Gages heavier than No. 14 should be 
scarfed. A medium short arc should be used. If the weld is to be ground a light bead 
should be flowed on the side of the work to be ground and a heavy bead on the opposite 
side. The weld should be in the direction of current flow and should not be puddled. 


FABRICATION OF STAINLESS STEEL 3-23 


The oxide should be removed from previously deposited metal before striking the arc. 

Metallic arc alternating-current welding is used only on No. 16 gage work and lighter, 
The technique is the same as for direct-current welding. 

, Resistance welding requires heavier pressure but lower power input than is necessary 
“a ee of the same gage. The metal must be clean and free from grease and have good 
contact. 

After welding, the bead is removed by rough grinding with a rubber bond wheel. The 
temperature of the metal must not be raised above 400° F. After grinding the joint should 
be polished. 

Annealing.—The procedure varies with the character of the metal. Heating should 
be done in a muffle or semi-muffle furnace. The Cr-Ni steels should be annealed at from 
1850—2000° F. Sections 1/4 to 1/2 in. thick should be held at 1850° F. for 30 min., or at 
1950° F. or over from 3 to 5 min., followed by rapid cooling in air. Sections 1/4 in. thick 
or over may require an air blast or water quench. The work should be cooled below red 
heat in less than 3 min. The steels of Types (see Table 1) 403, 410, 416, should be heated 
slowly to 1450-1500° F. Steels of Type 430 should be heated slowly to 1550-1600° F. 
A slightly reducing atmosphere should be maintained in the furnace. The work should 
be cooled in the furnace at the rate of 50° F. per hr. If it is air-cooled, the maximum 
temperature should not exceed 1450° F. 

Pickling.—For the Ni-Cr steels the following solutions are used. 1. 38° Baumé nitric 
acid, 25%; hydrofiuoric acid, 2%. 2. Nitric acid, 20%; hydrochloric acid, 2%. 3. 20° 
Baumé muriatic acid, 25%. All by volume. 4. 60° Baumé sulphuric acid, 10%; rock 
salt, 10% (by weight). Solution No. 1 gives a white pickle. Solution No. 2 gives a high 
luster finish, but attacks the metal more than No. 1. Solution No. 4 gives the ordinary 
white finish. Solution should be heated to 140-180° F. Either or both bath and work 
should be agitated, and the loose oxide scrubbed off. After pickling wash the work in hot 
water. 

The steels without Ni should be pickled in a solution of 10% muriatic acid by volume, 
heated to 140 to 160° F. Immersing in a 5 to 10% solution of nitric acid at 140-160° F. 
produces a white finish. The work should be washed in hot water after pickling. 

Shearing.—About twice the energy necessary for mild steel is required. The knives 
must be sharp and closely adjusted, or the steel will be drawn over the bottom knife and 
work-hardened. The Cr-Ni steels must be cut all the way through, while the steels 
without Ni do not work-harden and wil break after being cut through 50-75%. 

Blanking and Punching.—For the Cr-Ni steels a neat clearance between punch and die 
jis necessary or the metal will work-harden. About twice the power necessary for mild 
steel is required. For steels without Ni, the same practice as used for mild steel is recom- 
mended, but more energy is required. 

Forming and Drawing.—The best drawing compound is white lead, thinned with lin- 
seed oil to about the consistency of 600W engine oil. Slow press speeds are necessary. 
For the Cr-Ni steels the clearance between punch and die should be greater than for mild 
steel, and a larger radius on the draw ring is advisable. Rough dies will cause trouble. 
- The work should be annealed after drawing, being first cleaned thoroughly of oil and 
grease. For cleaning, sodium-metasilicate, at 160-200° F., or the electrolytic process, 
should be used. 

The steels without Ni have about the same ductility as deep drawing steel. They 
require heavier backing and heavier die sections than steel, but the die clearances and 
speeds are the same as for steel. Steel of Type 446 is not suited to deep draws. 

Drilling.—High-speed steel drills, ground slightly flatter than standard, should be used. 
A triangular-nose center punch should be used, the center punch mark being as shallow as 
possible to avoid work-hardening. Continuous pressure on the drill is necessary. The 
work should be backed up with a cast-iron backing plate, so that the drill will cut all the 
way through. Cutting speed should be about one-half of that for mild steel. The drill 
should be immersed in water after each hole. For deep holes, a compound of 1 lb. sulphur 
and 1 gal. of lard oil is advisable. 

Sawing.—For the Cr-Ni steels, use a high-speed steel blade with wavy teeth. For 
light gages, use saws with 32 teeth per 1 in., with fewer teeth for heavier gages. The 
speeds recommended by saw makers should not be exceeded. For the steels without Ni, 
use the same methods as for 0.30—.40 carbon steel. 

Machining.—For the Cr-Ni steels, speeds about one-half of those used for mild steel 
are best. Tool clearances should be about the same as for dead soft brass. The tool must 
cut at all times or the metal will work-harden. Taps should be ground as for dead soft 
brass, with slightly more taper and with but two or three full teeth. The best lubricant 
is water, 40 gal., lard oil, 10 gal., soda ash, 2.5 lb. For automatic machines, metal of 
200-240 Brinell is best. 
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For the steels without Ni, the same practice as above is used with Types 430 and 446. 
For steels of Types 403, 410, 416, the same design of tool as used for 0.30-.40 carbon steel 
is used. These steels machine best at 220 Brinell. Slightly slower speeds are used than 
for steel. 

Spinning.—F¥or the Cr-Ni steels, speeds about one-half those used for spinning copper 
are advisable. Much greater power is required and the ordinary spinning lathes usually 
have insufficient belt pull. The best lubricant is white lead and linseed oil mixed to the 
consistency of a thick paste. The tool should be hardened steel, of the same design as for 
copper. except that it should be somewhat flatter. Frequent annealing of the work is 
necessary. For steels without Ni, the speed should be about two-thirds of those required 
for mild steel. The work requires annealing about one-third oftener than does steel. 

Riveting.—Cold riveting is recommended for sizes less than 3/1, in. The rivets should 
be set up in one blow. With the Cr-Ni steels, hot riveting should be done at temperatures 
of 1900-2100° F., and finished above 1600° F. Work exposed to corrosive conditions 
should be annealed after riveting. The steels without Ni should be hot riveted at the 
following temperatures: Types 403, 410, 416, below 1450° F.; type 430, below 1550° F.; 
Type 446, not over 1650° F. 

Brazing is not recommended for any type of stainless steel. 

Soldering.—Soft soldering should be avoided if possible. Silver soldering can be used 
for attaching steel to copper or steel to steel. For silver soldering the Cr-Ni steels to cop- 
per, use a flux of potassium acid fluoride and borax, and direct the flame on the copper. 
For soldering steel to steel, use the same flux and preheat slightly the areas adjacent to 
the joint. The flux should be removed immediately after soldering by a high-pressure 
steam jet. For steels without Ni, a solder should be used whose melting point is such 
that soldering can be done below 1500° F. 

Forging.—The precautions usual in forging high-carbon steels should be observed. 
Forging of the Cr-Ni steels may be conducted at temperatures of 2150° down to 1700° F. 
These steels are stronger at high temperatures and harder to work. Ifa finished or semi- 
finished forging is to be pickled, it first should be annealed, otherwise surface cracks will 
develop. 

The following temperatures are recommended for the steels without Ni: Types 403, 410, 
416, 430, 2050-1600° F.; Type 446, 1950-1600° F. They should be slowly and uniformly 
heated to avoid rupture during heating. Forged bars at room temperature, which have 
not been annealed, should not be placed in furnaces whose temperatures exceeds 600° F. 
Special precautions should be taken to insure uniform cooling. 
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CORROSIRON is cast iron containing about 14.25% silicon, and other metalloids in 
small quantities. It melts at about 2400° F., and weighs about 0.263 lb. per cu. in. Itis 
brittle with long flat crystals. A bar 1 X 2 in., 24 in. long, has a transverse strength of 
about 1200 lb., with the load applied at the center, the deflection being about 0.16 in. 
Shrinkage is about 3/1g in. per ft. In designing, flat surfaces should be avoided, all corners 
rounded, and sections of metal kept as even as possible. The acid-resisting qualities of 
corrosiron are shown in Table 8. Corrosiron is used in the construction of pipes, valves, 
pipe fittings, acid pumps, pans, etc. It is made by the Pacific Foundry Co., San Francisco. 


Table 8.—Acid-resisting Properties of Corrosiron 


C Concen- Depth of Concen- Depth of 
Corrosive Agent tration, | Corrosion, Corrosive Agent tration | Corrosion, 
percent | in. per yr. percent | in. per yr. 
Acids Acids (cont.) 
A. COLIC! mc: «ROIS «1s es 90 0.0000048 Phosphories\\..c saint 87 0.000019 
Hy drochlorion sss... » 5 00145 OES ms meals rol Merane oe 25 000012 
Nitric Scotts. vere Ne 1a: 70 nil BON, toes cio 10 . 000023 
i ASAE eR Oc NE 25 nil Sulphurios. acco eee 95 . 000021 
teen ees eens 10 nil ESE reatela eterna 2 . 0000002 
Oleic (Commerciale stew. Se ents nil Tron lane fete ttre, carats erate 10 000017 
Oxalie abled cae metas iz 0.0000234 | Ammonium chloride...... 27 . 000018 
ha oo Sees coe ens Dil . 0000306 | Copper sulphate......... 25: . 00001 
PLOriOesc octets Aree 9.1 000005 Ferric chloride........... 48 00414 


DURIRON is a corrosion-resisting material made by the Duriron Co., Dayton, O., con- 
sisting of Si, 14.50%; Mn., 0.35%; C, 0.80 to 0.85%; Fe, balance. The following are given 
as its physical properties: Specific gravity, 7.0; weight per cu. in., 0.253 lb.; melting range 
2275 to 2375° F.; coefficient of expansion, 0.000 015 65 per deg. F., from room temperature 
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to the melting point, and 0.000 004 per deg. F., from room temperature to 212° F.; electrical 
resistivity, microhms per cu cm. at 32° F., 63.3; thermal conductivity (silver = 1.000), 
0.125; Shore scleroscope hardness, 49-51; contraction allowance in casting, 1/4 in. per ft. 
The makers give the tensile strength as 15,000-20,000 lb. per sq. in., and the compressive 
_ strength as 95,000 lb. per sq. in. Duriron will not soften or materially alter its shape at 
temperatures below 2000° F., nor does it oxidize at temperatures below 1500° F. It is 
highly resistant to erosion. Its corrosion resistance properties are given in Table 9, 
supplied by the makers. 


Table 9.—Corrosion-resisting Properties of Duriron 
ee ee ee eee 


Depth o! Depth 
Corrosive Concen-| Tem- Corro- < ; Coneen- | Tem- fore : 
tration, |perature,| -  - Corrosive Agent tration, |perature,|_. .: 
Agent t| dea. F, | S02» in- | sion, in. 
percen eg: F. | per yr. percent | deg. F. pert! 
Acids Acids (cont.) 
OS os Se ee 10 68 0.002 Sulphanie (Conk )y eo caceevecs «ss cone. 176 nil 
aati elonead Glacial 176 003 bid peat ssertach 30 Boiling | 0.070 
BSONEOIO......-%.-- 100 68 003 fr Se Savemaule eater os 35 a 080 
PEIEYITO sci uclsie «10/00 98 68 002 git eb ettccttaen acre 40 ie 060 
WO EEAIC ens eaicse% 85 68 nil asian sfarstaveinvstoe 77.7 = nil 
Hydrochloric. ..... 10 68 0.007 ee OAT oeeoton 90 437 nil 
3 25 68 .027 a pes 30 Fuming] 68 0.130 
ee cone. 68 036 “+ 11/9 % ferric sulphate 4 176 021 
bd 5 178 .079 “+ 1 1/9 % ferric sulphate 10 68 001 
e 10 176 - 162 Marbavie. ou. ao seateeeiascaceats 55 68 001 
oo each. LS 176 .267 | Ammonium carbonate 20 68 005 
Hydrocyanic....... 2 68 001 e chloride........ 43.5 203 .003 
Hydrofluoric....... 10 68 152k ‘a hydroxide an 17. 68 .002 
PERO C Sac occtercisrs os 98 68 nil Calcium chloride..............+.- 75 212 nil 
Mane ne faite s.s [cts a) osi0 0 68 nil Se ee BULDHILG. fo rere neta seems 11 68 nil 
RUSENGe crete «sini 5 =: 30 185 0.013) | Coal mine ‘water. .ir.4ese<'o.stee'e'se\| ste, sis'ejste0 176 0.013 
Phosphoric (crude).|........ 203 .004 } Copper sulphate................. 17 68 nil 
Sulphuric......... 10 176 2030) |) Bernice chloride. 3... 22. ccne cone 10 68 0.001 
> ple orn 25 176 038 | Mono-calcium phosphate slurry....].........- 203 -004 
Reo 50 176 040 j Sodium chloride................. 16 176 nil 
176 SOT4 sie) hydroxides... inj. eye one's 26 203 0.005 
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COPPER-ALUMINUM-IRON BRONZE.—Tests on copper-aluminum-iron bronze as 
an acid-resisting material, made at the Univ. of Wisconsin, were reported by O. L. Kowalke 
(Chem. & Met. Engg., Jan. 7, 1920). Two bronzes of the following composition were 


tested: 
Tron Specific 
Copper Aluminum Alloy Gravity 
MES TOTAT OPA oes) ie oe ieratenenereree eects wis © 87.0 9.8 3.14 Wes 
HS EOUZORES tae! cele teres aber stoi vistalel el sie 85.6 10.81 3) orl 7.58 


Bronze A is resistant particularly to sulphuric, lactic, phosphoric, tartaric and acetic 
acids and to caustic soda. Nitric acid attacks it readily, and hydrochloric acid and aqua 
ammonia both attack it too readily for commercial purposes. Bronze B is more resistant 
to sulphuric acid than Bronze A. It is less resistant to hydrochloric acid and more 
_ resistant to aqua ammonia than Bronze A, and also is attacked readily by nitric acid. 
The loss in weight, in grams per sq. in. at the end of 28 days of immersion was as follows: 


Bronze A Bronze B 

Romp Gers. E a cc ser oe 26 Wi Mie 1 194 85 85 194 
Strength of acid........ 50% 385% 10% 35% 50% 385% 10% 
Sulphuric acid......... 0.0246 0.0177 0.0365 0.2520 0.0024 0.0044 0.0120 
Hy drochlorcracid ...ctla<1)-. 5 76 (7k? ANCOR pecio cewlleceecton | acini cen ean teat 
I NTONOLSE oth Ck ROROIDIEIIS 0.700 0.850 Hii: cag me 0.3810 0.3406 0.2237* 
Caustie G0da. cae. oe ees 0.0007 0.0016 0.0055 0.0020T ...... 0.0022 0.0072 
A CHICTACIG a e.. eho sl sie «ers: NOs Ox@lee; COs Wolk) cogoan Seo coapon 
Phosphoric acid........ 0.0114 0.0181 0.0281 0.0395 ...... 0 seeeee tees 
Tartaric acid. ...+.<.- C07: O00“ Ostiyie Weis sa6565 onedau ocobob 
FACRLICIACIG «oe = oe 10-818 0.0386 0.0312 0.0221 0.0713 0.0689 9.0442 0.0334 


* At end of 21 days. ¢ Gain due to formation of a film. 
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The corrosion of forged specimens of Bronze A in 35% sulphuric acid was only about 
one-half that of cast or rolled specimens. 

ILLIUM is an alloy of nickel, chromium, and copper, developed by the Burgess-Parr 
Co., with the following average physical characteristics. Tensile strength, 60,000 
Ib. per sq. in.; elastic limit, 50,000 lb. per sq. in.; Brinell hardness, 170-200; melting point 
2372° F.; specific gravity, 8.3; weight per cu. in. 0.3 lb.; specific heat 0.105 cal. per deg. C.; 
coefficient of expansion per deg. C. (20-300°), 0.0000135; electrical resistance 121.9 
microhms per cm.?; contraction in casting, 5/jg in. per ft. Ilium is readily machined, being 
slightly harder than cast steel, and may be welded to itself or other metals by acetylene 
or electric arc. It is resistant to the following: Acids.—Acetic, butyric, citric, formic, 
hydrocyanic, lactic, nitric, oleic, oxalic, phosphoric, picric, sulphuric. Salts —Ammonium 
chlorate and sulphate, copper sulphate, ferric chloride, mercuric chloride, potassium alum, 
silver nitrate, sodium chloride, and hydroxide, hypochlorite and nitrite. Organic Sub- 
stances.—Acid mine water, apple vinegar, carbolic acid, formaldehyde, fruit juices, malt 
vinegar. Miscellaneous Bleaching powder, bromide solution, carbonated water, hydro- 
gen sulphide, sulphur dioxide. See Product Engg., Nov. 1932. 
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GENERAL PROPERTIES OF METALS AND ALLOYS 
By Paul D. Merica 
Revised by Norman B. Pilling 


References.—General: Introduction to Physical Metallurgy, W. Rosenhain, D. Van Nostrand 
Co.; Metallography (parts 1 and 2), S. L. Hoyt, McGraw-Hill Co.; Textbook of Metallography, 
G. Tammann, Chemical Catalog Co.; Metallography, C. H. Desch, Longmans, Green and Co.; 
Engineering Non-ferrous Metals and Alloys, L. Aitchison and W. R. Barclay, Henry Frowde; 
Science of Metals, Zay Jeffries and R. S. Archer, McGraw-Hill; Specialized Journal, British Inst. 
of Metals, 1909 to date; Trans. A.I.M. & M.E.; Proc. A.S.T.M.; National Metals Handbook, 
A.S.M. Publications of the U. S. Bureau of Standards (Circulars, Technologic Papers, Scientific 
Papers, Journal); Equilibriwm diagrams: Landolt-Bornstein Tables (Physikalisch-Chemische Ta- 
belen), vol. I, p. 527; Guertler’s Handbiich der Metallographie; International Critical Tables, 
vol. II, p. 400. 

Structure Metallography.—All metals and alloys are composed of an aggregate of 
grains, or crystals, the latter being in general allotriomorphic; 7.e., of internal crystalline 
nature but bounded by surfaces haying no necessary relation to the crystalline structure. 
These grains vary greatly in size in different materials and under different treatments; 
grains have been observed as large as 1 in. and as small as 0.0001 in. in mean diameter. 
The grain structure of a metal, or alloy, may be revealed by polishing and etching with 
acid or other reagent, or in its fractured surface, and usually is observed under the micro- 
scope. It is now generally considered that these grains are bound or cemented together 
at the boundaries by extremely thin films of so-called amorphous metal; 7.e., of the same 
composition as the grains themselves but not crystallized or anisotropic. 

The metal comprising the grain consists of atoms arranged upon a regular pattern 
known as space lattice. Most of the workable metals have cubic or hexagonal lattices; hard 
and brittle metallic crystals frequently have lattices of great complexity. Many unique 
properties of metals originate from this symmetrical arrangement of atoms in planes. 
Atomic spacings in metals, or lattice constants, range from 10 to 22 billionths of an inch. 
This fine structure of metals is revealed and studied only with x-rays or other short 
radiations. 

_. PHASE RULE.—The metals or chemical metallic elements consist of grains of one 
‘kind only; namely, those of the metal. Alloys may consist of one kind, or of a mixture 
of several kinds, of grains of different chemical composition and crystalline structure. The 
phase rule is a physical-chemical law which governs absolutely the number of simultaneously 
existent different kinds of crystal in alloys (when in equilibrium) and its relation to the 
chemical composition and temperature of the alloy. This rule as applied to alloys is: 

C—P+1=Ff, 

--where C is the number of constituent metals, P is the number of constituent phases, or 
kinds of grain or crystal (liquid phases also are recognized), and F is the number of degrees 
of freedom in variation of composition or temperature. ; i“ 

THE EQUILIBRIUM DIAGRAM of an alloy series describes graphically the equilib- 
rium condition of the alloy of any composition and at any temperature; it is a temperature- 
composition graph based on observed facts, which, however, are related according to the 
phaserule. Figs. 1 and 2 show two types of equilibrium diagrams commonly encountered 
in binary alloy series; 7.e., alloys composed of two metals only. From these diagrams the 
course of solidification from the liquid, or molten state, or of other crystallization may 
accurately be followed. Two metals may be completely soluble in each other, 7.e., in all 
proportions, either in the molten or liquid state or in the solid state, or they may have 
limited solubility. In the former case only one liquid phase or solid phase is formed, no 

matter what the proportions of the constituent metals; in the latter case an excess in 
relative amount of either metal over that which is soluble in the other will give rise to 
the formation of two phases or kinds of crystal which will coexist in equilibrium. The 
addition of one metal to another in the liquid state depresses the melting or solidification 
temperature, if it is soluble in the liquid state and not (appreciably) soluble in the solid 
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state; if soluble in the liquid and solid state the temperature of solidification of the result- 
ing alloy may either be depressed or raised. 

On the equilibrium diagram the liquidus curve is the locus of temperatures at which 
solidification normally begins upon cooling the molten alloy. The solidus curve is the 
locus of temperatures at which melting normally begins upon heating the solid alloy. 
These curves are conjugate ones and pairs of points on the two curves connected by a 
horizontal line of equal temperature represent respectively the compositions of liquid phase 
and solid crystal in equilibrium. (See / and s, respectively, Fig. 1.) The composition of 
the crystal first formed upon solidification from a molten alloy is not, in general, the same 
as that of the liquid from which it crystallizes. It is due to this fact that cored or dendritic 
structures always are observed in cast alloys, not annealed or otherwise treated. Upon 
cooling and solidification the crystals first separating are richer in the constituent metal 
whose melting point is higher than that of the liquid. The process of setting or solidifying 
is too rapid to permit of equalization of composition through diffusion; consequently the 
last portion of the liquid to solidify is enriched in the constituent metal of lower melting 
point. A skeleton, or tree-like structure of the first crystals results, within the interstices, 
or arms, of which have solidified the last portions of the alloy which are much leaner in 
the metal of high melting point. 

The mechanical mixture of two crystals forming simultaneously at the junction of two 
liquidus curves is called a eutectic, and the constant temperature at which it completely 
crystallizes is called the eutectic temperature. 

Other relations than those discussed above are possible. Allotropic transformations at 
invariant temperatures may occur in either, or both, of the constituent metals, resulting 
in corresponding crystal and phase changes in the alloys. The temperature, or tempera- 
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ture range, at or within which phase changes resulting from allotropic transformations in 
metals or compounds, or intermediate crystal phases, occur on heating or cooling an alloy, 
is called critical temperature or critical range. These phase changes are reversible if they 
occur at the same temperature on heating as on cooling; a temperature lag, which in some 
cases may be as great as several hundred degrees Centigrade, occurs in the case of irreverst- 
ble transformations. Intermetallic compounds may be found between metals and behave, — 
and are represented in the equilibrium diagram, like metals. d 
GRAIN SIZE AND GROWTH.—Cast metals, as a rule, are coarser grained than metals 
that have been worked and annealed. The grain size of wrought metals is set by condi- 
tions of working and annealing. Cold-worked metal generates new grains when heated 
beginning at a characteristic recrystallization temperature, above which the grain ize 
developed increases with rise in annealing temperature. Heavy cold-working tends to 
lower the recrystallization temperature and to produce finer and more uniform recrystal- 
lized grains. A considerable increase in duration of annealing increases grain size less 
than a moderate rise in annealing temperature. Grain growth is not a reversible process; 
coarser grains can be developed readily by re-annealing at a higher temperature, but finer 
grains cannot be produced by re-annealing at lower temperatures, except through inter- 
vening cold work. An exception is metals having allotropic transformations, as steel. 
Grain ‘size in ingots and castings is determined by conditions during solidification 
slow freezing promoting coarseness of grain. Thus, high casting temperature, heavy Bene 
tions and sand molds tend to produce large grains, while chilling, thin sections and agita- 
tion promote fine grains. Centrifugally-cast shapes are fine grained. Heavy ingots are 
apt to have a coarse structure, which is broken up by working only with difficulty. Coarse 
column-shaped grains result from large temperature gradients during freezing. ; 
Some properties of metals are closely related to grain size. Those which are consider- 
ably affected are tensile and compressive strengths, ductility, impact toughness, hardness, 
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magnetic hysteresis and permeability; on the other hand, elastic modulus, density, elec- 
trical properties, magnetic saturation, induction, thermal conductivity and expansivity are 
very slightly affected, if at all. Fineness and uniformity of grain are sought when high 
and uniform strength, toughness and ductility, or good deep drawing properties are 
desired; coarse grain is a desirable condition in some high-permeability magnetic alloys, 
and in metals from which strength at the highest temperatures is required. 


Grain size customarily is expressed as average grain diameter, 1.€., VA /N, where A = 
area of some plane section, and N = the total number of grains visible upon it; it alter- 
natively may be expressed as the number of grains per square inch, and usually is measured 
with a microscope. Grain sizes in metal range from 0.000 002 in. in hardened steel to 
1 in. or more in some transformer steels or in castings; annealed non-ferrous metals with 
good mechanical properties usually range between 0.0005 in. and 0.005 in. average diam- 
eter. Sheets or strip for deep drawing often develop a pebbled or orange peel surface after 
drawing, if the grain size is over about 0.004 in. diameter. Standard grain size classifica- 
tions for steel (A.S.T.M. Standard E 19) are: 


BSOieve crack. o's oc Pemie arene ew gu 1 2 3 4 5 6 a 8 


i 4 Up to 
SoFRins per agin. at 100 x { 1.5 1.5-3 3-6 6-12 12-24 2448 48-96 Over 96 


PHYSICAL PROPERTIES AND STRUCTURE, COMPOSITION AND TREAT- 
MENT.—The mechanical and physical properties of metals and alloys primarily are 
determined by the chemical composition, the structure and the thermal and mechanical 
treatment to which they have been subjected, and may be controlled with some precision 
or varied through wide or narrow ranges by suitable variations in these factors. 

The mechanical properties; 7.e., hardness, ductility, tensile and compressive properties 
of alloys depend quite markedly on their chemical composition, although no precise laws 
are known by which the relation of these qualities to the composition may be described. 
In general, the addition of one or more metals, in relatively small quantities, to another, 
causes an increase in hardness and tensile strength and a decrease in ductility. If the 
added metals go into solid solution in the original metal, the ductility may increase as well 
(the brasses and cupro-nickel). Ductility seems uniformly to be impaired by the addition 
of elements which result in the formation of two or more constituents in the alloy. For 
this reason, commercially useful alloys generally are composed predominantely of one 
metal, as the alloys in which both or all metals are present in large proportions are apt 
to be too brittle to be serviceable. The hardening power of different metals in conjunction 
with any other is, roughly, inversely proportional to the percentage of it which is necessary 
to exceed its solubility in the solid solution formed, or to form the first eutectic. The 
mechanical properties also are markedly affected by thermal and mechanical treatment. 

HARDENING OF METALS.—A characteristic of metals is their hardening capacity, 
or ability to be changed in hardness by treatment to suit requirements. The term hard- 
ness describes a property defined as resistance to permanent deformation, and usually is 
measured with indentation instruments. It often is used in special senses, connoting 

‘difficult degrees of machinability, resistance to abrasion, or simply strength. Metals, 
including alloys, owe their hardness ultimately to forces between atoms composing the 
space lattice, and have exceedingly great potential strengths which are not obtained in 
practice due to the lack of complete continuity in structure and tendencies to rupture by 
degrees. Thus, wires and filaments generally have greater tensile strengths than metals 
jin bulk. A result of the crystalline structure of metals is low shearing strength along 
lattice planes, and metals begin to distort by slippage without fracture within grains. 
~ Anything which obstructs slippage increases hardness and strength, and the various hard- 
ening treatments resolve into this ultimate principle. Cold-working causes slip and frag- 
mentation which by mutual interference hinder further slip. Small hard particles, ¢.g., 
of another crystal or foreign substance, scattered within the grain, act mechanically as 
keys to hinder slip. This action improves as the particles become finer; the most effective 
size or critical dispersion is about one ten-millionth inch. The dispersion theory of hard- 
ening considers the quench-hardening of steel, the spontaneous aging of duralumin and the 
temper hardening of certain non-ferrous alloys as examples of this, and heat treatment 
response as the dissolving or throwing out of solution of these keying particles by changes 
in temperature. <a 
EFFECT OF TEMPERATURE.—Two effects of temperature on metals are distin- 
guished: temporary, in which properties characteristic of the temperature are acquired; 
and permanent, in which changes occur which persist upon return of the metal to normal 
temperatures. The art of heat treatment is built upon the latter. At low, sub-atmos- 
pheric temperatures many steels and iron alloys become quite brittle, while certain nickel 
and copper alloys remain tough. At high temperatures, not only are metals subject to 
atmospheric attack, or scaling, but take on characteristics which are not readily disclosed 
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in brief tests. Flow under sustained loading, which is absent in elastic materials at 
ordinary temperatures, becomes the dominant characteristic at temperatures beginning 
considerably below the softening range, and fracture may finally occur with stresses as 
little as 1/19 the breaking stress found in ordinarily rapid tension tests. Within or below 
the softening range, flow diminishes with time, due to accumulation of work-hardening 
effects, and creep stresses are designated (European terminology differs) with reference to 
temperature and rates of stretching, e.g., 1% elongation in 100,000 hours. For data on 
high and low temperature properties consult A.S.T.M. Symposium on Effects of Tem- 
perature on Metals, 1931. 

TREATMENT OF METALS.—When a metal or alloy is deformed in the cold, as by 
rolling, hammering, swaging or drawing, its hardness and tensile strength increase and its 
ductility decreases. These changes are roughly proportional to the amount of deforma- 
tion, usually expressed as percentage reduction in cross-sectional area, or reduction in 
thickness in the case of rolling. The hardness and tensile strength of ductile alloys thus 
may be increased two, and even three, times with, however, relatively much greater loss 
in ductility (to 1/39 or 1/50). Very heavy working develops fiber both as to included 
particles and grain structure, which results in difference in properties in different directions, 
e.g., longitudinal vs. transverse. Once developed, this fiber structure may persist after 
annealing. Overworking results in edge cracking, internal bursts and other permanent 
impairments of quality. Hot-working, as forging, rolling, or piercing does not alter the 
mechanical properties of the material to the extent that cold-working does, as it is accom- 
panied by simultaneous annealing and restoration of original properties. In general, a 
metal is cold-worked below the range of annealing temperatures, and hot-worked within 
and above it; for example, zine may be hot-worked at temperatures which would result in 
cold-working of steel. Extrusion is a form of hot working in which the metal is heated 
to a plastic condition and squirted through a die under heavy pressure. 

Upon annealing, cold-worked metals recrystallize and grain growth occurs, accompanied 
by restoration of the original mechanical properties. It is found that there exists for each 
metal or alloy, temperature ranges including usually about 200° C. (392° F.), above which 
annealing is completed rapidly, 7.e., the ductility is restored and the hardness is reduced 
to normal value. Within this range the annealing is completed slowly, and below it the 
metal cannot be altered so markedly by heating. This is called the softening range for the 
alloy in question; softening ranges for common materials are given in Table 1. 

Fig. 3 illustrates typically the effect of cold- 
working and annealing on the mechanical proper- 
lt ep an a poset he ties of metals; in this case, copper. In simple 

3. Copper Range (Lake arsenieal) alloys, Maximum softness results from annealing 
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tions of mechanical properties, 7.e., fine grain, 
strength and ductility, result from annealing close 
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range and cooling slowly, as in a large furnace; 
normalizing consists in cooling from that tempera- 
ture freely in the open air. Stress relief annealing 
of cold-worked metal consists in heating at 
temperatures far below the softening range, e.g., 
200° C. (382° F.) for brass, 300-400° C. (572- 
Fic. 3 752° F.) for Monel metal and steel; the metal 
remains hard but is improved in elastic properties 

and toughness, and internal stresses are dissipated. 

Certain non-ferrous alloys with constituents of variable solid solubility are thermally 
hardenable. Such dispersion-hardening alloys are placed in a soft and workable condi- 
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Table 1.—Softening Ranges of Temperature of Various Metals and Alloys 
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tion by quenching from an appropriate temperature, and they then may be hardened by 
reheating for a considerable time, usually a number of hours, at some lower temperature. 
_ Table 2 gives heat treatment ranges for a few more important alloys. 

SURFACE TREATMENT of metals to produce a hard or chemically resistant skin is 
accomplished by prolonged heating in contact with the impregnating substance or an 
unstable compound, and the surface alloy is formed by diffusion in the solid state; such 
are carburizing treatments of steel with carbonaceous solids or gases; nitriding with 
ammonia; zinc (sherardizing), aluminum (calorizing), chromium, as well as others. 

PHYSICAL PROPERTIES.—tThe effect of composition and structure of alloys upon 
their other physical properties may be briefly considered. The specific volume, or recip- 
rocal of the density, of alloys is approximately a linear function of the percentage composi- 
tion, regardless of the type of alloy. This is true also of the specific heat. The electrical 
conductivity of binary alloys generally is linearly dependent on the volume percentage 
composition of the constituents when they are insoluble in the solid state, but is markedly 
less than this theoretical amount in the case of solid solutions. For this reason alloys for 
electrical resistance purposes, i.e., copper-nickel, nickel-chromium, and iron-nickel, are 
chosen from among the latter type. The temperature-coefficient of electrical resistivity 
generally also is small in the case of alloys of the solid solution type having high values of 
the restivity. In general the thermal conductivity follows the electrical conductivity, being 
low in the case of solid-solution alloys. 

There are given below some approximate relations between the various physical prop- 
erties of metallic materials which may be useful for a rough orientation regarding the 
value of any particular one from a knowledge of others. 


Griineisens relation: 


e a = coefficient of thermal expansion; 
SS Cp = specific heat at constant pressure; 
°p n = constant for each material independent of temperature. 


Wiedemann-Franz law: 


k = thermal conductivity ; mie. 
ax = electrical conductivity in C.G.8. units; 
nm = constant varying from 5000 in the case of pure metals and 


alloys without solid solutions to 7000 in the case of solid 
solutions; 
T = absolute temperature. 


Richards relation: 


L = 2.1 X m.p. { f 


M.D. 


latent heat per gram atom or molecule; 
melting point, absolute. 


The physical properties, as a rule, are not affected markedly by thermal and mechanical 
treatment. Electrical resistivity is increased and the temperature coefficient of resistance 
- is diminished by cold-working; density, specific heat, elasticity, and thermal conductivity 

are only slightly altered by the most severe mechanical and thermal treatments. An 
exception is magnetic properties, which in ferro-magnetic materials often are highly sensi- 
tive to strain and heat treatment, and the development of exceedingly high magnetic 
quality requires painstaking attention to these details. 

TESTING OF METALS AND ALLOYS.—For definitions of the physical and mechani- 
_cal properties of metallic materials which usually are determined, see p. 7-03. For 

descriptions of the methods of test see p. 7-51. See also A.S.T.M. Standards, and A.S.M. 
Recommended Practice Committee (National Metals Handbook). 

The engineer should take great pains to ascertain the exact relation of test results, or 
quoted information on metallic materials, to the problem of design or construction before 
him. In the case of rolled, forged, or drawn products not heat-treated, this may consist 
chiefly only in assuring himself of the accuracy of the data and in the consideration of the 
necessary factors of safety; the properties of the material going into his design or construc- 


Table 2—Heat Treatment Ranges of Various Alloys 
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tion should be identical with those obtained in the ordinary tests. This is not true in the 
case of castings. ; 

The mechanical properties of castings depend to a great extent on their mass and 
cross-section. It is the usual practice in obtaining tests on castings to pour either sepa- 
rately or in the same flask with the castings, from the same heat or melt, a test 
coupon of standard shape and section. The shape and section of this coupon varies with 
different materials and often unfortunately in different foundries for the same material. 
The properties determined from this coupon will be characteristic of the melt of metal 
from which it was poured, but characteristic only of the section and mass of the coupon, 
not of the casting itself. Generally speaking, hardness and tensile strength and elongation 
in the tensile test increase as mass and section of the casting decrease. For this variation 
allowance must be made, particularly in the design of castings of large mass and section. 

Non-destructive Inspections often can detect internal flaws, as seams, cracks, holes or 
porous sections; for example, by disturbance in potential drop or of flux distribution when 
a standardized current or magnetic flux is passed through the object. x-ray radiographs 
reveal defects involving changes in density, as blowholes or cracks in welds, etc. Steel 
sections up to 4 in. thick are accessible to this method. A sim‘lar method utilizes the 
gamma radiation from radium or radium emanation. 

Great caution should be used in the interpretation of corrosion tests, as slight differ- 
ences in arrangement often develop great differences in result; tests carefully simulating 
all details of service frequently are necessary. 

FAILURES AND DEFECTS IN METALS AND ALLOYS.—Commercial shapes, as 
rods, sheet, tubes, plate, etc., often are subjected to inspection for surface defects such as 
laps, seams, splits, cracks, blisters, or scale, which are due to a variety of causes extending 
throughout the manufacturing process and which vary with different materials. A 
commercially good shape is determined by practice and usage in each case, and general 
specifications for the presence, or absence, of such surface defects cannot be laid down. 

Pipe in the ingot, or casting, often is the cause of defects in manufactured shapes. 
This is a shrinkage cavity formed by insufficient feeding of metal while pouring the casting, 
and usually is found in the upper central part of the casting. It often is accompanied 
by segregation, that is, the non-uniform distribution of impurities or alloying elements 
throughout the casting or shape made from it. In such cases there generally is a greater 
concentration of such impurities in the center of the ingot, casting, or resulting shape, 
than in the outer portions. It is due to selective freezing, whereas liquation is an actual 
separation taking place in the liquid or semi-liquid state and not necessarily directly 
related to the freezing. Lead may liquate in copper, carbon segregates in steel. 

Blow-holes or Gas-holes in castings are formed by evolution of gas in the metal just 
prior to solidification in the mold. 

Contraction Cracks or Mold Pulls in casting are the result of interference by parts of 
the mold, or core, with the natural contraction of the solid alloy, particularly through its 
temperature zone of weakness. Misplaced or shifted cores, washing of sand, and dirt in 
castings, blows, caused by wet sand or gas in metal, porosity, draws caused by shrinkage 
at changes in section, mis-runs due to lack of temperature, poor match of cope and drag, 
cold shuts also should be looked for in commercial castings. 

The Failure of Metals and Alloys generally connotes mechanical failure by fracture, 

yielding, or cracking. Yvelding of a metal or alloy indicates only that the applied stress 
was greater than its yield point or elastic limit. Examination usually is made of a frac- 
tured or cracked surface to determine the cause of failure. A detail fracture can be seen 
to originate at some point in the fractured section, generally a material defect of some 
sort. Mechanical failure from shear or torsional stress usually is observed readily from 
the character of the fractured surface. Fracture from direct static tension stress (that is, 
not changing or only slowly changing) should not occur in sound and ductile metals or 
alloys without appreciable elongation on both sides of the fracture. When a brittle or 
short fracture is observed in such materials, without appreciable elongation, the possibility 
should be considered of the failure having occurred by reason of the application of alter- 
nating or repeated stress, or as the result of a sharp blow or impact, and particularly if 
sharp offsets, shoulders, or grooves in the failed article tend to localize the stress and pro- 
duce a notch effect. All metals if subjected to vibratory, repeated or reversed stresses 
ultimately will fail (after perhaps millions of such cycles) at intensities of stress much 
below that required to break in tension under steady loading. Such fatigue failures some- 
times occur in shafts and other machine parts subject to rapidly changing loads. Under 
cyclic stressing, many metals show true endurance limits, 7.e., limiting stresses below which 
they will escape breakage indefinitely. The endurance limits of common metals and 
alloys range from 35 to 55% of their tensile strength. Some forms of corrosion accelerate 
fatigue failure. The oft-quoted explanation of mysterious failures of metallic materials— 
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that of their “crystallization” is utterly fallacious. The usual materials, iron, steel, 
brass, bronze, copper, etc., always are crystalline. When fractured in impact or under 
the action of repeated stress they often display a crystalline fractured surface, solely by 
reason of the fact that the path of break in such cases relates itself more definitely to the 
crystalline structure of the material. 

Season or Corrosion-cracking, of certain metals and alloys often occurs without exter- 
nal applied stress, but as the result of internal stress in the material, combined with sur- 
face corrosion. Stress-relief annealing is the preventive measure. Factors controlling 
the corrosion of metals are too complicated for discussion here. Consult U. R. Evans, 
The Corrosion of Metals, Edward Arnold & Co.; see also pp. 3-03 to 3-19. 

ENGINEERING ALLOYS.—The alloys of engineering importance are few compared 
with the almost limitless number of possible mixtures, and the tendency is toward greater 
standardization. A number of the engineering metals now are defined by specifications. 
Besides these, there are upwards of 1000 proprietary alloys, generally bearing names which 
do not suggest their composition, but similar to standard commerical alloys in properties. 
In addition, there are many obsolete alloys which have been described and have estab- 
lished a foothold in handbooks, but which no longer have distinctive qualities. The num- 
ber is too great to list here. Metal Industry, London, publishes a handbook of Metals and 
Alloys which lists many of these by name. Prof. W. Campbell has published, through 
A.S.T.M. (1930) A List of Alloys. A list of corrosion-resisting alloys is given in Chem. 
and Met. Engg., Sept., 1932 (p. 497). See also pp. 4-19 to 4-34. 

AMERICAN NON-FERROUS METAL SPECIFICATIONS.—The principal stand- 
ardizing agencies in the U.S. for metals are the American Society for Testing Materials, 
Philadelphia; the Society of Automotive Engineers, New York; the Federal Specifications 
Board, Bureau of Standards, Washington. D.C. The American Engineering Standards 
Committee publishes standard specifications for non-ferrous metals which are identical to 
those published by A.S.T.M. In addition, many manufacturing plants and railroads 
issue their own purchase specifications, copies of which often may be obtained on request. 
Many other standard specifications, dealing with metal manufactures and finished products, 
are indexed in the National Directory of Commodity Specifications (Miscellaneous Publica- 
tion No. 130), obtainable from the Superintendent of Documents, Washington, D. C. 


COPPER 


By W. H. Bassett 


PHYSICAL PROPERTIES OF COPPER are as follows: 


GENERAL PROPERTIES 


MDYOTISKG Viet cyifexyaicie, 9; «losele,eit iors 0.322 Ib. per cu. in. Specific-heatiat; 7 O4Es tae. ustelereclerwvelachalesove 0.0917 
Lele BOG 2012 cisjeiscle + Strela ois 1981 deg. F. Electrical resistivity at 20° C..1.27 microhm-cm. 
Coefficient of expan- { 77—100° F..0.000 009 332 Temperature coefficient of resistivity at 20° C. 
sion per deg. F.... { Tia Oe OO OUD SOS! Ade uss cede ieee vis Toe ei Sloua 6 o:010,8%r,0,60058 0.0039 per deg. C. 
PAGCOLIPISUTITICAEO 6 5.6 +0 ccie + wale nian 1/4 in. per ft. Magnetic properties............... Diamagnetic 
Thermal conductivity at 77° F., B.t.u. per hr. Optical properties......... Selectively reflecting 
per sq. ft. per inch thickness per deg. F.. .2679 Wounge’s mod ulusi.s i cscs c ae stots ea elle 17,300,000 
TENSILE PROPERTIES (o]q Rolled 
Annealed or Drawn Cast 
_.Tensile strength, lb. per sq. in...... 30,000—40,000 50,000—70,000 20,000—30,000 
PuonoatiON gO 2A... 6 soe «as «ic oc 516 40-60% 2-4% 25-45% 
Reduction. Of Ares...0....ccseere 40-60% AO ce Sed ere sicternictais « 
HARDNESS Annealed Cold Rolled or Drawn 
PSreesestlM (SOUS G2) erclelales csesalelotolieieteis ers) s/e's/ereyeleleie' | o(0. eee sisi ele's aie 30-40 60-100 
Scleroscope (Universal Hammer).............+eeeeeeeeeee 6-8 20- 25 


COMPOSITION OF COMMERCIAL COPPER.—Specifications for copper, generally 
accepted by industry, are the A.S.T.M. standard specifications. These cover lake copper, 
electrolytic copper, and fire-refined copper. Lake copper, which must originate on the 
upper peninsula of Michigan, may be low-resistance or high-resistance lake copper. — 

Low-resistance Lake Copper is used for electrical purposes, and may be electrolytically 
or fire refined. It is required to have a content of (copper + silver) of not less than 
99.900%. Maximum permissible resistivities in international ohms (meter, gram) are 
as follows: Copper wire bars, 0.15436; ingots and ingot bars, 0.15694. ; 

High-resistance Lake Copper is lake copper of resistivity exceeding 0.15694 interna- 
tional ohm (meter, gram) at 20° C. Its (copper + silver + arsenic) content is not less 


than 99.900%. 
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Electrolytic Copper specifications for purity and resistivity are the same as those of 
low-resistance lake copper. , 

Fire-refined Copper, other than lake, is used for rolling into sheets and shapes. It is 
not acceptable for electrical uses or for wrought alloys. A.S.T.M. Specifications call for 
the following analysis: Cu + Ag, 99.700%; As, max., 0.1000%; Sb, max., 0.0120%; Bi, 
max., 0.0020%; Fe, max., 0.0100%; Pb, max., 0.0100%; Ni, max., 0.1000%; O, max., 
0.0750%; Se, max., 0.0400%; Te, max., 0.0140%; Sn, max., 0.0500%. 

HARDENED COPPER.—There are only two methods for hardening copper; 
namely by cold working it or by alloying with it small amounts of other elements such as 
silicon, tin, zinc, aluminum, etc. Both of these methods are in commercial use. When 
copper is hardened with tin, silicon, or aluminum it generally is called bronze; when 
hardened with zinc, brass. 

CORROSION.—Copper is resistant to the action of sea-water, and to atmospheric 
corrosion. It is not resistant to the common acids, and is unsatisfactory in service with 
ammonia and with most compounds of sulphur. Manufacturers should be consulted in 
regard to its use under corrosive conditions. 

OXYGEN-FREE HIGH-CONDUCTIVITY COPPER is a highly ductile material, 
made under conditions that prevent the entrance of oxygen and formation of copper 
oxide. It is utilized in deep drawing, spinning, and edge bending operations, and in weld- 
ing, brazing, and other hot-working operations where embrittlement must be avoided. 
It has the same conductivity and tensile properties as tough pitch electrolytic copper. 

FABRICATION.—Copper may be hot or cold forged, hot or co'd rolled, hot extruded, 
hot pierced, and drawn, stamped, or spun cold. It can be silver-soldered, brazed, and 
welded. For welding by the oxy-actylene torch or electric arc, the oxidized copper will 
give more satisfactory welds than electrolytic or lake copper. Copper cannot be cut by 
the oxygen jet because of its high heat conductivity. Copper is annealed from 480 to 
1400° F., depending on the properties desired, and in a slightly oxidizing atmosphere. 
Ordinary commercial annealing is done in the neighborhood of 1100° F. A reducing 
atmosphere will make the copper brittle and unfit for use. Copper may be electro- 
deposited from the alkaline cyanide solution, or from the acid sulphate solution. 

COMMERCIAL FORMS OF COPPER.—Copper is produced in practically all com- 
mercial forms, viz., wire, sheets, strips, bars, plates, seamless tubes and castings, and in 
most fabricated forms as screen, wire cloth, bolts, nuts, etc. For dimensions, see pp. 
6-08 to 6-12 and 6-19 to 6-22. The following is a list of the specifications of copper for 
various purposes given in the 1936 A.S.T.M. standards: 

Designation B4—27, Lake Copper Wire Bars, Cakes, Slabs, Billets, Ingots, and Ingot 
Bars; Designation B5-27, Electrolytic Copper Wire Bars, Cakes, Slabs, Billets, Ingots, 
and Ingot Bars; Designation B72-33, Fire-refined Copper, other than Lake; Designation 
B1-27, Hard-drawn Copper Wire; Designation B2—27, Medium Hard-drawn Copper Wire; 
Designation B3-27, Soft or Annealed Copper Wire; Designation B33-21, Tinned, Soft or 
Annealed Copper Wire for Rubber Insulation; Designation B8—36, Bare Stranded Copper 
Cable, Hard, Medium-hard, or Soft; Designation B11—-33, Copper Plates for Locomotive 
Fireboxes; Designation B12-33, Copper Bars for Locomotive Staybolts; Designation 
B13-33, Seamless Copper Boiler Tubes; Designation B42-33, Copper Pipe, Standard 
Sizes; Designation B48—27, Soft Rectangular Copper Wire; Designation B49-26, Hot-rolled 
Copper Rods for Wire Drawing; Designation B68-33, Seamless Copper Tubing, Bright 
on adiamapiae B75-30, Seamless Copper Tubes; Designation B88-33, Copper 

‘ater Tube. 


ZINC AND ITS ALLOYS 


By W. M. Peirce 


; References.—U. S. Bureau of Standards Circular No. 395, Zine and Its Alloys (1931), which 
includes a complete bibliography. Valuable bulletins on various subjects relating to zinc and its 
uses may be obtained from the principal producers of zinc and from the American Zine Institute. 


1. PROPERTIES OF ZINC 


CHEMICAL CHARACTERISTICS.—Zinc is a chemically active metal. Its chemical 
properties are the reason for its use in primary cells, for cyaniding and in the production of 
nascent hydrogen. It forms both basic and acid radicals, and is soluble both in acids and 
strong alkalies. 

Atmospheric Corrosion.—In pure distilled water zinc forms a loosely adherent film of 
hydroxide which affords little protection. This film, dried in the presence uf oxygen and 
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the traces of carbon dioxide always present in the atmosphere, forms a protective layer 
or film believed to be a zinc oxide-hydroxide-carbonate mixture. This is quite insoluble 
in rainwater, affords effective protection against further attack, and makes zinc a satisfac- 
tory roofing and flashing material. The presence of sulphur gases in industrial atmos- 
pheres increases the solubility of this film, accounting for the higher rate of weathering 
in industrial as compared to rural atmospheres. 

Effect of Organic Acids.—Certain organic acids dissolve the atmospheric corrosion 
film on zinc. Acids formed by decomposition of red cedar and white cedar at ordinary 
temperatures, and of other woods at higher temperatures (as in steam) have this effect. 
Hence zinc cannot be safely used in contact with some moist woods or drainage from them. 

Resistance to Organic Substances.—Zinc is inert to such common organic substances 
as gasoline, kerosene, oil, and grease free from water. Soap and soap paste do not attack 
it, though in dilute soap solutions there is a tendency to form zine soaps. Zinc is entirely 
inert toward anhydrous alcohol, but is oxidized by mixtures of alcohol and water. Sugar 
solutions made up with hard water do not attack zine when totally immersed at room 
temperature, but distilled-water solutions at any temperature or hard-water solutions at 
elevated temperatures attack it. 

Effect of Carbon Dioxide and Steam.—Very high carbon dioxide concentrations appear 
to aid the solution of the corrosion film. Increased temperature sometimes may have the 
same effect. Live steam destroys the protective film and also attacks the metallic zine at 
an increased rate. Hence unalloyed zinc is unsuitable for use when exposed to live steam. 

Effect of Oxygen Concentration.—Severe corrosion of zine occasionally occurs in the 
presence of a water film without free access of oxygen to all portions of it. An example is 
a zine roof, laid over an absorbent sheathing and building paper, on a building having 
high humidity inside. If the roof is unprotected from condensation on the under side, 
rapid corrosion of the zinc may occur. The preventive is building paper, saturated and 
coated on both sides with asphalt, under the metal roofing. 

_ Toxicity—Excepting the salts of strong acids, which are corrosive, or zinc compounds 
containing other poisonous elements or radicals, the compounds of zine are not strongly 
toxic. Zinc is a normal constituent in many foods and considerable excesses of zine taken 
into the body are readily eliminated without ill effects. Excess zinc content in foods or 
beverages May cause unpleasant but not serious symptoms. Drinking water should not 
contain more than 40 mg. per liter. 

PHYSICAL PROPERTIES.—The more important physical constants of zine are given 
in Table 1. 

METALLOGRAPHY.—The common impurities in zine are lead, cadmium, and iron. 
Their importance varies individually with the use to which the metal is put. These 
metals, as well as copper, magnesium, and aluminum, which are the more common ele- 
ments used in zinc alloys, are discussed below. 

Lead, which does not enter into solid solution, has no great effect in unalloyed zinc. 
Its effect on the properties of certain zinc alloys, however, is enormous. 

Cadmium, in the amounts present in commercial zinc, is completely in solid solution, 
and exerts an important hardening effect. It also raises the recrystallization temperature, 


Table 1.—Physical Properties of Zinc 


(Compiled from various sources) 


TGISATG Sea tuin On OHO Peo SGOO UILO 5) OCCU OC OUI OL Ono iaion Dao micro 65.38 

Density (rolled), (see Note 1)........ cece cece cece eee e eee eeees 445.8 lb. per cu. ft. 

IMIG RS iy DeLong aoe cooccd 06 COO CCUCOD OMG DIIO eee OIC IO OG Pa a 

Boi mg POMb yee enn sie v,<Je3 wtueeeeceatetteenerenecesecerscaceres 1661 sai F. 

Mean specific heat (68°—212° F.)........cccececesescceceseerecees 0.0 

ULHRA TRa ny OS TIES poy s SMO OIA Cetao Go IOIN Ge CCE ROE OIOIoncIE Inara 47.88 B.t.u. per lb. 

Mea hent CAL OF VADOLIZATION sche ier cio slejsica vials elsiee secececiecsbacieces 768.2 B.t.u. per lb. 

ient of linear expansion 

cee SUS 1 ae eee 
Plo lleet eval Corals atereverstevaterate/elele) ete le'o,0 cele ele aleievs) ole eievelevalelsi« oe 0) 1728 < ae doce 
Rolled, across grain... 2.5 ese cee cece cece eee cece etceeres 1238>5<-10 


LVL UV CoCr T RCT Mer olen aieee eral orerchevar'eie elaliapencYene e: ¢mJshavar'e ea) 784 B.t.u. per sq. ft. per hr. 
oe Oe a ala per | in. thickness per deg. 


ike 
2.33 microhm-in. 
0.00233 per deg. F. 
See Note 3 


Electrical resistivity (see Note 2)...... at eteerecsresceereccccsens 

Temperature coefficient of resistance (0°—100 GD anteteierarstersysiersfieve sie 

PVEROTATICOCM TC II re rete ee le iclale eS cidre saucers clelsraleleraee sl wereselniss ; 
id zinc (rolled) is about 3% heavier than liquid zinc at the melting point. 

panead oe Senet oie ae 99.99% pure. Resistivity of strip zinc may atl 3%; depend- 

ing on rolling treatment, and in commercial grades. about the same amount, depen ae on po: 

3. Rolled zinc has extremely low resonance, which permits its use 1n various sound apparatus, 
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and whereas pure zinc recrystallizes at so little above room temperature that it cannot be 
appreciably work hardened, zinc containing cadmium can be given a considerable degree 
of work hardening by cold rolling. : 

Iron has a limited solid solubility of the order of 0.001 to 0.003%. Attention must be 
given to the iron content of zinc for rolling. 

Copper is the alloying element most frequently added to zinc. It enters into solid 
solution in zinc to about the same extent (approximately 1%), and with about the same 
effect, as cadmium, except that the copper-zinc alloys are more ductile and easier to roll. 
See pp. 4-18 to 4-33. 

Magnesium has a solid solubility of 0.01 or 0.02% in zinc, but even these amounts 
exert a remarkable influence on its properties. When magnesium is added in the presence 
of copper, its effect is even more striking. Some of the most important zinc alloys con- 
tain both copper and magnesium. 

Aluminum is limited entirely to zine casting alloys, as usually zinc alloys containing 
aluminum are unstable when rolled. In the cast form, however, several percent of alu- 
minum can be used to improve greatly the physical properties, particularly the tensile 
and impact strength of zinc. The alloys, if properly formulated, are stable. 


2. SLAB ZINC 


COMPOSITION OF SLAB ZINC.—A.S.T.M. Standard Specifications B6—-33 for slab 
zinc (Spelter) gives the values of Table 2 for the various grades of slab zinc. 


Uses of Slab Zinc 


GALVANIZING is the process of coating iron or steel with zine as a protection against 
corrosion. The product is known as galvanized iron or steel. Zinc coatings are desirable 
not only because the zine corrodes more slowly than iron but also because at cut edges 
or similar discontinuities in the coating, the zinc, being anodic to the iron, affords galvanic 
protection and the iron is not dissolved until the zinc has been completely removed by 
corrosion. 

The protection afforded depends largely on the thickness of the coating. For protec- 
tion indoors, a few tenths of an ounce is sufficient. For outdoor exposure a coating of at 
least 3/4 oz. per sq. ft. of surface, and preferably 1 oz. or more is necessary. 

The less pure grades of zinc commonly are used for galvanizing, but the coating so 
produced will not withstand much deformation without cracking and flaking. High-grade 
zinc nearly free from cadmium is used for galvanizing bridge wire, telegraph wire and other 
products that are subject to deformation such as twisting, etc., and for sheets that are to 
be fabricated after galvanizing. 

The life of zine coatings, regardless of the method of application, has been shown to 
be directly proportional to the thickness or weight of the coating. The proportion of 
pure zinc to iron-zince alloys in the coating does not have any significant effect. 

Specifications and Tests for Galvanized Coatings.—Galvanized coatings usually are 
specified as a given weight of zinc per unit area, t.e., ounces of zine per square foot of sur- 
face. For details of methods of determining the weight of the coating see Standard 
Methods of Determining Weight of Coating on Zine Coated Articles, A.S.T.M. Specifica- 
‘tion A-90-33. 

Specifications for most commercial products covering weight of coating and bend tests 
when required are available in A.S.T.M. Standards, 1936, Part I, Metals, and A.S.T.M. 
Tentative Standards, 1936. 

On sheets, coating weights are given as weight per square foot of sheet, t.e., 2 sq. ft. of 
coated surface. Ordinary coatings on sheets range from 0.75 to 2.75 oz. per sq. ft. of 
sheet coated on both sides. The weight of zine per single covered surface would be one- 
half this amount. Zine coatings on pipe, structural shapes, hardware, etc., generally 


Table 2.—Standard Specifications of Slab Zinc 


reds Maximum Allowable Percentages of a eee 

Lead Cadmium Iron Exceed 

la | Special high grade *f...... 0.010 0.005 0.005 0.010 

1 High grade* Ogre fae coat 07 07 03 10 

2 Intermediate*............. .20 50 03 .50 

3 Brags epecial™,. oc ceraiensie . 60 .50 .03 1.00 

4 PGIEOUGM S145 cuirereix Rispe merene . 80 3 .04 1,25 

5 Prime western,.........0.+5 1. CO Paine 08 


* All grades except prime western must be free from aluminum. {Tentative standard. 
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range between 1.15 and 3.5 02. per sq. ft. of covered surface. The weight of coating on 
wire varies with the size of wire and process of coating, and, except in fine sizes, will range 
from 0.15 to 1.25 oz. per sq. ft. of covered surface. 

METHODS OF APPLICATION.—Galvanized coatings are applied: (a) by dipping 
the article in molten zine, (b) by electroplating, (c) by heating in contact with zinc dust. 

j Hot Dip Galvanizing.—The iron or steel is cleaned by pickling, usually in hot sulphuric 
acid. A rinse and a dip in cold hydrochloric acid usually follow, but better practice 
involves removal of iron salts from the pickled material by vigorous rinsing and scrubbing 
if necessary, followed by dipping in slightly acidulated 25% zinc chloride. After partial 
drying, the material enters the bath of molten zinc, sometimes through a flux of zine 
ammonium chloride. A solid layer of iron-zine alloy forms on the iron surface in a few 
seconds. The longer the immersion, the thicker the alloy layer. The material is with- 
drawn from the zinc bath through rolls kept clean by zine ammonium chloride flux in the 
case of sheet, or through a charcoal sand or asbestos wipe in the case of wire. Speed of 
withdrawal and character of wipe influence the thickness of the layer of molten zinc 
adhering to the work. Tin may be added to the zine bath to produce a sheet with bright 
spangle. Aluminum may be added in hand dip galvanizing of pipe, shapes, and hardware 
to produce a smooth coating. The vapor of burning sulphur or ammonium chloride dust 
sometimes is blown over the surface of sheets to improve brightness. 

Electrogalvanizing.—Zinc coatings may be applied to wire, conduit, and hardware by 
electroplating. The only distinguishing feature of this process, as compared to other 
electroplating processes, lies in the attention given to methods of rapidly depositing heavy 
coatings (e.g., the patented Tainton Process), since the serviceability of the coatings 
depends on their thickness and the thickness ordinarily desirable is greater than in purely 
decorative plating. This method of zinc coating avoids changes in the base steel due to 
heat and does not produce excessive deposits in recesses, such as the base of threads, which 
would affect dimensional tolerances. 

SHERARDIZING.—Zince and iron alloy readily, and coatings therefore can be pro- 
duced by heating iron or steel with zinc dust in a closed vessel for several hours. The 
vapor pressure of the zinc is sufficient at the temperatures used, 600—700° F., to cause a 
reaction of zinc vapor with the iron. It has been demonstrated that alloying will occur 
by diffusion at only slightly elevated temperatures. The resulting coating, which is quite 
uniform, is almost entirely iron-zinc alloy, richer in iron near the base metal, with some 
mechanically held zinc dust in the outér layers. See also p. 3-14. 

Sherardizing may result in some heat treatment of the base metal. Sherardized coat- 
ings, like coatings of iron-zinc alloy produced by other methods, afford an excellent base 
for paints or enamels. The coating itself is a matte gray and can be polished. Like other 
coatings consisting almost entirely of iron-zinc alloys, sherardized coatings dust, rather 
than flake, on bending. Also in common with such coatings the protection afforded by 
a given thickness is, under the average normal service conditions, equal to the protection 
afforded by an equal thickness of pure zinc. The zinc dust used may be the by-product 
-blue powder from spelter furnaces, or it may be expressly manufactured for the purpose, 
attention being given to a suitable particle size and metallic zinc content. 

BRASS.—See p. 4-18. The second largest use of zinc is in the manufacture of brass. 
Brass alloys are discussed in detail on pp. 4-18 to 4-33. Since lead is objectionable in 
brass used for drawing, grades of zinc low in lead are largely used in brass manufacture. 

DIE-CASTING.—Suitable alloys for die-casting require zinc of exceptional purity, and 
the Special High-grade specification listed above is drawn primarily to define a suitable 

“grade for use in zine die-casting alloys. Freedom from lead, tin, and cadmium is the 
primary requirement. By alloying with about 4% aluminum, a few hundredths of 1% 
magnesium, and in some cases 1 to 3% copper, alloys amenable to die casting, and having 
in the die-cast condition radically improved properties as compared with unalloyed zinc, 
are obtained. See also p. 4-60. 

SLUSH CASTING.—High grade slab zinc is used in slush castings, largely used for 
lighting fixtures and other ornamental parts. High grade unalloyed zinc is used, and 
also alloyed zinc containing small percentages of aluminum, and sometimes of copper. 


3. ROLLED ZINC 


CLASSIFICATION OF ROLLED ZINC.—Rolled or wrought zinc is classified as fol- 


lows (see A.S.T.M. Standard Specifications for Rolled Zinc, B 69-29): 
Type A. Ribbon zine and sheets or strips cut from ribbon zine which has been rolled 


from a single bar in one continuous direction. ; 
Type B. Sheet zinc or strips cut from sheet zine that has been rolled by the pack 


rolling method. 
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Type C. Boiler and hull plates, which may be rolled either from a single bar or by the 


pack rolling method. : 
Strip Zinc may be obtained in coils or flat lengths in thicknesses from 0.006 to 0.050 in. 


and in flat lengths up to 0.10 in. 
12 to 20 in., but widths less than 12 in. are obtainable in any gage. 


Depending on the gage, maximum width varies from 
Lengths of coils may 


vary from 100 to 250 ft. in heavy and medium gages, and up to 1600 ft. in the lightest 


gage. 


to 60 in.; length, 72 to 144 in. 

Boiler Plates.—Plates of rolled zinc, usually about 1/2 in. thick, termed boiler plates 
or hull plates, are attached to the inside of boilers or to steel hulls to give galvanic pro- 
The steel is protected at the expense of the zinc, which dis- 


tection against corrosion. 


solves. 


Dimensions of sheets range as follows: Thickness, from 0.006 to 0.10 in.; width, 18 


ZINC GAGE.—Table 3 compares the standard zine gage and the American or Brown & 
Sharpe gage and the U.S. Standard gage and gives the tolerances permitted. The use of 
this special zine gage is discouraged and, to avoid errors, the actual thickness, expressed 
in thousands of an inch, is preferable. 


Brown & 
Sharpe Gage, 
Approximate 

Thickness 
No. In. 

34 | 0.0063 
33 .0070 
32 .0079 
31 0089 
30 0100 
29 0112 
28 0126 
ZT 0141 
26 0159 
25 0179 
24 .0201 
2 0225 
22 0253 
21 . 0284 
20 .0319 
19 0353 
18 . 0403 
17 0452 
16 0508 
15 0570 
14 . 0640 
13 0719 
12 0808 
I] . 0907 

1018 


* Permissible variations in thickness of T 
Type A or Type B, depending on whether the 


U.S. Stand- 
ard Gage, 
Approximate 
Thickness 

No. In. 
38 | 0.0062 
37 . 0066 
36 0070 
35 0078 
34 0086 
33 0093 
32 0101 
31 0109 
30 0125 
29 0140 
28 0156 
27 0171 
26 0187 
25 .0218 
24 0250 
23 .0281 
22 .0312 
21 0343 
. 0375 
0437 
0500 
0562 
0625 
0703 
.0781 
0937 
1093 


Table 3—Comparison of Zinc Gage and Other Gages 


Rolled Zine Gage 


Permissible Variation in Thickness of Rolled Zine* 


Type A, in. + Type B, 

Wt. Thick- : : : ‘ yaria- 

No.l oc tt,| mes | 0-6in. | 6-9in. | 9-14in. |14-20 in| yO, 
Ib. | in. | Wide | Wide | Wide | Wide | 4 we, 
3} 0.22 | 0.006 | 0.0009 | 0.0010 | 0.0011 | 0.0012 | +16 

4.30 | 008} .0010 | 0011 | 0012 | 0013 | 413 

5| 137 | 010} .o011 | 0012 | .0013 0014 | 10 

“6 | .45 | .012| .0011 | 0012] 0013 | .o014| 4 9 
7| .52 | .014] 0013] ..0014| 0015} 0016) 2.8 
8 | .60 016} .0014} .0015| .0016| .0017] + 6 

9} 67 | .018} .0015 | 0016 | “.0017 | 0018 | + 6 
10} .75 | .020| .0016| .0017 | .0018| .0019] + 6 
iD 90 024 | .0018} .0019]) .0020| .0021| + 6 
12} 1.05 | .028| .0019] .0020 | .0021] .0022] + 6 
13 | 1.20 | .032]) .0020} .0021 | .0023| .0024}] + 6 
14] 1.35 | 036} .0021] .0023 | .0025| .0026| + 6 
15 | 1,50 | 040) .0022} .0024| .0026| .0028] + 6 
16 | 1,68 | 045) .0023 | .0025| .0027| .0029| + 6 
17 | 1,87 | .050]) .0024| .0026}| .0028| .0030| + 6 
18 | 2.06 | .055} .0025} .0027| .0029| .0031| + 6 
19 | 2.25 | .060} .0026] .0028| .0030| .0032| + 6 
20 | 2.62 | .070| .0027{ .0029| .0031| .0033] + 6 
21 | 3.00 | .080] .0028} .0030}] .0032] .0034| + 6 
22] 3.37 | .090] .0029] .0031 | .0033| .0035] + 6 
23 a8 100 | .0030 | 0032] .0034] .0036| + 6 


ype C rolled zinc are the same as those for either 
material is cut from a ribbon or a sheet, 
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TESTING METHODS.—The properties of zine depend largely on the rate of loading. 
It is important that tests be made at rates of deformation that approach those which occur 
in service. Thus a cupping test, to indicate the suitability of etrip for drawing, must be 
made at the speed of a draw press operation. At the other extreme, corrugated roofing 
sheets, which must continuously support static loads, must be tested under static load for 
long periods. 

A.S.T.M. Specification B 69-29 calls for temper and dynamic ductility (cupping) tests. 
These are considered the only ones sufficiently reproducible and valuable for test purposes. 

Temper is measured by a testing machine which wraps a specimen tightly around a 
mandrel to which one end of the specimen is clamped. The degree to which the free end 
springs away from the mandrel is measured on an arbitrary scale, ranging from 0, repre- 
senting no spring whatever, to 100, representing material that returns to its original 
straight condition. s 

The three types of rolled zine are classified according to temper as follows: Type A: 
dead soft, soft, half hard, and hard; Type B: commercial; Type C: no classification. It 
should be noted that the terms soft, dead soft, etc., serve to designate certain specific 
ranges of properties regardless of the combination of composition and rolling treatment 
by which the properties are obtained. Table 4 gives the temper requirements of Type A 
and Type B rolled zinc. 

Dynamic Ductility is determined by forming a series of cups by forcing a spherical- 
ended plunger into a test strip, the plunger being adjustably mounted in a drawing press 
to permit varying the depth of the cup. The maximum depth of the cup, in inches, which 
can be formed before visible “‘necking down” occurs is the dynamic ductility. See Table 4 
for dynamic ductility requirements of the various types of rolled zinc. 

Tensile Strength, as ordinarily measured, is of secondary importance in the application 
of rolled zinc. Other properties, as ductility and temper, must be controlled, which 
control fixes the tensile strength. Tensile strengths are not used generally in product 
control and rarely are specified. Percentage of elongation in the tensile test is of little 
significance, as the rate of loading, 0.25 in. per min., is far below the rate of deformation in 
commercial operations and is no index to the ductility in such work. 

However, where tensile tests are required the A.S.T.M. standard tensile specimen for 


Table 4.—Properties of Rolled Zinc* 


5 Temper 
Temper Requirements, Type A i ees 
Dead Soft Soft Half Hard Hard Type B 
zl a & : 5 s A 
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ee ea ieee ea 8 jaa | 8 -\ Be | el BB] Og 
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e| 3 as 5 ae 8 SE 5 Eyes 5 Svs - 
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3 | 0.006 | 0.275 | 70 0.255 | 76 0.215 | 80 0.165 | 86 | 0.165 | 83 
4 .008 . 280 65 . 260 72 220 75 .170 83 170 F725 
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* These properties are the minimum requirements for acceptable shipment when no special 
‘requirements have been specified. 
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+hin sheet metal is entirely suitable for zinc. A pulling speed as near to 0.25 in. per min. 
‘as can be obtained on the testing machine should be used. Under these conditions, rolled 
zinc will have a ‘‘with-grain’’* tensile strength varying from 18,000 Ib. per sq. in. for soft 
temper high-grade zinc to 35,000 lb. per sq. in. for hard-temper prime western zinc. The 
elongation will vary from 5% for the hardest to 65% for the softest metal. The ‘‘across- 
grain” strength in every case will be a few thousand pounds higher and the elongation 
somewhat lower. 

Static Tensile Tests.—Of much greater importance than the ordinary tensile test, 
from a practical standpoint, is the static tensile or creep test which determines the resist- 
ance of various grades of zinc to elongation or flow at different temperatures under static 
tensile load. This information has been correlated with actual loading tests on corru- 
gated zinc roofing sheets. See Tables 5 to 7. 

Modulus of Elasticity of zinc lies between 10,000,000 and 20,000,000, depending on 
the rolling treatment. Approximately 12,000,000 is a representative value for soft-rolled 
high-grade zinc. 

Shearing Strength of high-grade zinc plates ranges from 17,000 to 19,000 lb. per sq. in. 

FABRICATION.—The ductility of zine falls off rapidly at temperatures below 70° F. 
All drawing and bending operations, therefore, should be performed at temperatures 
above 70°. Frequently an operation which is just too severe to be successful at tem- 
peratures near the lower limit may be successfully accomplished by warming the zinc 
and tools, for example to 100° F. In any type of extrusion, it is necessary to use an 
elevated temperature in order to operate with reasonable pressures. For certain orna- 
mental sheet metal work heavy gage zinc is hand formed at temperatures as high as 480° F. 

Lubrication.—In all operations where a lubricant is required, excepting those opera- 
tions involving temperatures well above room temperature, soapy water is the cheapest 
lubricant, and is quite satisfactory. A neutral soap should be used to avoid staining. If 
finish is important, it may be necessary to avoid spotting by washing the work and then 
drying it in sawdust. 


Table 5.—Safe Span for Corrugated Zinc Roofing Sheets at 70 deg. F. 
Corrugations 7/g in. deep X 2 1/2 in. 


Center to Center of Purlins 


30 lb. per sq. ft. Load 40 lb. per sq. ft. Load 
13igage:0.\032n. thick, ¢.iecccccs eects © 39.5 in. 36 in. 
14 gage0036.in. thick. eters «.. sash eten ote 4] 38 
{5 gage OF040 "ing thick... .7...-<ca son eee 42 39 
16reage 0.045 ind thickiwies on. caueticosh ese 43.5 40 


Table 6.—Safe Span for Zilloy + Roofing Sheets at 70 deg. F. 
Under a Uniform Load of 40 Ib. per sq. ft. 


Safe Span, Center to 
Center of Purlins 


Corrugations 
lin. deep X 21/9 in. 


Corrugations 
7/g in. deep X 21/2 in. 


Safe Span, Center to 
Center of Purlins 


12 gage 0.028 in. thick 50.5 in. 13 gage 0.032 in. thick 48 in. 
13 gage 0.032 in, thick 54 14 gage 0.036 in. thick 51 
14 gage 0.036 in. thick 57 15 gage 0.040 in. thick 54 
15 gage 0.040 in. thick 60 16 gage 0.045 in. thick 57 


16 gage 0.045 in. thick 64 


Table 7.—Safe Loads for Zilloy + Roofing Sheets 
Corrugations 1 in. deep X 21/9 in. 


Span Center to Center of Purlins 
39 in, | 42in. | 45in. | 48in. | 51 in, | 54in. | 57in. | 60in, | 63in. | 
Safe Load, lb. per sq. ft. 


12 gage. 0.028 in.) .. een 67 58 50 44 39 jRigidity when| 

13 gage 0.032 in..........] 76 65 57 50 44 40 [roof is walked 

14 gage 0:036 in........... 86 74 64 56 50 on question- 

15 gage 0.040 in.......... 96 83 72 63 56 bl 

16 gage 0.045 in... ....... 108 93 81 71 ar nee 


this line 


* The grain in rolled zinc is considered as running parallel with the direction of rolling. 
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} Bending usually is performed either on an ordinary brake or in forming rolls. When 
using a brake, the edges of the bending and clamping jaws should be rounded to the 
extent of at least removing the knife edge. If possible, bends in rolled zinc should be at 
right angles to the grain or rolling direction. It then is easy to obtain proper bending 
properties without the sacrifice of hardness and stiffness. 

A with-grain bend is a bend, the edge of which is parallel to the grain. A with-grain 
temper test is one in which the grain is parallel to the length of the specimen. The bend- 
ing then occurs across the short dimension. 

Bends frequently must be made with the grain because of width limitations in strip zine, 
or to take advantage of automatic machinery using coils of ribbon zinc. Zinc manufac- 
turers should be consulted in regard to the best combination of high cold-bend value and 
high temper for the particular conditions involved. If no drawing operation is contem- 
plated, the omission of dynamic ductility from the zine specifications may be of advantage. 

Temperature is most important in bending zinc, as in other forming operations. A 
slight warming of the metal sometimes makes possible an otherwise impossible bending 
operation. 

Drawing.—Operations in which cups are formed from flat blanks, without any general 
reduction in gage, are termed drawing. Shop methods in drawing zine vary considerably 
from one plant to another, but in general, brass practice is followed, with departures in 
detail depending on the particular operation. It is unnecessary to anneal pure zinc 
between operations, and the work-hardening alloys require fewer annealings than brass. 
Reductions in diameter from blank to the first cup should not exceed 45%. A somewhat 
lower reduction usually is preferable. It is possible to reduce the wall thickness 25 to 33% 
in redrawing operations in which the cup diameter is reduced 20%. 

Extrusion.—dZinc is successfully extruded into any of the forms commonly produced 
by this process. Tubing and rod have been produced, but in the U. S. development has 
been limited principally to the production of cups, buttons, nails, etc. Blanks for the 
extrusion of small articles usually are punched from rolled metal, although cast. billets 
thave been used forrods. Because of the directional properties of rolled zinc, some trouble 
due to non-uniform flow is encountered in some classes of work. A specially-rolled zinc 
can be supplied to minimize this difficulty. 

Welding of zinc requires some care, because of the low melting point and the tenacious 
character of the oxide. The best welding is accomplished with a gas flame, but zinc also 
may be spot-welded electrically. Zinc cannot be welded without seriously weakening 
areas adjacent to the weld by annealing. If strength is important, some cold-working 
operation to refine the grain should follow welding. 

Zine tubing is made commercially by welding, followed by a drawing or swaging to a 
smaller diameter. It then has a uniform strength that approximates that of the rolled 
zinc from which the tubing is made. 

Soldering.—Zinc is easily soldered. A low soldering temperature is necessary to avoid 
excessive grain growth in areas adjacent to the joint. This is best obtained by using a 

_-~ large iron, hot enough to accomplish the soldering with a single pass. Half-and-half solder 
generally is used, although a low-melting-point solder also is of advantage. A solder 
composed of Pb 55%, Sn 30% and Cd 15% is suitable for zinc. It has a low melting 
point and high tensile strength. Acidulated zine chloride or killed hydrochloric acid 
makes an excellent flux, although much zinc is soldered without a flux. 

Hot Stamping.—Certain complicated and deep draws, such as occur in ornamental 
sheet metal work, are made in heavy gage zinc by preheating the metal to about 480° F. 
before stamping. This work requires some knowledge of the working qualities of zinc at 

‘this temperature, and should be done by skilled workmen. For some uses, as in the man- 
ufacture of organ pipe, the zinc is given a thorough anneal prior to working. A 30-min. 
anneal at 480° F., while removing much of the desirable bending and drawing qualities, 
will reduce the metal to the very soft condition required for this use. 

Machining.—In machining zinc it is common practice to use tools with a greater rake 
than normally is used, and to use soapy water as a lubricant. ; 

Plating.— Articles produced both from die-cast and wrought zine may be plated readily 
with any of the common plated finishes. Certain metals are absorbed by zinc, or present 
some difficulty in direct deposition. Nickel, therefore, commonly is used as a first coat 
and chromium or any other desired finish plated over it. A thickness of at least 0.0008 in. 
of nickel is considered necessary to good durability of plating for outdoor exposures. 

Paint and Baked Enamel Finishes.—Sand blasting generally is recommended for pre- 
paring the surface of cast or rolled zine for the application of any organic finish. Any 
finish used should be one properly formulated by the manufacturer to give good adherence 
on zinc. Baking enamels developed for use on zinc are designed to employ a low baking 


temperature. 
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1. SAND-CAST, COPPER-BASE ALLOYS 
By W. M. Corse 


References.— The Foundry, Cleveland; The Brass World, New York; Metal Industry, New York; 
Metal Industry, London; Metals and Alloys, New York; Chemical and Metallurgical Engineering, 
New York; Revue de Metallurgie, Paris; Zeitschrift fur Metallkunde, Berlin. Also the following pro- 
ceedings of technical societies: Trans. A.F.A., Chicago; Journal, Inst. of Metals, London; Proc. 
A.S.T.M., Philadelphia. Also the following books: Metals and Their Alloys, Chas. Vickers; Prac- 
tical Alloying, J. F. Buchanan; Metallic Alloys, G. H. Gulliver; Mixed Metals, A. H. Hiorns, 
Technical Analysis of Brass, Price and Meade; Gun Metal and Brass Founding, H. S. and J. S. 
Primrose; Alloys, A. H. Sexton; Alloys and Their Industrial Application, E. F. Law; Foundry Prac- 
tice, R. H. Palmer; Introduction to Physical Metallurgy, Walter Rosenhain; Metallography, 
C. H. Desch; The Science of Metals, Z. Jeffries and R. S. Archer; The Metallurgy of Bronzes; 
H. C. Dews; Cast Metals Handbook of A.F.A. 


The alloys used by engineers and architects in the form of sand castings of bronze, red 
brass, yellow brass and white alloys containing more than 50% copper given in Tables 1 and 
2, have been compiled from about twelve authorities. The values given are average and 
should not be used for specification limits. These results have been checked by Mr. 
Lewis H. Fawcett, Metallurgical Testing Laboratory, U. S. Naval Gun Factory, Wash- 
ington, D. C. 

SELECTION OF ALLOY.—The alloy which is suitable for any specific purpose is 
given in Table 1. The following notes cover the items which should be considered by the 
engineer in selecting and using cast copper-base alloys. Where corrosion resistance is of 
importance, the manufacturer of the alloy should be consulted as to its suitability under 
the proposed conditions, or tests made on samples of the alloy in question. The relative 
value of these alloys for mechanical purposes varies with temperature, and information 
on this point should be obtained before subjecting them to high-temperature use. The 
tensile properties of four copper-base alloys at high temperatures are given in Fig. 1. 
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Table 1.—Types of Cast Brass or Bronze Alloys for Various Services 


INSPECTION AND DEFECTS OF BRASS 


(Refer to Table 2 for specifications of the various alloys listed) 
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Quality or Use Type of Alloy Alloy No. Quality or Use Type of Alloy Alloy No. 
Abrasion Resisting | Gear Bronze Cl2 Machine Parts Bronze ce 
, . Nickel Bronze C9 Miscellaneous Work] Naval Brass C23 
Acid Resisting See Corrosion Re- Non-corrosive See Corrosion Re- 
sisting sisting 
Air Fittings Semi-Red Brass | C19 Ornamental Work | Yellow Brass C21 
Architectural Trim | Ambrac C24 Ambrac C24 
Benedict Metal | C25 Benedict Metal | C25 
Bathroom Fittings | Benedict Metal | C25 Patterns, Metal Red Brass Ci5 
Bearing Backs Red Brass Ci5 Pressure Resisting | Al-Bronze C2 
Bearings See p. 4-62 Bronze Cll, C14 
Bell Metal High-Tin Bronze | C17 Propellers Al-Bronze C2, C3 
Builders’ Hardware | Benedict Metal | C25 Mn-Bronze C7 
Yellow Brass C21 Pipe Fittings See Fittings, Air, 
Castings, Chill Al-Bronze Cl, C2,C3 , Chemical, Gas, 
Common Yellow Brass C22 Steam, Water 
Light Yellow Brass C21 Pump Bodies Red Brass C15 
Strong & Tough | Mn-Bronze C6, C7 Pumps 
Corrosion Resisting Lubricating Oil | Yellow Brass C22 
Resistant to: Water Red Brass C16 
Acids Al-Bronze Cl, C2, C3] Radiator Valves Red Brass Cl8 
Ambrac C24 Resistance to Wear | Al-Bronze C2 
Everdur C4 Nickel-Bronze C9 
Mn-Bronze C7 Resistance to 
Alkalies Everdur C4 Corrosion See Corrosion Re- 
Atmosphere Semi-Red Brass | C16 sisting 
Bleaching Solu- Resistance to Shock] Al-Bronze C2 
tion Ambrac C24 Severe Duty Bronze Cll 
Phenol Everdur C4 Steam Fittings Bronze C10, C13 
Sea Water Al-Bronze Cl, C2, C3) Red Brass C15 
Everdur C4 Steam Metal Bronze Cl3 
Mn-Bronze C7 Strength Al-Bronze Cl, €27C3 
Ambrac C24 Mn-Bronze C6, C7 
Water Bronze Cll Naval Brass C23 
Electrical Equip- - Structural Parts Mn-Bronze C7 
ment, Overhead | Semi-Red Brass | C16 Temperature, High | Al-Bronze Cl, C2, C3 
Electrical Fittings | Pure Copper 0 Toughness Al-Bronze Cl 
Fittings, Air Semi-Red Brass | C19 Mn-Bronze Cé, C7 
Chemical See Corrosion Re- Under-Water Fit- 
sisting tings Mn-Bronze C7? 
Electrical Pure Copper 0 Valve Bodies, 
Gas Bronze C10 Chemical Al-Bronze C2, C3 
Semi-Red Brass | C19 High Pressure Bronze Cl4 
Steam Bronze C10, C13 | Valve Stems Mn-Bronze C6 
Red Brass C15 Valve Facings Nickel-Bronze C9 
Valve Red Brass C18 Valves Bronze C10 
Water Semi-Red Brass | C19 Red Brass C15 
Gas Fittings Semi-Red Brass | C19 Low Pressure Red Brass Cli8 
Gears Al-Bronze C2, C3 Radiator Red Brass C18 
Gear Bronze C12 Water Fittings Semi-Red Brass | C19 
Hardness Al-Bronze C2, C3 Water Tightness Bronze Cll 
Silicon-Brass C5 Wear Resistance Al-Bronze C2 
Mn-Bronze C6 Nickel-Bronze C9 
Nickel-Bronze C9 Worm Wheels Al-Bronze C2, C3 
Bell Metal C17 Gear Bronze C12 


FABRICATION.—Nearly all of the sand-cast copper-base alloys listed are readily 


machined. Some of the stronger alloys, such as aluminum-bronze and manganese-bronze 
are tough and difficult to machine, but with proper tool angles and machine conditions it 
is entirely possible to machine even these. These alloys as a class are not readily welded 
by any of the commercial methods. Their high heat conductivity dissipates the heat i=fe) 
rapidly that it is difficult to make a proper weld. The classes that can most readily be 
welded are the yellow brasses or manganese-bronze. The higher zine content here seems 

to make welding commercially possible under many conditions. ; ; 
INSPECTION AND DEFECTS.—The principal defects in castings, from an engineer- 
ing standpoint, are shrinkage, blow holes, sand holes, and oxide inclusions. Shrinkage 
holes are usually found at a point where the heavy and light sections join. Blow holes 
are due to a faulty molding and melting condition, and sand holes are caused by imperfect 
(Continued on p. 4-23) 
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molding. Oxide inclusions may be caused by bad material but also, in some alloys, by 
excessive agitation during the pouring operation either inside or outside the mold. : 

CORROSION.—Certain alloys resist corrosion better than others, and in Table 2 
under the heading ‘‘Remarks,”’ this condition is noted in some cases. As a class these 
alloys are considered non-corrosive with reference to atmospheric conditions, but they 
vary widely when exposed to chemical agents. It is difficult to predict resistance to 
corrosion. In nearly every instance a trial is necessary to be certain. 

DESIGN OF CASTINGS.—The design of castings is extremely important. It is 
well known that castings can be designed that are impossible to make in a foundry. The 
ideal casting is one which has a fairly uniform metal section with easy gradations from 
light to heavy parts. If engineers would keep this in mind in designing, much trouble 
would be saved the factory and the user. The variation in thickness in different parts 
of the same casting causes variations in strength, sometimes amounting to 50%. It is, 
therefore, impossible to predict exactly the strength of metal at any particular point in a 
casting without actually cutting a test piece from that point. As this usually is not 
practicable, standard test pieces are used as indicators. These test pieces are made under 
uniform conditions and show the properties of the alloy when cast in the best manner. 
From the results of mechanical tests of these test pieces specifications are drawn. If 
these specification values are used for comparison with results from test pieces cut from 
the castings of variable design a discrepancy usually will result. Frequently, engineers 
draw the conclusion that castings do not meet specification values. The error made 
lere is in judging these results as comparable. The standard test piece indicates the 
auality of the material used, but the results from it should not be used to check values 
in the casting itself because of the variations noted above. 


2. WROUGHT BRASSES, BRONZES AND NICKEL-SILVER 
ALLOYS 
By W. H. Bassett * 


The nomenclature used in the non-ferrous metals trade is confusing to those who 
are not familiar with the business, but through long usage it has become so thoroughly 
rooted that it is practically impossible to change it. The trade names have an actual 
value to the producers of various materials, and they would, therefore, naturally resist 
changes. 

All questions of properties of engineering material are tied up with factors of safety, 
factors of reliability, conditions of exposure (which are always local) and similar matters. 
The requirements of special alloys for specific purposes may be considered from the view- 
point of the physical requirements or resistance to corrosion or both. The physical 
requirements and properties may be studied in the laboratory. The question of corrosion 
is less easily solved, due to the difficulty of reproducing in the laboratory the conditions to 
which the metal may be exposed in service. 

The joint use of ‘dissimilar’ alloys has caused much trouble. For instance, the use 
of one of the so-called ‘‘stronger brasses’” (one of the brasses sometimes called bronzes 
which contains a considerable percentage of zinc together with tin or iron or a combination 
of these elements) in connection with a straight copper-tin bronze in an electrolyte such 
as sea water will result in the weakening of the alloy containing the larger proportion of 
zinc. Where brass strainers have been held in position with copper or gun-metal bolts 
and where brass screens have been placed in position with copper rivets, galvanic action 
has occurred, destroying the alloy containing the greater percentage of zinc. 

Before proceeding with design, engineers not thoroughly familiar with the composition 
and properties of the alloys with which they propose to deal should consult reputable 
metallurgists, giving a thorough review of the conditions under which the material is to 
be used. The question of conditions of use is very important and should be carefully 
considered. 

The so-called ‘“‘season cracking” of brasses and bronzes has given much trouble in 
certain places. This phenomenon is due to the internal stress in the alloy brought about 
by cold working, such as rolling and drawing, and corrosive action. Copper and the 
copper-zine alloys containing 20% or less of zine are not subject to this trouble. The 
stronger copper-zinc alloys, as well as those containing tin and other elements, may be 
so prepared as to prevent this difficulty if the conditions of exposure are understood 


beforehand. 


* This material was prepared originally by Mr. Bassett. After his death, Table 4 was revised 
by his associates, Messrs, H. G. Jennison and W. R. Hibbard, 
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Table 3.—Type of Wrought Brass or Bronze Alloys for Various Services 


Use or Quality Alloy Alloy No. Use or Quality ___ Alloy —__| Allloy No. 
Architectural shapes Extruded B66 ‘| Eyelets Eyelet brass B12 
Architectural work Red brass 85% B6 | Fatigue resistance Beryllium copper B67 
Bearings Beryllium copper B67 ‘| Free cutting Leaded commercial 
Bolts Muntz metal Bl6 bronze B20 

Re Naval brass B28 s Leaded red brass 80% B21 

ss Tobin bronze B29 - Leaded nickel-silver B49 
Bolt stock (high duc- Free milling Clock brass B23 

tility) Everdur (B) Bot | Forging, hot Forging brass B24 
Brazed articles Brazing brass B8& Hardware Red brass 85% P Bo 
Bullet jackets 15% Cupro-nickel B4l ¢ Leaded commercial 
Bushings, low duty Beryllium copper B67 bronze B20 
Caps Cap gilding BI7 | Heading operations Brass wire BI5 
Cartridges Cartridge brass B10, B11} Hinges Butt brass BI9 

ae Eyelet brass Bl2 | Hose, flexible metal Special bronze B31 
os Drawing or spinning Jewelry trade Bronze, commercial, 
brass B13 95% B4 

Chain, bronze Phosphor bronze A B33 = fe Leaded commercial 

a -- Phosphor bronze D B36 bronze B20 

“window weight | Phosphor bronze A B33 —s | Lamp fixtures Commercial high brass Bl4 
Clock parts Clock brass B23 ‘| Machine work, 
Color Red brass 85% B6 automatic Free-cutting rod B25 

“ Red brass 80% B7 Machining Forging brass B24 

: 5% Aluminum bronze B52 is Oreide B26 
Commutator segments | Hitenso BB B63 bs Phosphor bronze B B34 
Condenser tubes Admiralty B27 2 Free-cutting phosphor 

s 5 Super-nickel B39 bronze B37 

Contact fingers Phosphor bronze B35‘ | Meter parts Clock brass B23 

@ Cs Hitenso BB B63 = | Nuts Muntz metal Bl6 
Corrosion resistance Commercial bronze * Naval brass B28 
90% B5 . Tobin bronze B29 
a « Red brass 85% B6 Ornamental work Commercial high brass Bl4 
< es Red brass 80% B7 = 4 Ambrac A B44 
cc “ 20% Cupro-nickel B40_—s | Pins Brass wire BI5 
ee es Ambrac A B44 =| Pipe Deoxidized copper B2 
o. 3 8% Aluminum bronze B53 oe Red brass 85% B6 
Us ee 8% Aluminum bronze = Tube brass BI8 
with iron B54 ‘| Piston rods Naval brass B28 
& & 10% Auminum bronze B55 “ “s Tobin bronze B29 
C * Calsun bronze B57‘ | Plates Naval brass B28 
co S Manganese bronze B58, B59] “ Tobin bronze B29 
as Lo Everdur A B60 _| Propeller shafts Naval brass B28 
U as Everdur B Bél bs bs Tobin bronze B29 
Mw as Tempaloy 917 B65 | Plumbing 15% Nickel-silver B48 
Corrosion resistance, Primers Cartridge brass B10 
atmospheric Commercial bronze, Primer gilding Primer gilding B3 
90% B5 Radiator, automobile | Commercial bronze 
do Red brass 80% B7 90% B5 
do Ambrac A B44 = se Commercial high brass BI4 
Decorations 15% Nickel-silver B48 ~— | Radio parts Phosphor bronze C B35 
Diaphragms Phosphor bronze C B35 «| Rivets Brass wire BI5 
Ms Beryllium copper B67 = Leaded red brass 80% B21 
G) to with- Rod, brass Spring brass B9 
stand pressure 5% Aluminum bronze B52 “copper Copper BI 
do 8% Aluminum bronze B53 “welding See Welding rod 
Drawing 15% Nickel-silver B47_—— f Rods, piston Naval brass B28 
“ deep Drawing or spinning y ts Tobin bronze B29 
Bl3 = | Screws Brass wire BI5 
Electrical instruments | 30% Nickel-silver B42 ‘| Sea-water, resistance to| Admiralty B27 
i parts Cap gilding B17 |Shapes, special Leaded brass B22 
Uy parts, high- Sheathing Muntz metal Bl6 
conductivity | Copper Bl Sheet metal (high duc- 
sig purposes Signal bronze B32 tility) Everdur (B) B6l 
oe e High-strength bronze B38 ~—- | Sheets Copper Bl 
pe = Calsun bronze B57 4 15% Nickel-silver B48 
sd resistance 30% Nickel-silver B42 ‘Shells, drawn Eyelet brass Bi2 
G wire and Shot shells Cartridge brass B10 
cable, etc. | Hitenso A B62 =‘ {Silver-plated ware 15% Nickel-silver B47 
do Hitenso BB B63 sig 4 10% Nickel-silver B50 
do Hitenso C B64 st a se 5% Nickel-silver B51 
Elevated temperatures | Avialite B56 _—_‘j Silver-soldered articles | Brazing brass B8 
Frosion resistance 20% Cupro-nickel B40 = {Spinning 15% Nickel-silver B47 
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Table 3.—Type of Wrought Brass or Bronze Alloys for Various Services—Continued 


Use or Quality Alloy Alloy No. Use or Quality Alloy Alloy No, 

Springs Phosphor bronze A B33 _—| Tubes, seamless Cartridge brass B10 

. Phosphor bronze D B36 “white metal 15% Nickel-silver B48 

‘ Beryllium copper B67 ‘| Turbine blades Spring brass B9 
Spring-stock Spring brass bis i 20% Cupro-nickel B40 
Strength Manganese bronze B58, B59] Valve seats (airplane 

ne Everdur (A) B60 engines) Avialite B56 

- Everdur (B) Watch parts, ete. Leaded Nickel-silver B49 

ss Tempaloy 917 B65 | Wear resistance 8% Aluminum bronze B53 
Structural work Manganese bronze us MI 8% Aluminum bronze 
Switches, electric Phosphor bronze A with iron B54 


Phosphor bronze C a ul) 10% Aluminum bronze} B55 
Tableware, plated and Welding rod Deoxidized copper B2 
unplated 25% Nickel-silver ne 2 Naval brass B28 
do 18% Nickel-silver ¥ “ Tobin bronze B29 
Threading and similar a 4 Everdur (A) B60 
operations Butt brass Wire Copper Bl 
Tubes Copper 2 15% Nickel-silver B48 
Mg Deoxidized copper “Fourdrinier Red brass 80% B7 
é Tube brass ° te Fourdrinier wire B30 
“~~ Bourdon Beryllium copper SS) opin Muntz metal Bl6 
“condenser Admiralty “window screen Commercial bronze 
Gs - Super-nickel 9% B5 


Table 4 (p. 4-26) gives an idea of what may be expected in the way of physical proper- 
ties from some of the more common combinations of metals, but should be used as a gen- 
eral guide only. Table 3 is an index to the alloys of Table 4. 

Table 4 gives the more common wrought alloys with their ordinary physical properties, 
both ‘‘Hard Rolled”’ or ‘‘Drawn”’ and ‘‘Annealed”’ or ‘‘Soft.’’ The figures are averages 
that ordinarily may be expected in practice but may be modified by ‘‘Extra Hard,” “‘Half 
Hard” or ‘‘Quarter Hard”’ rolling. In other words, almost any physical properties 
between the figures for ‘‘Hard’’ and ‘‘Soft’’ may be obtained by appropriate working, 
and higher figures for tensile strength, or hardness, may be obtained by a greater amount 
of working. The alloys have been chosen to represent the more commonly used copper- 
zinc, copper-zinc-nickel, copper-tin and copper-aluminum mixtures. The alloys inter- 
mediate in composition between those chosen have physical properties lying between 
those given for the nearest compositions. 


ALUMINUM AND ITS ALLOYS 


By Zay Jeffries 


1. PROPERTIES OF ALUMINUM 


Aluminum is one of the lightest of the metals used for structural purposes. The 
principal source of aluminum is bauxite, a hydrated oxide of aluminum, which is reduced 
to pure alumina, Al,O3, by treatment with caustic soda, from which the metal is obtained 
by electrolytic process. Impurities in the alumina, as silicon and iron oxide, will appear 
in the metal. Commercially pure aluminum contains from 99 to 99.5% aluminum, but 
grades containing 99.8% or more of aluminum are produced. 

CORROSION-RESISTANT CHARACTERISTICS.—Aluminum is resistant to most 
atmospheric influences, especially inland industrial atmospheres. Paint or other pro- 
tection, however, generally is advisable for permanent structures exposed to seacoast 
atmospheres. Examples of the resistance of unpainted aluminum and its alloys to atmos- 
pheric conditions are the relatively high-purity aluminum transmission lines and outside 
bus bar installations; aluminum-silicon alloy castings, used in large buildings as spandrels 
and other ornamental parts; wrought products, as window frames, store fronts and other 
parts of buildings. Aluminum is resistant to distilled water, many food products, fruit 
juices, milk and beer, and atmospheric nitric and glacial acetic acids. It is readily dis- 
solved by hydrochloric and hydrofluoric acids, and caustic solutions. ; 

The high corrosion resistance of aluminum is due to the protective effect of the oxide 
coating. In general, the highest purity aluminum has the highest corrosion resistance, 
Nearly all other metals present, either as impurities or alloying elements, tend to lower 
corrosion resistance. Manganese, chromium, and magnesium produce the most corrosion- 
resistant alloys, Silicon affects the corrosion resistance slightly, but it conveys other 

(Continued on p, 4-34) 
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Approximate Composition, 


Table 4.—Chemical and Physical Properties 


(Variations must be 


Ib. 


per sq. in. 10-6,Hard 


Johnson’s 
Elastic Limit, 
Ib. per sq. in. 


Yield Point, 
Ib. per sq. in. 


— |Modulus of Elasticity, 


SS 
—) 


16.0 


“43 | 61,0001| 17,0007.......|......| 15.0 


percent 
Material 
re a 8 3 | 
gl s24\a\ le 
Copper AL SS (aeeere| Sere eae) lerareaa 
WSR SOE let ecb cnrareralag citafiosveey 
IGS GOs Wieia bs lbcnmicleloiss dfecsia'ots 
Ps Phos- 
phor- 
us. 
Deoxidized i Rr a! Ua ool Pel Rene) Bee pres- 
ent 
Copper aT i A US) ae Orel ei! pres- 
ent 
Wate AUS ol eee AP Soe pres-' 
ent 
Nghe Be Ut Werseael BSc iee enor e: pres- 
ent 
Primer Gilding ig W97200i (3 00\secaulnes laees 
Commercial S195) CO) SOG) Fo otlin = efaestee 
Bronze, 95% 
Commercial S|} 90.00 |10.00).....).....)..... 
Bronze, 90% 
Red Brass, 85% |S| 85.00 |15.00).....|.....)..... 
T| 85.00 |15.00).....).....)..... 68,000 
Red Brass, 80% | S| 80.00 |20.00).....).....]..... 85,000 
Wi! 80.00/[20.00).<...cfi co. chicce 125,000} 49,000 
Brazing Brass 8)) 75:00) | 2500S ctl we om 80,000) 47,000 
Spring Brass 8) 72-00! |28.00). sisecbencccloasters 76,000) 47,000 
Cartridge Brass |S} 70.00 |30.00).....).....]..... 86,000} 45,000 
Cartridge Brass || 69.00 |31.00|.....[.....|..... 
Eyelet Brass S|, 68:00 |32.00).... cto lcs) @eOURlon ae oe 
Drawing or spin- | S| 66.67 |33.33).....].....J..... 76,000} 46,000) 5 | 52 
ning brass El 
Commercial high| S| 65.00 }35.00).....).....)..... 76,000} 45,000 
brass Re 65:00) 135: 00) civics shiver anaarnrete 70,000} 45,000 
Brass wire Bl 03. OO SZ 00h cwralen ie sicle sauce 70,000) 50,000 
Eee oraralts eres al stators 84,000} 48,000 
citchete, Seen Maa 125,000} 50,000 


* For some alloys the figures are for a temper 
slightly different from that commonly known 


Bah 


ard,” 


+ Compared to water at 4° C, 


t 


Soft. 


S =Sheet. 


a Temper not known. 


b 


Determination. 


T =Tube, 


W = Wire. 


c Circular 63, U. S. Bureau of Standards, 


15.0 


d Scientific Paper 410, U. 8. Bureau of Standards. 

e Elongation of wire, percent in 10 in, 

¢ Corning Glass Works. 

g Yield point taken as the load producing an 
extension under stress of 0.75 percent. 

h Jenkins and Hanson constitution diagram. 

j Average linear coefficient per deg. C. from 
25 to 300 deg. C. Tests on rod. Scientific Paper 
410, U. S. Bureau of Standards, 
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of Various Wrought Copper-base Alloys 
expected in practice) 


Brinell| Rockwell 


= 
8 
Bi 
8 


< Properties 
Shearing ° 
Strength, _at 20°C. 


Ib. per sq. in. 


Ys 


Uses—Remarks 


Melting point, deg. F. 
Conductivity (u) 


PACS. 


ect of Expan- 
Thermal 


&] sion x 107 (j) 


Specific Gravity t 


we Density, Ib. per cu. in. 
&]| ohms (mil-ft.) 


© | Resistivity, 


— | Conductivit 


so 


Bic} 8. 


fod 
a) 
So 
=) 
—) 
o 
TS) 
a 
PS 
o 


.02) For electrical parts requiring 

high conductivity; also for 
Denial eco ecsravatsre’ ars Statel Gl ara7ave'lracciee gto] erate ol ane ers rods, sheets, tubes and wire 
ond Se (OCC (Tene Ciara (ere (ccna | Sena for commercial purposes. 


198168. 93d) 0.323) 98)... =|... cele 


Adeaes Copper pipe and tube. Tougher 
than electrolytic copper and 
Lise ale has better corrosion resistance. 


Bi Sask Welding rod. May also be de- 

oxidized with silicon, manga- 
NUT ere oe [iacial| (cseielficreisi|'~ «recap LOO) LOU = ctoretcts < [ratarerelorellisroisielels|{ sisie,eifle.cie,s.ece'fieretets eiel|lateve olerera nese, calcium boride, and other 
deoxidizers. 


1967z |8.890d| 0.321] 98] 15.62) 66.40|1712.77 Primer gilding. 


Birinci [sce » 110} 43] 68)..... 1949z |8.866d) 0.320) 101) 18.98) 54.6 |1672.13] For jewelry trade and manufac- 
turing where soft, pliable 
metal is required. 

1913z |8.804d} 0.318) 101} 25.36] 40.90)1294.74] For window screen wire and 
automobile radiators on ac- 
count of resistance to corro- 
oe sion and atmospheric action. 
18682 |8.745b|} 0.316) 104) 28.03) 37.0 |1103.14| For architectural work on ac- 
I ect teo leo) [si ifs s-ccsyelts o.sll aa eb arae¥nw orientale. [ njegierare ROG ecard Cee ecto count of color and resistance 
to corrosion; also for hard- 
ae ware and pipe. 

1832z |8.667d| 0.313) 106)31.95¢| 32.5t| 972.51! For its color and resistance to 
corrosion and atmospheric 


43,000r| 27,000] 150} 53 


action. 
> 56p eas RES ane eee Bp) (ees (eed eee (aed eee seen aces ....|36.90y} 28.1y}.......| Fourdrinier wire. 
ogee Reaae (IGA |, SES tel as EK 1796z |8.594d| 0.310) 109) 34.6t] 30.0t| 899.93) For parts or articles to be 


brazed or silver soldered, etc. 
17692 |8.553d) 0.309) 110) 36.3 | 28.60) 856.39] For turbine blades, best spring 
stock, brass rod, etc. 


Bretsteteisi|ivicic'ie!= 157| 53 sateieiai| tere 1751z |8.528d| 0.308) 111) 37.61) 27.58} 841.87} For primers, shot shells, car- 
tridges, seamless tubes, etc. 
156| 53 PED Seen eae ....| 37.55] 27.60| 841.87| For cartridges, ete. 
1733z | 8.50b] 0.307|....| 37.95] 27.30) 838.97) For eyelets, cartridges, drawn 
shells, etc. 
1720z |8.476d| 0.306) 112] 40.12) 25.85} 833.16] For deep drawing, cartridges, 
ete. 
1706z |8.460d| 0.306) 112} 38.68) 26.8 | 827.36] For a large variety of articles, 
Te BAcsets CACOCe Ceres sesleeeeee|eeeess]e--+--| lamp fixtures, automobile ra- 


diators, and for ornamental 
purposes. Not good for ex- 
posure to weather. 

827.36] For rivets, pins, screws, and 
other heading operations. 


16882 |8.437d 


k At 18.1 deg. C. p Annealed, quenched and heat-treated. 

1 Yield point taken as the load producing an 7 Smith constitution diagram. 
extension under stress of 0.50%. Yield point up to t Stockdale constitution diagram. — . 
1934 was taken as the load producing an extension uB.t.u. per sq. ft. per hr. per 1 in. thick per 
under stress of 0.75%. At that time, however, the 1° F., at 68° F. [ 
A.S.T.M. and Federal Specifications Board adopted o Tafel constitution diagram. — ‘ 
the figure of 0.50%. xz Bauer and Hansen constitution diagram. 

m Cold worked and heat-treated. y Hard at 77° F. ew A ; 

n Guertler-Tammann constitution diagram. z Heycock-Neville constitution diagram. 


(Table continued on following page) 
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Table 4.—Chemical and Physical Properties of 


(Variations must be 


“s 
: Elonga- in a3 
Approximate Composition, Pliers? tion in | Yield Point, me $e" 
percent Ib. per ea. in. 2in., Ib. per sq. in. thy per 2q. in. 16 
Material percen re 
|= Sager 
B=} 
oe ee es 
a 3 %, ; % a2 
BlSaaaltoales 5 ome (peel) 2 E Pe 
elke ||| | a 13 las] 8 | S| 8 | 3 |s® 
Bl6| Muntz metal 8.) 6000/40 00). eo all. 00s 80,000} 57,000} 9.5) 48 ]|....... TR.QOOE 5 3.5/4 seme 12.8 
BI7| Cap gilding _| S| 90.00| 9.60] 0.40].....|..... 65,000} 39,000} 4 | 35. 
BI8| Tube brass...... S| 67.50|32.00| 0.50|.....]..... 85,000| 43,000) 3 | 46 |. 
T| 67.50|32.00} 0.50}.....]..... 50,000 44,000) 5 | 45 | 
B19 | Butt brass S| 64.00/35.00] 1.00).....]..... 80,000! 45,000; 5 | 60 
B20 | Leaded commer- } R| 88.50}10.00} 1.50).....)..... 60,0001 35,000) . A). SON Sod cac | ccccicteo fantastic 15.0 
cial bronze 
B21 | Leaded red brass,| R} 78.50|20.00) 1.50).....)..... 60,000};.40,000). 10 |) Si soos sboseccsaline cance eee ieee 
80% oll aaall Been ee i |) gl eee 
B22 | Leaded brass R| 69.00/29.50} 1.50).....]..... 65,000), 45,000} 10.) 34°] 33,0008h 0. 5...2}o00ccnei|erceareeleieee 
B23 | Clock brass S| 61.50/37.00) 1.50).....]..... 80,0008 45,000). 4, | 40%) .:..5 SBR Seoa |b ce ce inate eee 
B24 | Forging brass R} 60.00/38.00) 2.00).....]..... 70,000} 50,000} 10 | 45 | 30,0002} 21,0007).......)......]..... 
B25 Free-cutting yel- R 
low brass 
B26 | Oreide Ss 
B27 | Admiralty 8 
W 
as 
B28 | Naval brass R 
B29 | Tobin bronze R 
N) 
B30 | Fourdrinier wire |W 
B31 | Special bronze |S 
B32 | Signal bronze Ww 
B33 | Phosphor bronze,| S 
A 
NS) 
B34| Leaded phosphor| R| 94.00]..... TR a Mead Ca 50,000/....) 40 |....... 17,0001|....... Rae tee 
bronze, B 
B35 | Phosphor bronze,| S| 92.00].....}..... BOO crate 110,000) 55,000} 3 | 70 | 70,0007) 22,0002}.......]...... 14.0 
C 
B36 | Phosphor bronze,| S| 89.50|.....]..... TORSO Ree 115,000} 60,000} 5 | 65 | 75,000/| 37,0002) 91,000)......]..... 
D 
B37 | Free-cutting  |R| 88.00) 4.00] 4.00] 4.00)..... 60,000|....... 20) |... |/ 46,0008), 5. 08. |naccckclecer amin tse 
phosphor bronze 
B38 | High-strength Si 
bronze WI 97.25].....]..... 2.00| 0.75! 120,000] 45,000 3c] 36 1.......|.2.....Leceeeec[eceeeelecees 


* For some alloys the figures are for a temper 
slightly aor from that commonly known 
as rd." 

Ia nye to water at 4° C, 


oft. 
§R=Rod. S=Sheet. T=Tube. W= Wire. 
a Temper not known. 
b Determination. 
e Circular 63, U. S. Bureau of Standards, 


d@ Scientific Paper 410, U. S. Bureau of Standards. 

e Elongation of wire, percent in 10 in. 

J Corning Glass Works. 

g Yield point taken as the load producing an 
extension under stress of 0.75 percent. 

h Jenkins and Hanson constitution diagram. 

j Average linear coefficient per deg. C. from 
25 to 300 deg. C. Tests on rod, Scientific Paper 
410, U. S. Bureau of Standards. 


WROUGHT COPPER-BASE ALLOYS 


Various Wrought Copper-base Alloys—(Continued) 
expected in practice) : 


Brinell| Rockwell 
Ha 


g point, deg. F. 


Specific Gravity ¢ 
hms (mil-ft.) 
Conductivity (u) 


| X 107 Gj) 
Resistivity, 


3 | Meltin: 
we Density, lb. per cu. in. 
—| Coefficient of Expansion 


oo 
w& 
& 
o 
Sk 
bw] 0 
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Uses—Remarks 


For bolts, nuts, sheathing, pin 


wire, etc. 


For caps and electrical parts. 


Pipe and tube. 


For hinges, etc. Also for thread- 


ing and similar operations. 
For hardware, jewelry, ete. 
Free cutting. 
For rivets, etc. Free cutting. 


0.305}... .|39.10t 


For special shapes where high 
lead is detrimental to the 
bending or working of the 
stock. 

For clock and meter parts, 
Pinions and other articles 
where free milling is required. 
For hot forging. Machines 
easily. 


26.5) 748.97 


For automatic machine work. 


Drills and turns easily. 


0.308] 112) 42.07 


Hg). 
0.304] 117| 41.00 


24.65) 763.49 


For condenser tubes. Resists 
action of sea water. 


24.93| 809.94 


For piston rods, propeller 
shafts, nuts, bolts, plates, etc. 
Welding rod. 


1922z 


8.88) 


19222 | 8.87b 


secccvelereeee tA) OU] ZO) BU ]...]..-. 


32.20) 989.92 
43.0 |1509.56 
1016.05 


For Fourdrinier wire. 
For flexible metal hose. 
For electrical purposes. 


82. 18t 435.45] For springs, electric switches, 
etc. 
For window weight chain. 


Bronze chain in general. 


56.46) 18.37) 566.09) 


8.9295 


whee cece esceesfecelerc[ore| SI [ee ef FOUL... -.ee 


...| 180] 18772 |8.815b 


200} 74/100} 52 |...|180) 18322 | 8.78 


18.37) 577.70 


56.46 Phosphor bronze with good 


machining properties. 


79.8 | 13.0 | 435.45] For electric switches, contact 
fingers, diaphragms, radio 
parts, etc. 


98.10] 10.6 | 351.26] For very stiff resilient springs 


(flat or coiled). Also for chains. 


180) 18726 


k At 18.1 deg. C. ; 
1 Yield point taken as the load producing an 
_ extension under stress of 0.50%. Yield point up to 
1934 was taken as the load producing an extension 
under stress of 0.75%. At that time, however, the 
A.S.T.M. and Federal Specifications Board adopted 
the figure of 0.50%. 
m Cold worked and heat-treated. 
n Guertler-Tammann constitution diagram. 


85 For good machining properties. 


For electrical purposes. 


p Annealed, quenched and heat-treated. 


7 Smith constitution diagram. 

t Stockdale constitution diagram. | ; 

u B.t.u. per sq. ft. per hr. per 1 in. thick per 
1° F., at 68° F. 

o Tafel constitution diagram. 2 

az Bauer and Hansen constitution diagram. 

y Hard at 77° F. ee ; 

z Heycock-Neville constitution diagram. 


(Table continued on following page) 
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Material 


B39| Supcr-nickel 
B40| 20% cupro- 


nickel 


B41| 15% cupro- 


nickel 


B42| 30% nickel silver 


B43|25% nickel silver 


Ambrac A 


B45] 18% nickel silver 


18% nickel silver 


B47 15% nickel silver 


15% nickel silver 


Leaded nickel 
silver 


NON-FERROUS 


Approximate Composition, 


.sssfess+[----{ 130,000] 72,000] 2 | 35 


8 


yee 
sss 


| 


Se 


Sager 
sss 


algun alenn | 


3 


61.00} 25.00} 12.50 


10% nickel silver 
5% nickel silver 


65 90}25.00/10.00)....}.... 
63.00}32.00} 5.00)....].... 


5% aluminum 
bronze 

8% aluminum 
bronze 


8% aluminum 

bronze with iron 

10% aluminum 
bronze 


Avialite 


* For some alloys the figures are for a temper 
slightly different from that commonly known 


“hard.” 


Me a to water at 4° C, 


oft. 
§R=Rod. S=Sheet. 
a Temper not known, 
b Determination. 
ce Circular 63, U. 8S. Bureau of Standards. 


« 125,000m| 78,000} 5m | 36 | 60,0007} 30,0007 


W= Wire. 


METALS AND ALLOYS 


Table 4.—Chemical and Physical Properties of 


(Variations must be 


fee 

ea) 

Johasen’ay PES 

Tensile * “ ohnsons | °& 
chow, | Ee | SA nn | abate | 

Ib. per sq. in. percent lb. per sq. in. a 

3X 

aif 
et be | ee ee | el ee 
7? ame. 30) |... scwoe| sone cee eee ate eee eee 
ifn ccc. 85,000{ 50:00} ~2:.|/30° | iss0-0-]io5aedibenc eel eel eee 
ee | eee 70,000) 450000) 3 |.30' |. 5... fame sac] ecleeee eee eee 
eS eSo 160,000} 75,000] Ie] 35¢|....-..].<....<]2seccca)onalelillNitien 
5 Se. 1110;000]/572:000| 1 4) |30: sects llsea sae eee ae 
Se eee 85,000} 50,000} 5 | 35 | 67,0002| 21,0002! 57,000] 10,000]... 
PG ie Ale 80,000] 55,000} 10 | 50 | 60,0002| 17,0002 52,000] 13,000|19.0t 
ieee 175,000) 55,0001 24) 306)... de wc] tans Alea 
eal ae 90,000] 58,000; 3] 40 | 73,000//.......| 72,000]......| 18.0 
eevee 100,000|° 60,000) 2:40: ]-16.22.|cceeetocesees| Geena eee 
eee Ce 143,000] 60,000] Ie} 40e].......|.......] 103,000]......| 14.1 
ae 93,000| 58,000} 5.5] 40 |.......].......] 75,000] 22,000]..... 
95,000| « 55,000]° 2 | 35°}. .7.se||cfaceten ol dee ceee | eee are 
90,000|....... 5 | Scall sccicies'| cemeeleeel| ee ee 
90,000] 50,000; 3] 45|....... 1110001] fase ees 17.5t 
135,000]....... Dal arc. Scotus cesllateaestee| eythane a 

105,000) 52,000). 3 (920) |-.--2 Io. naa) cetera 


.| 120,000} 60,000} 4 | 60 | 50,0007 
100,000} 60,000; 4 | 60 


.| 125,000} 72,000) 5 | 50 | 70,0002) 25,0007 


d Scientific Paper 410, U.S. Bureau of Standards. 

e Elongation of wire, percent in 10 in. 

J Corning Glass Works. 

g Yield point taken as the load producing an 
extevsion under stress of 0.75 percent. 

h Jenkins and Hanson constitution diagram. 
A A a en Baie pe} deg. C. from 

5 to eg. C. ests on rod. Scientific P 

410, U. S. Bureau of Standards 4 


~ under stress of 0.75%. 
the figure of 0.50% 


Various Wrought Copper-base Alloys—(Continued) 
expected in practice) 


Brinell | Rockwell 


WROUGHT COPPER-BASE ALLOYS 
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Free 


Hard-| Hard- 8 ; 
Shearing —_|nessNo.| ness No A 3 ee ee! 
Strength, |10-mm. B Bas A‘ 
Ib. per sq. in ee */1gin = Re] S 
| all, 8 ctl [les nek 
oe tore = : 3 : 2 Uses—Remarks 
= eS) Sale || 8 
me = : BS ss] 25 |8 ee . 3 
aes | ele) a @ ea| 28 teeq| Be 

8 | 8 |alale B lex[.82 825] 25 

BO (eacscininay (acin Icicacd learacy| Ieiesearaes acer (eas 323] 90f | 218.4) 4.75 | 200.31] For condenser tubes. 

Mere (ick cctelfae |e os 85| 37.5 seeeee{eeees]....] 160.2] 6.47 | 252.56] For turbine blades and parts 
where resistance to corrosion 
and erosion is required. 

sins Se El aR O ed eRe (eal eee Vie ae 8.95b| 0.323 127.0) 8.17 | 325.14! For bullet jackets. 

BEAR | iolsccicts|'s «cel weaifsics 61 8.746) 0.316]....| 290.0) 3.58 |.......] Has comparatively high elec- 

REN antsy Sui sere Sros3 lmao core cic ese roll seeaetf Bio's Sie ol Ueveaehaeall ioe el. «ss lo ficharase tel [era alee Ice eet trical resistance. Used in 

laa [ee eed Aa | | electrical instruments. 

- Seb Apa Reeene 208} 89}...} 60 180] 2075» | 8.72b| 0.315 .|259.0a| 4.00a).......] For tableware, plated and un- 
plated. 

wonGuns (Cates 160} 58) 88} 25 .|180} 21025 | 8.860} 0.320] 91f| 172.0} 6.2 | 260.08) For resistance to corrosion and 

EN OMI Si MDD Neve celts atel erate ete rele telbiere dat eterelfle-cle cret=.clllar Ae arae~ Ios sSSees'lleve,o'=!| ocvers,eyalllermopeeellis Geeyorse atmospheric action; also for 

Rte sispteips aie ese soe fe esl ee efe eee e[e eee ee [sees |e ee fee eee [eee] eee [eee ees fees] ormamental purposes. 

RE ae cots cisjarerets 170} 70) 91} 40 180) 2030 |8.752b) 0.316 175.0] 5.91 | 232.24] For silver-plated forks, spoons, 
knives, hollow ware, etc. 

65,000]...... 190) 70} 95} 40 ]...]... 21110 | 8.685) 0.314)....|186.5t] 5.56¢| 206.11] Similar to 30% nickel silver, 

“diene Seer feicieisciefeciefels ove 180 180 Bie aibis.cilleglemcirs flaieitennete 189.5} 5.49 | 206.11] but of lower resistance. 

- .eboa Beeepel Gon 73) 92) 33 |...|180) 1967» |8.691b) 0.314 165.6) 6.26 | 235.14] For silver-plated ware, spin- 
ning, drawing, and for work 
where a low percentage of 
nickel is required. 

538304 RBREOE (ae 74)...].....]...}180} 1886 |8.631b] 0.312]....]......]......]......-] For white metal tubes, sheets, 
wire, etc. Also in plumbing 
and decorations. 

cae SBA eee 166). SBP MU OU erie eretcre |iaistesaalrte cee Seveaite cee clemeee eo OL watch parts, etc: 
cutting. 

etercs 3% 34,000) . 82] 32 .-.| 1850 /8.675b| 0.313). 125.5} 8.27) 319.33) For cheaper grades of silver- 

-bected eeeeedl OBIS lcct tel eee ieee (ore 17600 |......]......|..-.| 86.5} 11.99] 406.42) plated ware. 

onpcice a egos 176] 67} 93} 20 1940¢ |8.176b) 0.295 58.61} 17.69) 574.79) For diaphragms to withstand 

” pressure; also for its color. 

Eteietetataip tats wie's/- 185] 60) 99] 30 1904¢ | 7.80b| 0.281} 99/70.08k|14.80k) 502.22] For diaphragms to withstand 
pressure; also for resistance to 

_ peacollisseees)'ooc||a8e| esl lees! eet local lccioea Aneel ieee ea callsd ee calico alle seen |) OLdImary corrosion'and wear, 

ie ea tore | aie-aroreis 190} 70/100} 52 |...J...].......| 7.746] 0.280). . 95.10] 10.9 |.......| For strength and resistance to 
ordinary corrosion and wear. 

Bees hese. 190/100}100} 65 |...]...| 1904¢ | 7.57b) 0.273 76.80) 13.5 | 455.77) For strength and resistance to 

- ordinary corrosion and wear. 
45,000}...... ils galleaalounoullartd| tec 1908 |7.585b] 0.274] 94] 82.25) 12.61] 418.03] For valve seats in airplane en- 
gines and at elevated tem- 
peratures. 
k At 18.1 deg. C. p Annealed, quenched and heat-treated. 


1 Yield point taken as the load producing an 


extension under stress of 0.50%. 


Yield point up to 


1934 was taken as the load producing an extension 


At that time, however, the 


A.S.T.M. and Federal Specifications Board adopted 


m Cold worked 


‘0+ 
and heat-treated. 


n Guertler-Tammann constitution diagram. 


r Smith constitution diagram. 
t Stockdale constitution diagram. | é 
u B.t.u. per sq. ft. per hr. per 1 in. thick per 


1°F., at 68 


Pang, 


o Tafel constitution diagram. 

a Bauer and Hanson constitution diagram. 
v Hard at 77° F. ‘ 
z Heycock-Neville constitution diagram. 


(Table continued on following page) 


4-32 NON-FERROUS METALS AND ALLOYS 


Table 4.-Chemical and Physical Properties of 
(Variations must be 


Z, 
Peo) 
Elonga. oh D 23 
i ra A ohnson’s |‘S 
Approximate Composition, aed tion in a Point, | wiastic Limit, ee" 
: percent Ib. per sq. in tae Ib. per sq. in. Ib. per sq. in. a 
Material =X 
al 
4. | aa ee Pe = = | lee 
be o = 5 a b= a = e & 
b\e8| € |e i | eo ielet os | se le. | aise 
Man- 
ga- 
nese 
B57] Calsun bronze |W|¥5.50|.....]..... 135,000} 50,000) 4e} 35e]....-.:]....... ST ,000)). << cet serene 
B58) Manganese R|57.00}40 .00)0. 10 90:000|7 '65:000) 15: "45 |. oc... ccm hoch] seem tes 
bronze 
B59| Manganese R|59.00/39.00/0.50 85,000} 60,000] 20 | 45 |. 
bronze 
B60} Everdur (A) $]96.00)..... 1.00)3.00 113,000} 55,000) 5 | 48 | 65,0001) 20,0007} 72,000] 9,300)..... 
1010 R/96.00}..... 1.00|3.00 95,000! 55,000} 15 | 85 | 65,0002) 20,0007) 67,000)...... 15.0 
W|96.00}..... 1.00/3.00 145,000} 59,000} 5e! 50e} 75,0001) 20,0007) 90,000)......]..... 
B6l| Everdur (B) | T|98.25]..... 0.25|1.50|....|....| 65,000| 40,000] 15 | 60 | 48,0002] 10,000/|.......|......|..... 
1015 R/98.25]..... 0.25}1.50 70,000} 40,600} 6} 60]....... 10,0008). eocnilencacbleseee 
$198.25]... .< 0.25/1.50 70,000} 40,000} 6 | 46 | 53,0002) 10,0007) 38,000}......]..... 
B62! Hitenso A 
B63) Hitenso BB 
Bé4| Hitenso C 
hall AL 
B65} Tempaloy 917 9.60 
~ |" Extruded real 
B66} architectural Tin 
bronze shapes --|57.00) 40.00 2.50/0.34)0.16).... 7Q,000) SO; O00}: 10:26: ser tale secure a llerec teres Ie eve raee erereae 
Ni | Be ree i one an ae 
B67] Beryllium 8|97.40]..... 0.35}2.25}.. -| 118,000) 70,000) 4.3] 45 | 90,0002] 27,0007} 79,000) 18,000) 17.2 
copper 
$}97.40}..... 0.35)2.25)....}....] 193,000) 175,000} 2 | 6.3] 97,000} 95,000) 130,000] 87,000} 18.4 
m Pp mi p ln pl m 


Dp m 


d Scientific Paper 410, U. S. Bureau of Standards. 
e Elongation of wire, percent in 10 in. 
¢ Corning Glass Works. 


* For some alloys the figures are for a temper 
Pa tid ee from that commonly known 
as ard.”’ 


+ Compared to wate. at 4° C. g Yield point taken as the load producing an 
t Soft. , extension under stress of 0.75 percent. 
§R=Rod. S=Sheet. T=Tube. W= Wire. 


a'Temper not known, 
b Determination. 
¢ Circular 63, U. S. Bureau of Standards. 


h Jenkins and Hanson constitution diagram. 


j Average linear coefficient per 
25 to 300 deg. C 
410, U. S. Bureau of Standards, 


deg. C, 


from 
Tests on rod. Scientific Paper 


* 
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Various Wrought Copper-base Alloys—(Continued) 


expected in practice) 
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Uses—Remarks 


For electrical uses where corro- 
sion resistance is important. 

For structural work, because of 
strength and resistance to cor- 
rosion. 

For structural work because of 
strength and resistance to cor- 
rosion. 


For strength and resistance to 
corrosion. Has strength of 
mild steel and corrosion re- 


sistance of copper. Welding 


For strength and resistance to 


corrosion; bolt stock, and 
sheet metal requiring high 
ductility. 


For electrical wire and cable, 


For electrical wire and cables, 
contact fingers, commutator 
segments, etc. 


For electrical wire and cables, 


For strength and resistance to 
corrosion. 


For architectural shapes. 


For springs, diaphragms, low 
duty bushings and bearings 
and Bourdon tubes. 

High resistance to fatigue. 


Brinell | Rockwell a Electrical 
: ard-| Hard- : Ps Properties 
Shearing |nessNo.| ness No.| Bend | ™ a yg at 20°C. 
Strength, |10-mm. B Test, | & -_ 2 18 > 
Ib. persq.in. | Ball, | 1/y6-in. | deg. a > rs] = 
500-kz.| Ball, Sikes da coxhe #is ES) 
Load | 100-kg. 318 | 4 les Sa |S aS 
* * * * = =] 5 eg 1S eae 38 
eee DE la Sls Pete |. ce @ le2| 23 (38S| ES 
A o| eo |alSie| & leis] 3 | & | A [8x22 SBS] 26 
eiteciasibtes <icis|sis:si| eas] 's oul cc se fivers 19296 |8.540b) 0.308]....| 61.0 | 17.0 |....... 
Narteakts| setae Ue Oe lorcet Stel io cic (Ee) SESE eS eres Parcecoemen | MESAEas (eA 8 
- geattiee c| AES Cea eee DOI ischemic a ih croc cq. 3200}-025021. 42.15] 24.6 | 699.62 
hye Re 200} 70} 95) 40 180] 18665 |8.539b) 0.308} 100) 155. | 6.7 | 226.43 
ROM ES SOMME SUT OU! cic lcil's.1s ollterere Herel ore cltic cc aiaie] c covets ailererele Isicisrcieie\| afore srelelig ove scorers 
TAC Eos) Dl aeal lea nial sees obs! lod 4 Senet beee ais ISesee) INGE] aerate bicaoca Memes 
nH a ll I al a il Me |, rod, 
ee) Bee a8 oe Go 75| 20 ROO Tite 16.7405] 02316) eee son. ee 8 
SGA | Sees ieee ee ee eee oe NGOs eo wee ol eee 25 2108624 1220! 37449 
ee Setar fleas hice 80| 3 Lo Seared Baers Gene ler: emanate...) ees 2 
oo wel Ee AS SB Ae Bees ee 180) 1976h | 8.89b}0.3212 12220605. On nee 
oes Rataes 95 (594 it Srey, sic lace) |e (Ea ee pent (intremal (oe eet In re 
SG ASRoe) Beene 98 65|.....]...]180} 1969h | 8.895/0.3212 12.95y| 80.0y|2392.07 
on Sool ose ad Ge G88) S6e Gates) Gc Get ae aoe fee eees! era 12):95y}''80).0y)...02. . 
oa Seine ~..|...]...[.-.-.|--.|180} 19585 | 8.890/0.3212)... .|18.85y] 55.0y]1614.07 
BeBe aictissl poe wae S\iobe [= |/oec |seese gy Weenie Pemeen actor |p) 55 OY ec seans ol ete: 
ce RS OER 8 19290 FeS69 0.2731 Loc] oan geaaelmate st’, 
ee tee oc eee fered 18250, (8, 4525) 0.905)... | -2-.|2oeeeedenae--- 
Be rare te taie cvs)| orerailisiers 102/65-73]...]...] 1751b | 8.23 | 0.297] 94) 58.48] 20.8p| 725.7p 
+.02 |+.01 
Sa RECE leeaoel |e FEES WU Zedeeelinedee sees! Ge23°| 06 297|'.....1 59.8) 7-3: 580.60 
m| Dp +.02 |+.01 m m 


&E At 18.1 deg. C. 


1 Yield point taken as the load producing an 


extension under stress of 


0.50%. Yield point up to 


1934 was taken as the load producing an extension 


under stress of 0.75%. 


At that time, however, the 


A.S.T.M. and Federal Specifications Board adopted 


the figure of 0.50% 
m Cold worked 


and heat-treated. 


n Guertler-Tammann constitution diagram. 


p Annealed, quenched and heat-treated. 

7 Smith constitution diagram. 

t Stockdale constitution diagram. : 

u B.t.u. per sq. ft. per hr. per 1 in, thick per 


1° F., at 68° F. 


» Tafel constitution diagram. 

z Bauer and Hansen constitution diagram, 
v Hard at 77° F. aki) } 
z Heycock-Neville constitution diagram. 
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beneficial effects, such as good casting characteristics. Therefore, it is either the major 
or one of the minor alloying constituents of many of the most corrosion-resistant alloys. 
Tron and copper lower the corrosion resistance, but properly heat-treated aluminum-copper 
alloys have sufficient corrosion resistance to be used for many applications without paint 
protection. 

The thickness of an aluminum part has an important bearing on its ability to resist 
corrosion. Under corrosive conditions the rate of attack decreases with time, since the 
process of corrosion builds up a resistant film or coating which inhibits further attack. 
This action consumes some of the aluminum, and may result in complete perforation of 
thin sheet or foil, but in heavier sections the same amount of attack will have no appre- 
ciable effect on the mechanical integrity of the part. 

In aircraft, the strong aluminum alloys are protected from corrosion by one of the 
several commercially available methods. Wrought Alclad products, consisting of a heat- 
treatable strong alloy core covered by a surface layer of high purity aluminum, or of 
corrosion-resistant alloy, combines mechanical strength and corrosion resistance. The 
surface layer covers the alloy core and so protects it from corrosion, and also, because of its 
higher solution potential, offers an electrolytic protection over cut edges and abraded 
areas, and prevents penetration into the core, even under severely corrosive conditions, 
Other non-heat-treatable Alclad products, employing the principle of a coating of higher 
solution potential than the core have high available resistance to destructive perforation. 

’ Because of the high solution potential of aluminum and its alloys, contact with many 
of the commonly-used metals in the presence of a corrosive medium results in rapid de- 
terioration of the aluminum, with a corresponding protection of the metal of lower solution 
potential. Hence, metallic contacts with other metals generally should be avoided. 
Electrical insulation between the two dissimilar metals is of value, although salts formed 
by the solution of the other metal may be plated out on the aluminum surface and set up 
electrolytic action. In spite of the rapid action in severely corrosive media, little corro- 
sion occurs in ordinary atmosphere, unless a solution of relatively low electrical resistance 
accumulates. On the other hand, in some assemblies used in contact with strong electro- 
lytes, it is even advisable to consider the relative solution potentials of various aluminum 
alloys which are in contact. 

Exposure to the weather tends to darken and slightly roughen bright surfaces produced 
by rolling or extrusion, or highly polished surfaces. A bright, highly reflective surface 
may be maintained by periodic cleaning. Pitting of cooking utensils and similar articles, 
often is caused by plating out of particles of heavy metals which have been dissolved in 
the liquids being handled. This pitting can be avoided by regular cleaning. 


Table 1.—Properties of Aluminum 


Atomic weight ivmchetnecse site oe ees em else aa eee eee 26.97 
Density av'68° Fs Bok Gok ete Gees «en eee oie ee 168.56 lb. per cu. ft. 
as at melting point (aolid)ic. saleumtetsmionci estan caciaseeeicacn cee TS 9SZO ee ee 
se os a BOS p USGA Se ores evdlerey areradettuce cuchsisteys Oraterae sretae 148.59" Se os 

Melting: points sree silvia siciae, sete om elaine oabie sia weal oer ei ae eerie 1220° F. 
Boiling Point: cciy< aioe wag </airaateecer eter rei ehal che ekate nie tener eie ee eee 327255. 
Coefficient of expansion per deg. F., 68-212° F.................... 0.000 0132 

i et “ ss BY ie CO=S12 6 Dao nec eee ttc een ae 0.000 0143 

oY a a SS bh 68-9327 Ee See eee Gest 0.000 0154 
Heatiof vaporization. «<u woes aaucreeentes eictralete ator etcetera eee 3510-3600 B.t.u. per Ib. 
atentihoat of fusion... :/occcsn secondo elects reno meaner aloe 167.36 ss ee 
Speake heat, 32-212" For. so. keer meee eee. eee ce ee 0.226 
Thermal conductivity, B.t.u. per hr. per sq. ft. per deg. F. per | in. 

Woke) 01] errr. Amen qe so acoals os tomas condense 1509 

ExnerricaAL PRopERTIES 

Electrical resistivity at 20°'Co. 5 ncn eee ae eee 2.688 microhms per cu. cm. 

Fy he A ead (commercial conductors)......... 2.83 sé ee ae 

Temperature coefficient of resistivity at 20° C................. 0.00403 
MercHanicaL PROPERTIES 

Tensile atrength.: Sos «. ook, Sewe eae etme aetna eee tea 9000 lb. 2 in. 

Mield. strength y(suteui0.29,) orm vc ce cicico cl etereye seer neers 3000 ° amercamerr 

Blong@ation dimes, MELGEN by. << «<< 4.0 ceicicnc cree omen ener aeneR ee 60 

Brinell hardness, 10-mm, ball, 500 kg. load. ..............+e- 15 

Miodultis: of elasticity deaasiis ceed <a elem oes a. crore cere Ra 10,000,000 

Modulus: of rigidity (UOrston)).......« se srace cee eeeeeen eee 3,870,000 

POISSON’ R PALO. /<, cc siceetterers ec F Oks aia. cer cies oie everett aie eee 0.33 
MIscELLANEOUS PROPERTIES 

Crystallization shrinkagéknii «5 devs ciiee cis oak once 6. 

Reflectivity for white lighticcn. seethain cs keene tint ene eee 

Magnetic susceptibility (c: g.8. units). ........-<.cecseusecee, 0.000 000 58 


Compressibility (change in volume per megabar pressure)....... 0.000 0014 
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COMMERCIAL FORMS.—Pure aluminum is soft and ductile but can be hardened 
by cold working and alloying; certain of the alloys also can be hardened by heat treatment 
Both pure aluminum and its alloys are available in wrought form, as plate, sheet rod, 
wire, tubing, and rolled and extruded sections. It also can be worked by forging drawing, 
stamping, spinning, and other metal-working methods. Alloys are available in cast 
form, produced by sand, permanent mold, or die-casting processes, 


2. CAST ALUMINUM ALLOYS 


Pure aluminum does not cast easily, nor does such a casting have attractive commercial 
properties. ; The alloys of aluminum used for casting depend on the process employed, 
and are designated as follows: Sand cast alloys (Table 2); permanent mold casting alloys 
(Table 3); pressure die-casting alloys (Table 4). 

SAND CASTING.—Large castings such as crank-cases for internal-combustion 
engines, oil pumps, manifolds, transmission housings, motor frames, architectural castings, 
etc., usually are made as sand castings. The ordinary methods of molding with green sand 
molds (see Foundry Practice, pp. 20-30 to 20-36) are employed, and good melting and 
patterns are necessary for the best results. Cores may be either green or baked sand, 
with binders of oil for hard cores, and pitch or resin for soft cores. Ample gates and risers 
are necessary. Cracks and shrinkage are avoided by the use of iron, aluminum or copper 
cores. Sand for molds must be of proper temper, and uniformly rammed. A hard- 
rammed mold is detrimental, as aluminum will not ‘‘lay’’ well against it. 

Melting.—Iron pots, non-metallic crucibles or reverberatory furnaces generally are 
used for melting. The temperature preferably should be kept below 1500° F., and an 
oxidizing atmosphere is preferred to a reducing one. The metal must be stirred thor- 
oughly to insure uniform composition. To obtain the strongest, most ductile and leak- 
proof castings, pouring temperatures should be the lowest at which the mold can be filled 
without misruns. Often the proper arrangement of gates and risers will facilitate the use 
of low pouring temperatures. 

Hard spots which cause difficulty in machining, consist of foreign matter entrapped in 
the liquid alloys. They usually are the result of unclean melting practice. 

Maximum and Minimum Weights range from 7000 lb. to aslowasloz. There is no 
inherent reason for weight limitations of sand castings. 

Section Thickness.— Minimum section thickness of sand castings is about !/g in. There 
is no maximum limit. 

Finish Allowance on large sand castings ranges from 3/1, to 3/4 in., depending on 
design. For small bench-work castings, the finish allowance should be 1/g in. For disc 
grinding it should be 1/32 in. 

Tolerances.—Thickness tolerance on sand castings should be 1/32 in. The weight 
tolerance with wood patterns should be +5% and +3% with metal patterns. 

PERMANENT MOLD CASTINGS are poured in metal molds. Such castings are 
used for cooking utensils, vacuum sweeper and washing machine parts, cylinder heads, 
automobile pistons (made from the 122 or 132 alloy), ete. They may be made very close 
to size, and machine easily. As a result of the rapid chilling of the metal in the mold, 
the casting combines high hardness with toughness. Semi-permanent mold castings 
are made by using sand cores in conjunction with metal mold parts. This process gives 
great latitude in design, and at the same time gives the advantages of the permanent 
mold process. 

Maximum and Minimum Weights of permanent mold castings range from 750 lb. to 
less than 1/2 oz. The usual range, however, is from 20 lb. to 1/2 lb. 

Section Thickness should not be less than 3/32 in., with no high limit. 

Finish Allowance for permanent mold piston castings is as follows: Up to 3 in. diam., 
0.075 in. on the diameter; up to 5 in. diam., 0.10 in. 

Tolerance.—A dimensional tolerance of +0.010 in. should be allowed. The weight 
tolerance with metal patterns should be +2%. 

PRESSURE DIE-CASTINGS are made more nearly to size than either sand or perma- 
nent mold castings, with a consequent elimination of all or many machining operations. 
The die is filled quickly with metal under high pressure, and the casting solidifies so 
rapidly that crystallization shrinkage cannot be completely compensated, nor all of the 
entrapped air eliminated. The interior of the casting may be porous, but the outside 
shell usually is sound and strong. The average tensile strength of pressure die-castings 
is high, notwithstanding their porosity. Aluminum die castings may be made with 
thinner sections than castings made by other processes. 

Maximum and Minimum Weights.—A pressure die-casting weighing 12 |b. is considered 


large. Castings as small as 1/2 oz. are common. 
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Section Thickness.—The minimum section thickness for pressure die-castings is about 
1/g in., with no maximum limit. 


Finish Allowance is not required if tolerances of 0.0025 in. are permitted. 


Tolerances.—A dimensional tolerance of 0.0025 in. i 
Pet alice should be allowed. The weight 

ALUMINUM ALLOY CASTINGS AT HIGH TEMPERATURES.—Strength and 
hardness of commercial aluminum decreases progressively with rising temperature. 
Certain alloys, however, are sufficiently strong and hard to be used commercially at high 


temperatures. 


See Table 5 for properties of such alloys. 
One alloy is stronger at 600° F. than commercial aluminum at ordinary temperature. 
The values shown, however, for 400, 500 and 600° F. are much lower than those usually 


Examples are pistons and cylinder heads of internal-combustion engines. 


Table 3.—Composition and Properties of Permanent Mold Aluminum Casting Alloys 


Typical Values Brinell Approxi- 
j Tensile Elonga- | Hardness mate 

Alloy* Approximate Composition Strength,t tion, 500-kg. Density, 
lb. per % in 10-mm. lb. per 
sq. in. 2in. ball ¢ cu. in. 
Dee See Thy nse ac ree ewe Genta Pace eae eters 24,000 4.0 45— 55 0.097 
LAA S cose atarn tas Ca SoG Sie VER bias chess artes ae 26,000 a2. 65-— 80 0.099 
NW 2 ore sltes She ntecsi= > 4 Oy in Arte ir Oy cat Ney Ay RPC ke 27,000 220 70— 90 0.106 
BSNS aerators» Ga 7%; St 1.5%,.He 1.2%. owes 29,000 1.0 70— 90 0.104 
122 32,000 0.4 85-110 0.106 
122-T 52 32,000 0.5 95-125 0.106 
J ee Asiek 2 Cu 10%, Fe 1.2%, Mg 0.25%..... SS OGG Ip ee cicesctstsrs 3 125-150 0.106 
— SS O00 ceca cc acc 100-125 0.106 
122-T 62 AT OODUE ir., Sek bee 125-150 0.106 
pers | Sty oe aE MeN 113490 do. | SHS | 8.098 
BT 7s: MISO RR aioe Co od = stolelecdd «nip 36,000 0.5 95-120 0.098 
142, : 35,000 0.5 90-115 0.100 
142-T571?7..... Cu 4%, Ni 2%, Me 1.59% ...c0606 {38,000 epeiaY 2 case sits 90-120 0.100 
142-T 61 5 44000 Set een ae 100—130 0.100 
144 i . S200 Cm verse caerrs 85-110 0.104 
eer | Oat Fey BE 0.25%. «= aes 0.5 100-130 | 0.104 
B-195-T4...... Gara Golo sie a sites odie 38,000 6.0 70— 90 0.100 
D-195-T4...... Ca Bea Ges ee ctaracinraiovatie oS 0:6 cave cau 40,000 8.0 60-— 80 0.102 
TAU 0 O8 a ee eee INTE STS seein 2 Votenstors otsists cievsiztee 24,000 4.5 50— 65 0.096 
355-T4 . 35,000 5.0 70-— 85 0.097 
a ees Si 5%, Cu 1.2%, Mg 0.5%.......- ee a is eke Melero 


* Alloy numbers referred to are those of the Aluminum Co. of America. 


Prefixed letters denote 
Suffixed ‘‘T’’ and number designate heat-treated alloys. 


changes in composition of standard alloy. 

+ Properties obtained from standard 1/g-in. diameter test specimens, individually cast in per- 
manent molds and tested without machining off surface. 

t Hardness limits are based on casting Brinell tests. 
Brinell is that obtained on the heads of permanent mold pistons 1/g in. or less in thickness, and at 
a point 1/g in. from outer edge and 1/9 in. from gate. For heavier castings, semi-permanent and 
sand-cast pistons, the hardness decreases proportionately with increased section, the maximum 
decrease being approximately 20. 


In the case of 122 and 142 alloys, the 


Table 4.Composition and Properties of Aluminum-base Die-casting Alloys 


Desired Composition, percent Typical Values 
Alloy Tensile Elonga- 
Numbers* Copper Silicon Nickel Aluminum Strength, tion, 
lb. per sq. in. 7 in: 2 in. 
Ny re eee SR See cic 95 29,000 Lp) 
VMN | s, -sche cesta [72 eae al IL eda eer 6 88 33,000 ibe 
VI 2 Che lees So 95 30,000 3.5 
VII 4 Drier WEEN, constr 91 32,000 2.0 
Vill 135) I Dees 95 20 29,000 4.0 
IX 4 74a 4 90.25 31,000 les 
Ses 8 V5) « A ylheeee 90.50 33,000 1.0 


* The alloy designations correspond to numbers used in the investigation on aluminum-base 


die-casting alloys carried out under the jurisdiction of Committee B-6 on Die Cast Metals and 
Alloys of the American Society for Testing Materials; the alloy numbers omitted correspond to 
alloy compositions which were investigated by the Committee, but which were not considered 
desirable for inclusion in these specifications. See Proc. A.S.T.M., vol. xxix, Part I, p. 192, 1929. 
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Table 5.—Properties of Cast Aluminum Alloys at Elevated Temperatures after 
Stabilization at the Test Temperature 


Alloy Temperature, deg. F. 
Designation Propert 
from Tables Condition aa 75 300 400 500 600 
2 and 3 
112 T.S.* 23,400 | 25,500 | 17,150 | 14,860 6,300 
22750) Netter eee 9'700) ||. aeeeeeee 
ASTM-C Sand cast faa bien 5 1.5 3.5 19.0 
eee B.H.§ 74 91 72 65 49 
TS: 35,000 | 34,910 | 23,300 | 18,770 9,070 
122-T551 Permanent YS. 34,000 5 SOO" stews ese. 10;750) ose nee 
SAE-34 mold cast Elong. 0.0 0.5 bia] 2.0 10.0 
B.H. 130 112 87 74 54 
FS, 34,000 | 17,500 | 17,940 | 18,970]| 9,610 
Permanent VAS. 24,000 BOO, It eete meee 8,660] ) coms aoe 
LEGAL mold cast Elong. 0.5 2.0 1.0 2.01 3.0 
B.H. 105° Veta ee 76 75) 61 
142-1571 Tne 38,000 | 40,930 | 28,100 | 15,520 9,080 
ASTM-H Permanent aS. ZOO) II 38/0000 Weveorntee 8000.1 aee eee 
SAE-39 mold cast Elong. 0.5 0.5 2.5 8.0 41.0 
“wy BH. 110 111 78 56 50 
PS: 25,000 | 21,500 | 14,940 | 11,050 8,720 
Y.S. 27.000: || "T4750 4o.2 less 67008 |e 
sige el eee oe Elong. 2.0 2.0 2.5 8.0 10.0 
B.H. 55 65 52 5] 48 
DiS 15,900 9,820 4,050 
195-T4 , 
YS. 16,100 | 19,750 9,750 Gs00' 0 seen 
ucts: Rene) sore Elong. 8.0 4.0 16.5 | 24.6 tegen 
B.H. 60 78 55 49 39 
TS) 27,000 | 27,000 | 20,970 | 17,700 | 14,700 
vs 18000 | 12,750 | 10,0000 |\...oeee 
254 Sand cast Bienes 3.0 3.5 15 


B.H. 74 


* Tensile strength, lb. per sq. in. 

+ Yield strength, lb. per sq. in. 

t Elongation, percent in 2 in. 

§ Brinell hardness at room temperature after stabilization and testing at elevated temperatures. 
|| Properties after 18 days at temperature; not completely stabilized. 


associated with such temperatures, because of the stabilization of the alloys at the test 
temperature prior to the test itself. 

Except for the values given at 500° F. for 132 alloy, the minimum time of exposure 
at test temperature prior to testing was 75 days. The effect on the material is indicated 
by the hardness values, which were determined at room temperature after the test piece 
had been stabilized at the test temperature. For example, the room temperature hard- 
ness of the 132 alloy changes from 130 to 54 by holding at 600° F. for 75 days. 

For the properties of aluminum alloys at elevated temperatures, see R. L. Templin and 
D. A. Paul, The Mechanical Properties of Aluminum and Magnesium Alloys at Elevated 
Temperatures, in Symposium on Effect of Temperature on the Properties of Metals, 
issued jointly by A.S.T.M. and A.S.M.E., 1931. : 


3. WROUGHT ALUMINUM ALLOYS 


CLASSIFICATION.—Aluminum wrought alloys may be classified as: 1. Alloys in 
which various tempers are produced by cold working; 2. ‘‘Strong alloys” or those in which 
the desired properties are obtained by heat treatment, and which in general have higher 
mechanical properties than those of (1). 

Table 6 gives the composition and Table 7 the specific gravity and weight of com- 
mercial wrought alloys. The designating number indicates the composition. The 
suffix S indicates that the alloy is wrought or capable of being wrought. 

Temper is designated by a suffix following the alloy designation, as follows: Soft 
or annealed alloys, suffix —O; hard temper, suffix —H; for intermediate cold-worked 
temper, a fraction precedes the suffix H. For example, 3S — 1/sH indicates alloy 38, 
half-hard temper. Tempers produced by cold working are defined by the tensile strengths 
of the products, rather than by the amount of reduction during fabrication. 
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Table 6.—Nominal Composition of Wrought Aluminum Alloys 


Wicks srr. vee | 28] 38 4S | 118] 148] 178*| A178] 188 | 245] 258 | 328] 51S] 5298 538 
Aluminum, %........|100/98.75|97.75| 94 |93.7] 95 97,2|94 |93.7|9 
EDODEL Co. Rene ste ly eel ce ret idea done dikes, | er 
nc ee eh ae Re ed Pe eB 1S, stares 8112.0 1.0].....| 0.3 
Manganese, %........|... | Wee vale : les teatlcs ae 0.8 pent iad ak 
Mggnestum, 96)... 0000 2[a levees JO ele bt: .11.0/0.6| 2.5 | 1.25 
ORL BEY 0)s. <3, oi See SE Sie RE aah ca c etts hee se Ml Peacock Fert ak SEs deans ee terd ae kell cose a got fara A 
Chis 2 Seo | 2 ee RA ON lid aR (ean of | Sf TN ea a ane 
Bismerthr yo, ;. coven ole. eels wees Ealick o LEN RAM © 
MGRT OMSL Aire creme aeces [hte ela datallts Cok litewocrcltt tee bllivgtxt eae Ie ory it ‘| 0.25] 0. 25 


Specific Weight, Specific 
Alloy Gravity lb. per cu. in. Alloy Gravity 
Pure Al (99.97%) 2.70 0.0976 er 2.76 0,100 
28 Zia 0.098 258 2.79 0.101 
38 ee fs) 0.099 518 2.69 0.097 
528 2.67 0.096 


538 2.69 0.097 


Heat Treatment Designation.—Strong alloys in which the maximum strength has been 
developed by a solution heat treatment, i.e., heating to the proper temperature, quenching 
in cold water, and aging, are designated by the suffix —T. 

Some strong alloys age at room temperature. Others must be subjected to higher 
temperatures to precipitate certain constituents. These latter alloys are designated 
255-W, 515-W, 53S—W, and C17S-W when they have been quenched and not subjected 
to precipitation treatment, although 51S-W and C17S—W will age somewhat spon- 
“taneously at room temperature. 

The strong alloys have lower mechanical properties and may be subjected to more 
difficult forming operations before aging, than when they are in the fully heat-treated 
“T” condition. Since the alloys which age at room temperature do not acquire the 
full properties of the ‘‘T’”’ condition until about four days have elapsed after quenching, 
the practice of forming, particularly driving 175 rivets, immediately after quenching 
frequently is followed. Room temperature aging also can be effectively retarded by 
holding the material at a low temperature after quenching. This can be accomplished 
by packing in ice or in solid carbon dioxide (dry ice). 

The suffix —RT indicates alloys that have been cold worked after heat treatment, by 
an amount carefully controlled to retain suitable ductility in the product. Such treatment 
produces in some alloys higher yield strengths than are obtained by heat treatment alone. 

MECHANICAL PROPERTIES.—1Table 8 gives the mechanical properties of wrought 


~ aluminum alloy sheet. These properties are generally applicable to all products, except 


that the elongation depends somewhat on the size and shape of test specimen. In certain 
products, as heavy bar and plate, the reduction may not be sufficient to develop the maxi- 
mum properties of the alloy on subsequent heat treatment. 

EFFECTS OF COLD WORKING.—Many commercial wrought products of aluminum 
and its alloys are supplied in various tempers determined by the amounts of cold working 
given the products after final annealing. See R. L. Templin in The Aluminum Industry, 


~ vol. II, chapter xix, p. 396, and the A.I.M. & M.E., Institute of Metals Division, p. 466, 


1930, for a discussion of the effect of cold working on the physical properties of aluminum 
and its alloys. The formulas and diagrams below are taken from these references. 

Cold working is defined as the change in cross-sectional area of the metal resulting 
from rolling, forging, drawing, or extrusion at about room temperature, 7.e., 60 to 80° F. 
Generally, change in cross-sectional area of the metal amounts to a reduction in area. 
In rolling wide sheet, a reduction in cross-sectional area of the product may be considered 
as resulting solely from the reduction in thickness of the product. 

Tf aluminum and its alloys be worked at temperatures above room temperature, the 
effects of cold working are less in proportion to the amount of work done than when they 
are worked at room temperature. Conversely, the work done at temperatures below room 
temperature is more effective than the same amount of work at room temperature. 

Cold working is expressed as the percentage change in the original cross-sectional area 
(commonly called reduction) as follows: 

In general, C = 100 (A — a)/A, where C = amount of cold working, percent; A = 
initial area of material in properly annealed condition; a = area of the cold worked 
material. 

ILI—6 
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For sheet, C = 100 (¢, a ty) /to, where tp = initial thickness of the material and tf = 


final thickness. 

The effect of cold working on the tensile strength of wrought aluminum and its alloys 
is shown by T.S. = T.S.,(1 + 0.9R), where T.S. = tensile strength in lb. persq.in.; T.S.. = 
tensile strength of the properly-annealed material; R = reduction in area expressed as a 


decimal. 
The average tensile strength of the annealed commercial alloys which are fabricated 
into products of various intermediate tempers by cold working are as follows: 


IMietalsy On Alloy ewer ao ote o,o18ietellal ole tsss-s oiste 2S-O(Pure Al) 35-0 4S-O 
Tensile strength, lb. per sq. in........... 14,000 15,500 26,000 


Table 8.—Typical Mechanical Properties of Wrought Aluminum Alloys * 
Determined in accordance with A.S.T.M. Designation E8-33 


Tension Hardness Shear Fatigue 
Alloy and Yield Ultimate | Elonga- Brinell Shore Shearing | Endurance 
Temper Strength,{ | Strength, tion,t (500-kg. (Magni- | Strength,§| Limit, || 
lb. per Ib. per percent 10-mm. fier lb. per lb. per 
sq. in. sq. in. in 2 in. ball) Hammer) sq. in. sq. in. 
72s 0) SR Ae COREE td 4,000 13,000 35 23 Zz 9,600 5,000 
Deed asked tea 13,000 15,000 12 28 11 10,000 6,000 
7114 0s eee eee 14,000 17,000 9 a2 13 11,000 7,000 
VSS! 3 ee ee 17,000 20,000 6 38 15 12,000 8,000 
DSH. w cesatsyecorsiees 21,000 24,000 5 44 18 13,000 8,500 
bis OR eee core 5,000 16,000 30 28 10 11,000 7,000 
Cis iil a ee ane 15,000 18,000 10 45 14 12,000 8,000 
ES EIV al 3 oman arena 18,000 21,000 8 40 16 14,000 9,000 
S5—3/ abe eS. 21,000 25,000 5 47 19 15,000 9,500 
SEL .eee ae ees 25,000 29,000 4 55 23 16,000 10,000 
AS=Oi4 sass een 10,000 26,000 20 45 15 16,000 14,000 
AS Ua EL. ese oe 25,000 31,000 6 55 22 17,000 14,500 
4S=l/o He. ce. os 31,000 35,000 5 65 23 19,500 15,000 
ASS (GEN Syd Oo tare 35,000 39,000 3 73 26 21,000 15,500 
ASEM reac aencteaesn ae 38,000 42,000 3 80 30 23,000 16,000 
528-0 ws gece vente 14,000 29,000 25 AGA Nicrocle Sere 18,000 17,000 
52S aU arc Ravens tye 26,000 34,000 12 G2 lava cre Sore ee 20,000 18,000 
5281/0, ioaraeie oe 29,000 37,000 10 G7 dle, acer 21,000 19,000 
52S-3/4 H....... 34,000 39,000 8 CEMA etter 23,000 20,000 
52S Hee eer 36,000 41,000 Z WS) Ie fccrcherrese ote 24,000 20,500 
DISS ceeatescea| 20,000) 55,000 23 100 30 39/000) lactate cere 
17S—Ol., Renae 10,000 26,000 20 45 15 18,000 11,000 
1¥ iS seer We trance 35,000 58,000 20 100 30 35,000 15,000 
| Acca) nial eS amare 46,000 61,000 13 110 35 30,000) fire crete 
Alclad 17S-T.... 32,000 55,000 16 Oleg e ears + soe meee 32,000 |S. snteetee 
Alclad 17S-RT..} 40,000 57,000 ET PPS CSS eee 32,000) "1|'5 «Sepa eres 
ANIZS=Olnedece <r 8,000 22,000 24 38 11 F5,000" tere ree 
AAS Do de ate kaise 24,000 43,000 24 70 22 25,000 13,500 
LAS Rar cies were 10,000 26,000 20 TY AMM liste! Oe cae NS;0001F ec careers 
LAS ie gee 43,000 65,000 20 TOS) ve Si®, See cio 40,000 14,000 
ZASS ey caste eellee 23,000 68,000 13 EEG he Tate ee 41,000 14,500 
Alclad 24S-T.... 40,000 60,000 TS ine Aik... Sptevotorne oll ec See ere 39,000) ) ifits . derastetene 
Alclad 24S-RT. . 49,000 62,000 DUP eal Pie: Ee el ee Bee 39,000), ewoeonieer 
258-0), seis 10,000 26,000 20 45 15 18,000 9,000 
258= Wisse, eta: slink 2ov000 48,000 18 80 23 30,000 14,500 
ZOS Ie. dk eerie 35,000 58,000 20 100 30 35,000 15,000 
DIBA T ck cpeeniete 50,000 60,000 9 Le ere ee ae 37,000 13,000 
DIS SO ele areteisrcete 6,000 16,000 30 28 10 11,000 6,500 
SE Wega carers caer g 20,000 35,000 24 64 20 24,000 10,500 
SiS Te tvrstsereseusyeas 38,000 48,000 14 95 28 30,000 10,500 
DOS Ovreeae tai she 7,000 16,000 25 26 9 11,000 7,500 
DOS= Wicm rea atte 20,000 33,000 22 65 21 22,000 10,000 
DBise Wet hee 32,000 38,000 14 80 26 26,000 11,000 


* Modulus of elasticity is approximately 10,300,000 Ib. per sq. in. 
+ Stress at which stress-deformation curve departs 0.2 percent from the initial modulus line 


produced. ‘The yield strength in compression is substantiall i i i 
Ee eerciahieednne, y equal to the yield strength in tension 


t Values for 14-gage sheet; for heavier sections the elongations are hi 
§ Single-shear strength values obtained from doubleshare tests. mo bisiee 
|| R. R. Moore type of rotating-beam machine; endurance limit based on 500,000,000 cycles. 
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Table 9.—Relation of Cold Working to Temper 


Po antes 5 a SE ee ee ee 
Temper obi metals wie wath ete «Ses. s Soft 1/4 Hard | 1/9 Hard | 3/4 Hard | Hard 
Approximate amount of cold working *... 0 21 37 60 80 
Approximate B. & 8. gage No. reduction 

MNEHD So Gamera s ocho couse aOCEOde 0 2 4 8 14 

NVVLE G1 eoza ceases 3a, 5h ee Po 0 1 2 4 7 

* Percent reduction in cross-sectional area. 

Table 9 gives the nominal ay |_| ae 
amounts of cold working together 200 ta 7 
with the approximate Brown & x ae 
Sharpe gage numbers reduction — 489 =! 360 
for the various tempers. Ss s 

The yield strength of alumi- % 160 320 
num and its alloys is the stress & ie g 
corresponding to a limiting per- “ 1° iz Yield Point |= ee) as 
manent set of 0.2%. Inproperly- = rai co 

: = 120 - 240 

annealed wrought metal thisvalue 2 % | zs] 
will be approximately one-third 5 49 Ll 200 3 
of the ultimate tensile strength. 92 tae eee 
For all of the other tempers of a & 0 160 3 
cold-worked product, the yield 4 ine # 
strength will vary from 80 2 60} 44 Thavilel Strength 120 & 
to 95% of the ultimate tensile 2 claiealien | | m 
strength. a 40 hates 

Elongation is affected con- 
siderably both by the size and at ian ‘a a 
-shape of the test specimen, as 0 0 
well as by the ductility and elon- iz Dénsity| [7 aioe 2 
gation. A 20 | |r; +4 ke 

The relation between tensile 32 = tio ne 
strength and Brinell hardness of 2.2 40 pnts “ees 08 53 
wrought aluminum anditsalloys 2& iim leers age 
is approximately T.S. = 755 X Z8 Bldngation = y |? es 
Brinell hardness number. 3A fd 16 aa 

Fig. 1 shows graphically the & *° al Ct | ee 
effects of cold working on the 100 2.0 ke 


hysical properties of aluminum Ome ieee: OS OR PO SO ma O RS OSS OL} 
Bey oe Percent Reduction of Area by Cold Working 


and its alloys. i ; é 
COLUMN FORMULAS.— Fie. 1. Effects of Sok cere oe the Physical Properties 


. The following formulas may be 
used in the design of columns of aluminum subjected to axial loads: 


For L/r values of Oto C, f= B— K(L/r) 
For L/r values of C and up f = 33,000,000/(L/r)? 


For L/r values of 0 to C f= B—-— K(L/r 
Fixed Ends a L/r values C and up f = 132,000,000/(L/r)? 


where f = safe design stress in axially-loaded column, lb. per sq. in.; L = unsupported 
length of column, in.; r = least radius of gyration of column, in.; L/r = slenderness ratio 
of column. Values of C, B and K are given in Table 10. 


Round Ends { 


Table 10.—Values of Constants for Column Formulas 
we NEI EE EE EEEEEE————E———————e 


Alloy Round Ends Vixed Ends 
and 
Temper C B LES C B K 

3S-I/o H....... 128 ‘6,000 31 256 6,000 [55 
SSSI E i eee 111 8,000 48 222 8,000 24 
AE aS Sacivelere 128 6,000 3)}| 256 6,000 15,5 
4S-l/o H....... 100 10,000 67 200 10,000 Bo.05 
AS ELE oratassts ots) <: » 87 13,000 100 174 13,000 50.0 
Ty feat RES eee 81 15,000 123 162 15,000 61.5 
SIS Wo ccvaedet «vt 105 9,000 byl 210 9,000 28.5 
0h ed Me ee 84 14,000 111 168 14,000 55D, 
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DESIGN STRESSES FOR ALUMINUM ALLOYS.—In Table 11 are given the stresses 
considered safe for ordinary structural design at temperatures below 100° F. Where 
temperatures above that point are to be considered, the values in Table 11 should be 
multiplied by the factors in Table 12. 


Table 11.—Design Stresses for Aluminum Alloys 
Applicable to temperatures below 100° F. 


Bearing, Shear, 
Alloy and Temper lb. per sq. in. Ib. per sq. in. 
SO sera leisiensieree.o.e 4,000 4,000 7,000 3000 
Sau AES fel oe emia oa) 6 6,000 6,000. 9,000 3500 
= Elote, ale oes /step.016 8,000 8,000 13,000 4000 
4S -Oi Ao tseriiare aleeiers 6,000 6,000 11,000 4000 
Bot atl At AORN Ltaaretesy,0 ere 9,000 9,000 14,000 4500 
Sia AS=0/B EL geveresersiaitves 10,000 10,000 15,000 5000 
Ee ARSE cic tersiriescorwieiorelb 13,000 13,000 19,000 6000 
eB W252 cwe veel e'elars 15,000 15,000 26,000 9000 
‘SAS—WWiete= rove atererete 9,000 9,000 15,000 6000 
metas eaten 14,000 14,000 21,000 7500 
oo) PS ap oc Coenen w.ccad 5,000 9,000 9,000 5000 
ra Coie Feet s ees ce tes 5,000 6,000 6,000 4000 
Bp | USE Ayia se Seen 11,000 15,000 18,000 7000 
E220 WAS is ate ns fers = 11,000 15,000 18,000 8000 
wm 10,000 12,000 15,000 6000 


Table 12.—Factors for Design Stresses at Elevated Temperatures * 


100° F. 200° F. 300° F. 400° F. 500° F. 
Lda shateke shesotetate.s 1.0 0.85 0.70 0.60 0.40 
Ratieea ei aoa .0 0. 0.60 0.45 0.30 
Re oar co .0 0. 0.60 0.35 0.25 
ate ll Gis OS ppecoooe osm ser .0 0. 0.80 0.50 0.40 
BAS Yo FL... sin eieieieiw ee .0 0. 0.65 0.30 0.25 
= ciate sticertnnbarcdass .0 0. 0.55 0.25 0.20 
ADC Te Se niece .0 0. 0.60 0.30 0.15 
Pe Fe eG ee ee .0 ite 0.80 0.30 0.15 
A Ria Ss AMMEN Psy 6 .0 0. 0.55 0.20 0.10 

Sand 


Oo 
oO 
i) 


.70 


Oo 


50 


[—) 


30 


* To be applied to values of Table 11. 


4. HEAT TREATMENT OF ALUMINUM ALLOYS 


SOLUTION HEAT TREATMENT.—A change in properties as a result of heat treat- 
ment of aluminum alloys usually is associated with a change in solubility of one or more 
of the alloying ingredients with change in temperature. Thus, over 5% copper is soluble 
in solid aluminum just below the melting point of the eutectic; at room temperature the 
solubility is well below 1%. If aluminum alloys containing 4% or more of copper be 
heated to a temperature slightly below the melting point of the eutectic, the copper will 
dissolve in the aluminum at that temperature. If the alloy then be cooled quickly to a 
low temperature, it becomes supersaturated in copper at the lower temperature. This 
treatment is known as a solution heat treatment. In certain alloys, like 17S or duralumin 
the supersaturated solid breaks down at ordinary temperatures. This change, known an 
aging, changes the physical properties. . 

In carrying out the solution heat treatment, temperature must be closely controlled. 
Thin pieces of wrought metal may be heated to the proper temperature and held there only 
a short time before cooling, with good results. The operation may be carried on in a 
hearth or pit furnace or in a bath of fused niter. Castings and large wrought pieces 
however, must be held at the solution heat treating temperature for considerable periods of 
time, and automatic temperature control practically is necessary. Cooling, after the 
proper heating cycle, may be done in cold or hot water, oil, or an air blast. ‘ 

PRECIPITATION HEAT TREATMENT.—In certain alloys, the changes produced at 
ordinary temperatures are insufficient for the requirements, and the desired results are 
effected by elevated temperatures. Such a treatment is known as the precipitation 


vie 
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heat treatment, or artificial aging. In general, aging will increase hardness and strength 
of aluminum alloys. The same is true of the precipitation heat treatment, if it is not car- 
ried too far. The latter, assuming prior solution heat treatment, is capable of producing 
a wide range of proper- 
ties without change in 
the alloy composition. 

The precipitation 
heat treatment may be 
effected by heating in 
pressure vessels with 
steam, or by heating in 
baths such as oil, or in 
hearth or pit furnaces. Cutting Edge Side Rake 
The temperature should ™ © Clearance 6 
be well controlled for best Fy, 2. Lathe Tool That May Be Fic.3. Lathe Tool Recommended 
results, andifanordinary Used with Aluminum for Use with Aluminum 
furnace is used, air circu- 
lation is desirable. The rate of cooling after the precipitation heating usually is not an 
important factor. 

OTHER EFFECTS OF HEAT TREATMENT of aluminum alloys are the removal 
of internal strains, stabilization of dimensions of parts used or processed at elevated 
temperatures, and change in particle size of constituents such as silicon, which may be 
present in amounts greater than can be dissolved in solid aluminum even at the eutectic 
temperature. 


30° to 50° 
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FORGING.—Several of the strong aluminum alloys may be forged hot either under 
a hammer or in a forging press. Alloy 25S-T is used for general forgings including 
connecting-rods, aircraft propellers and crank-cases, because of its superior hot working 
characteristics. Alloy 51S—-T is used for crank-cases and nose pieces of more intricate 
design for radial aircraft engines, since this alloy is even more easily forged into the large 
thin sections. For a more limited class of forgings 17S also is used. Forged pistons 
are commonly manufactured from 32S which has a low coefficient of expansion, or irom 
18S. 

MACHINING.—Aluminum and its alloys may be machined readily. In many 
instances, satisfactory results may be obtained by using tools ordinarily used for steel, 
provided they are sharp and in good condition. Owing to its inherent machining char- 
acteristics, better results may be obtained, however, when certain changes in tool shape 


“and machining practice are observed. Generally speaking, aluminum and most of its 


alloys have familiar machining characteristics. 

Cutting tools for aluminum resemble those for cutting hard wood in many respects. 
It should be emphasized that the cutting edges must be ground to a sharp included angle, 
must be keen, and should be provided with smoothly finished surfaces. The tools gen- 
erally are ground with fine abrasive wheels, supplemented by hand stoning with an oil- 
stone to give the desired finish of the 
surfaces and edges. 

Lathe, Shaper and Planer Tools. 
Figs. 2-5 illustrate typical lathe and 
planer tools for machining aluminum. 
Attention is called to the unusually 
large amount of top and side rake. 

Milling Cutters for aluminum a= 
should be of the coarse-tooth spiral ‘Qjearance 6° 


Top Rake 


ey Bate 45° to 52° 


10° to 15° 


Cutting Edge 
30° to 35° 


type, with a considerable amount of A Clearance 8°to 10° 

top rake on the cutting edges. The side Rake 30°to 402 | 

more recent helical milling cutters, Side Rake 50°to 60° 
designed primarily for machining steel, Clearance 6° — 

work especially well with aluminum fy, 4, Planer Tool for Mique Planer Toole 
and its alloys, if the cutting edges are Roughing Aluminum Finishing 


provided with suitable top rake. A sk ee 
Drills —Ordinary twist drills work fairly satisfactorily in aluminum if properly 


ground with keen edges, but a better type of drill is one with more twist to the flutes. 
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: Both types are illustrated in Fig. 6. Fairly high speeds may be 
& employed if ample cutting compound is used. 
WY Reamers of the spiral fluted type produce the best results 
for reaming holes in aluminum. 
Taps generally designated ‘‘gun’’ taps or spiral pointed taps, 
Va Fig. 7, which have a short spiral ground at the nose, work 
VA very satisfactorily in aluminum, especially for through holes 
where the cuttings can be pushed ahead. Better results may 
. be obtained by the use of spiral fluted taps, now offered by a 
YA number of the manufacturers of small tools. 
l) Sawing.—The shapes of saw teeth should be patterned after 
those of the cutting tools described above, so far as practicable. 
Teeth usually should have some top rake or hook, the amount 
depending on the type of saw, although very little can be used 
with band saws or circular saws where the work is fed by hand. 
The teeth should be comparatively coarse, with curved gullets, 
free from sharp corners and burrs or scratches which are apt 
to pick up cuttings. 
Circular saws for aluminum may be operated at peripheral 
A B Cc speeds of about 10,000 ft. per min. Speeds of about 5,000 ft. 
per min. are recommended for band saws. It is important 
Teist Diills: Ye betes that the machine be free from vibration, otherwise fatigue failure 
A, Single flute twist-drill, Of Saw blades or saw teeth will ensue. 


40° spiral angle A cutting lubricant or coolant is desirable, and for heavy 
B, eee flute as work is necessary. Mineral-base lubricating oils thinned with 
aoe ae a kerosene and, in some instances, soluble oil cutting compounds 


C, Special double fluted have been found satisfactory. 
twist drill, 47° spiral Hand hack-saw blades of the ‘‘wavy-set”’ type work especially 
angle well with aluminum. 

Files.—Some of the coarse-tooth files with top and side rake to the cutting teeth 
work well on aluminum. 

Cutting Speeds and Feeds.—A wide range of cutting speeds and feeds may be used 
in machining aluminum and its alloys. Roughing cuts may be quite heavy. For highly 
finished surfaces, cuts only a few thousandths of an inch deep may be used, provided the 
cutting tools are properly shaped and finished. Speeds necessarily depend on such factors 
as the kind of machining operation, type and condition of machine tool and kind of cutting 
material. Cutting speeds faster than those ordinarily used for free-cutting brass have been 
used with success in some instances, while in others better results have been obtained by 
using slower speeds. 

Cutting Lubricants.—Some of the alloys of aluminum have been machined successfully 
without any lubricant or coolant, using tools of the form described, but the use of some form 


Top Rake of compound is desir- 
ie able for best results. 
The soluble cutting oils 
usually are satisfactory 
a . for milling, sawing, and 
Fig. 7. “Gun” Tap drilling. For such 
operations as turning, shaping, and tapping, a mixture of equal parts of lard oil and 
kerosene generally is recommended. Cutting compounds of paraffin oil, such as are used 
in machining brass, are not satisfactory for aluminum. 
Tool Materials.—Tools for machining aluminum may be either of high-carbon or high- 
speed steel. Cemented tungsten-carbide tools have been found indispensable, especially 


for machining aluminum alloys with high silicon content; they also are excellent for high 
production. 


of 


a 
side Rake 


6. JOINING OF ALUMINUM 


WELDING.—Aluminum and its alloys may be welded by the torch, electric are or 
resistance processes. In fusion welding, the equipment is the same as that used for welding 
steel, but in electrical resistance welding, machines of slightly different design and greater 
electrical capacity are required. The technique varies slightly from that required for steel. 
The metal are generally will make stronger welds than can be made with the torch, but 
1/16 in. is the minimum thickness of metal that can be so welded. 

For metal are electrodes, and for filler rod for torch welds of strong alloys, an alloy 
of 5% Si, 95% Alis used. For torch welds of common alloys, as 28 and 358, especially 
if a polished surface is desired, pure aluminum filler rod is used. A flux is used in fusion 


* 
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welding. In the metal are process, the flux is best applied as a heavy coating on the 
electrode. 

A welded joint, except in fully-annealed material, will have lower mechanical prop- 
erties than those of the unwelded metal. The heat of welding has an annealing effect on 
the common alloys, and a somewhat deleterious heat treating effect on the strong alloys. 
In some cases, it also affects adversely the corrosion resistance. Heat treatment of strong 
alloy welds will improve the properties of the joint. If maximum efficiency of the joint 
is to be developed, a well-designed mechanical joint is superior to torch welds, and often 
superior to arc welds. 

SOLDERING of aluminum is more difficult than the soldering of other non-ferrous 
metals. With ordinary soldering technique, oxide film on aluminum prevents wetting 
the metal. Many solders fail to make corrosion-resistant joints when applied to alumi- 
num. However, there are available a variety of solders and fluxes adapted to nearly 
all soldering requirements. The use of the proper solder and flux enables aluminum parts 
to be joined in much the same way and for about the same type of service as soldered joints 
of other metals. Suitable directions can be obtained from the supplier of solder and flux. 

RIVETING.—In general, the alloy used for rivets for aluminum alloy structures is the 
same as that of the structure, if sufficient strength may be obtained in this way. When 
greater strength is needed, rivets are made from stronger alloys than the rest of the struc- 
ture; sometimes steel rivets are used. 

Aluminum alloy rivets should be driven cold, where this is possible. Rivets of non- 
heat-treated alloys, as 35 and 4S, and some of heat-treated alloys, as 51S—W, are ready 
for driving when received from the maker. Heat-treated alloy rivets, as 17S, which are 
too hard to drive satisfactorily when fully heat-treated (T temper) and which do not 
have any stable intermediate temper (W temper), must be heat-treated immediately 
before driving. The treatment consists of heating to a temperature of 940 to 960° F. 
and quenching in cold water. For about 2 to 4 hours after quenching, the rivets are soft 
enough to be driven with comparative ease. Rivets so driven become fully aged in 
about 4 days, after which they exhibit the properties of 17S-T alloy. Most of this aging 
takes place in the first day, which accounts for the diMiculty of driving after the lapse of 
2 to 4 hours after quenching. Rivets that become too hard to drive may be re-heat- 
treated. The rate of hardening of 17S alloy rivets may be retarded by storing the 
quenched rivets at low temperatures. Temperatures of 32° F., for example, will keep 
the rivets soft enough for driving for at least 24 hours. Electric refrigeration or dry 
ice may be used to maintain even lower temperatures, with a resulting substantial decrease 
in the rate of hardening. 

Strong aluminum alloy rivets up to 3/g in. may be driven cold, but cold driving of 
larger sizes is almost impossible, unless large squeeze riveters are available. Hot-driven 
rivets should be heated to heat-treating temperature (940 to 960° F. for 17S) and driven 
with a minimum of delay. The contact of the rivet with the relatively cold material 
around the hole provides a quench. Rivets as large as 1 in. have been driven successfully 


“in this manner, and the properties of the material are practically as good as water-quenched 


material. In hot driving the heating equipment must have exact temperature control 
and be close to the work. In general, the squeeze method is best for driving aluminum 
alloy rivets. If pneumatic hammers are used, they should be of large size, as a few heavy 
blows are superior to a number of light, rapid blows. 

Steel rivets are used in aluminum alloy structures only when the heating effect is of no 
consequence, and rusting may be prevented. ‘Then the relatively large shear strength of 
steel rivets, coupled with the ease of driving, makes them very desirable. The procedure 
for driving hot steel rivets in aluminum alloy structures is the same as for steel structures, 
except that it is advisable to drive the rivets at random in order to avoid localized heating. 

Rivet Holes in aluminum may be drilled, punched, or sub-punched and reamed as 
desired. When holes are drilled or sub-punched and reamed, the diameter of the hole 
generally is made 1/32 in. greater than the diameter of the rivet. For heavier work, where 
holes are punched, the hole generally is made 1/15 in. greater in diameter than the rivet. 
Taper bridge reamers with spiral flutes are recommended for reaming sub-punched holes 
to size. 


7. FINISHING OF ALUMINUM 


FROSTED FINISH usually is applied to aluminum by etching in a hot solution of 
sodium hydroxide (caustic soda) followed by treatment with strong nitric acid. For 
ordinary operations, the solution contains from 2 to 57% of caustic soda, although solu- 
tions containing as much as 25% are used. The time of immersion is determined by the 
temperature of the solution, its concentration, and the depth of etch required. Usually 
+reatments of about one minute are sufficient. 
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After removal from the caustic solution, the object is rinsed in clear water and im- 
mersed in strong nitric acid. A satisfactory solution is two parts concentrated nitric acid 
and one part water. Occasionally, a weaker solution, say 10% to 15% nitric acid, may 
be used. ‘The nitric acid has little solvent action on the aluminum, but removes the 
colored film left on the surface by the caustic dip and leaves the metal with a clean 
“frosted”’ finish. 

ELECTROPLATING.—Aluminum may be electroplated with other metals. Such 
plating is used primarily for ornamental reasons rather than as a protection against 
corrosion. The aluminum surface first is roughened by special etching procedures, 
which depend on the alloy being coated, to provide a firm anchorage for subsequently- 
applied nickel plating. Once the nickel has been properly applied, any desired metal may 
be plated over it. Zinc applied directly to the aluminum surface will electrochemically 
protect the aluminum. Chromium directly applied will resist abrasion or chemical attack 
by mild alkalis. 

OXIDE COATINGS.—The electrolytic or anodic oxide coating process, sometimes 
known as deplating, is carried out in a special electrolyte in which the piece to be finished 
is immersed as the anode (positive electrode). Applied to aluminum and many of its 
alloys, it forms a hard, abrasion-resistant coating of superior protective value. It usually 
is white to light gray in appearance, but on aluminum-silicon alloys it forms a dark gray 
coating, which is of artistic value, particularly on sand blasted castings. The electrolytic 
oxide coating also may be given marked absorptive properties, which permit its being 
colored by dyes and pigments. They combine the luster and brilliance of the metal with 
the color of the dye, which is highly attractive. 

PAINTING AND LACQUERING.—Aluminum may be coated with paint or lacquer 
by much the same technique as followed for other metals. Surface preparation is im- 
portant. Normally, all that is required is a cleansing from grease and dirt by wiping 
the surface with mineral spirits or other solvent. Certain chemical cleansing agents, 
as a phosphoric acid-alcohol mixture, sold under various trade formulas, not only clean the 
surface but give greatly improved paint adhesion where service conditions are severe. 
With castings, a light sand blast improves adhesion of paint. Sheet or extruded shapes, 
with either an electrolytic or chemical oxide coating, provide exceptionally good adhesion, 
especially in painting for protection against salt water corrosion. 

Paint in the form of aluminum paint, oil-base enamels or lacquers, may be applied by 
spraying, brushing, or dipping. Synthetic resin varnishes and enamels materially increase 
the durability of such finishes. Except under severe exposure conditions, such as on air-~ 
craft, a special priming coat on aluminum surfaces is unnecessary. Where extra protection 
is desired, a priming coat containing zinc chromate pigment is effective. 

Transparent varnishes or lacquers may be used to preserve polished surfaces. Many 
of these are sufficiently durable to be applied to exterior ornamental work. A varnish 
of light color and one which is relatively insensitive to light exposure, should be selected. 
Synthetic resins have increased durability; no clear finish, however, will last as long as 
pigmented finishes. 

Aluminum Paint is made by mixing aluminum-bronze powder with a suitable vehicle. 
Aluminum-bronze powder is supplied either as a dry powder or as a paste mixed with 
mineral spirits. Aluminum paint, in the proportion of two pounds of powder to a gallon 
of vehicle, forms a coating of high moisture resistance and superior protective qualities. 
By proper choice of vehicle it can be used on metal, wood, plaster, or concrete, and is par- 
ticularly recommended for the painting of aluminum and its alloys. 

POLISHIN G.—Aluminum in any form can be polished or buffed. The degree of 
polish depends on the hardness and freedom from porosity of the metal. Thus, a piece 
of hard-rolled sheet will take a more brilliant polish than a soft casting. Polishing may 
consist of four steps, although if the surface is already quite smooth, as in a cooking 
utensil made from sheet, only the last two operations may be necessary. See also pp. 
21-88 to 21-96. F 

1. Roughing (Canvas or Rag Wheel).—The wheel is made of sewed buffs, glued to- 
gether. The polishing head; of No. 60 to No. 100 emery or silicon-carbide abrasive, is 
glued to the face of the wheel, which should have a peripheral speed of about 6,000 ft. 
per min. — A lubricant consisting of polishing oil and tallow generally is used, the surface 
of the article being smeared with lubricant during the operation. 

2. Oiling.—A solid felt or compress canvas wheel, with a polishing head of No. 100 to 
No. 160 emery or silicon-carbide abrasive glued to the face, is used. The same lubricant 
as for roughing is used, applied to the wheel. 

3. Buffing.—The buffing wheel is made up of sewed-piece or full disc packed buffs. 
The full disc buffs should be a close weave, say 84 X 92. The shape of the wheel is 
determined by the shape of the work. Tripoli composition is satisfactory for polishing 
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aluminum. The peripheral speed of buffing wh is 7 
€ g wheels generall 000 j 
jaye Seip the o is cleaned in benzine and dried in saree ne aeaas 
. Coloring is best done with a full disc buff or one of the vari fe 

buff. Tripoli, rouge, and soft sili iti en paloma 
ees es ae 1lica compositions are used to bring out the silvery white 

; SCRATCH BRUSH AND SATIN FINISH.—Aluminum can be so finished as to 
diffuse the rays of light, producing a surface similar in appearance to frosted or etched 
glass. i These finishes, produced by the use of a rotating wire brush, are called “Scratch 
Brush”’ or “Satin” finish. A scratch brush finish may be done in a large lathe, using a 
soft steel-wire brush, about 10 in. outside diameter, revolving about 2000 r.p.m. The wire 
size is about 0.015 in. diameter. A satin finish, of finer texture, is produced using wire 
brush wheels with wires about 0.005 or 0.003 in. diameter. A satin finish also may be 
eal pes hs ‘ie buffing tag using Lea greaseless compound and Learock on the 
wheel. See booklet, g and Polishing Methods, issued b 
Senay eran uffin ed by the Lea Mfg. Co., Water- 

SAND BLAST FINISH frequently is applied to castin i i 
3 gs. It is of varying de 

fineness, depending on the nature of the work and the ultimate finish abaied: TENE at 
coarse sand is satisfactory for surfaces which are to be oxide coated, but is somewhat 
limited in its use because of its heavy abrasive action, resulting in excessive warpage of 
large thin sections. _The finer sizes of sand are used for high-lighted and satin-finished 
work, since their milder abrasive action reduces the subsequent cost of grinding and 
polishing. 


8. FABRICATED ALUMINUM PRODUCTS 


SHEET AND PLATE.—Plate can be supplied up to 2 in. thick, with a maximum weight 
limitation of 2000 lb. per individual plate. Sheet from No. 10 to 36 gage also can be 
age in coils. Tables of commercial sizes of sheet and plate are given on pp. 6-08 to 

12. 

TUBING.—The operations which are necessary to straighten 17S-T tubing, after it 
has been quenched, increase the yield strength by about 25% as compared with the value 
normally obtained in commercial sheet. Tubing in round, square, and streamline cross- 
section also is produced in 17S—RT,- having a yield strength approximately 30% higher 
than that of 17S—T tubing, and about 60% higher than that of 17S-T sheet. If these 
materials are heat-treated by the user, yield strengths comparable to those of 17S-T 
sheet will be obtained. Tubing also is available in other shapes, such as rectangular, 
hexagonal, octagonal, streamline, and odd shapes. 

STRUCTURAL SECTIONS.—Aluminum is rolled into various structural shapes, as 
beams, channels, angles, tees, zees, and streamlined shapes. For dimensions and prop- 
erties, see pp. 6-12 to 6-16. 

WIRE, ROD, AND BAR are available in a wide variety of sizes and shapes. Wire 


is produced by drawing from large rod sizes to the desired dimensions; flattened wire by 


rolling round wire to produce a strip with round edges; flattened and slit wire and strip 
are produced by rolling a round wire or a rectangle to the desired width to produce a 
strip with square edges. Round wire is made in sizes from No. 00 B. & S. gage to 38 gage, 
and round rod up to 8 in. diameter. 

ALCLAD PRODUCTS, in sheet or wire, consist of surface material of exceedingly high 
corrosion resistance, alloyed and integral with a strong alloy core. The thickness of the 
surface metal is such as to retain maximum physical properties consistent with adequate 
protection of the core. The coating protects the alloy which it covers, and also electro- 
lytically protects exposed edges, or base alloy which may be exposed by scratches or 
abrasions. It also protects 17S rivets, which are used to join Alclad sheet. 

ALUMINUM FOIL.—Aluminum sheet 0.005 in. and less in thickness is termed foil. 
Foil may be rolled commercially to gages as thin as 0.00026 in., but thicknesses of 0.0003 
to 0.0007 in. are commonly used. For these extremely thin gages a special grade of pure 
metal is used. Where additional strength is required, as for diaphragms and shims, and 
other purposes, alloys of aluminum are used. Alloy foils, however, being less ductile, 
usually are 0.001 in. thick and heavier. 

Aluminum foil is used widely in electrolytic condensers for radio equipment, power 
factor condensers, etc., because of its film forming characteristic. It also is used in foil 
and paper type condensers, in contacts for burglar alarm systems, protecting tape for 
underground cables, ete. Aluminum foil, either plain or backed with waxed paper and 
lacquered or printed in colors, is used for articles which must be protected from the atmos. 
phere or from handling, including photographic films, friction tape, typewriter ribbons, 
etc. Its non-toxic quality has resulted in its being used extensively for wrapping food 
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Table 13.—Aluminum Foil 


Thickness Area, Thickness Area, Thickness Area, 

F(a Dp rs eg (ee aa am ate) rs 0 yp es | eee a al) i ast 

in. mm. per lb. in. mm. per lb. in. mm. per lb. 
0.00025 0.00635 41,000 0.0006 0.01524 17,000 0.0015 0.03810 6800 
. 0003 . 00762 34,100 . 00065 .01651 15,700 . 0020 . 05080 5100 
. 00035 . 00889 29,200 . 0007 .01778 14,600 .0025 . 06350 4100 
0004 01016 25,600 0008 . 02032 12,800 . 0030 .07620 3400 
. 00045 01143 22,700 0009 . 02286 11,400 0040 . 10160 2550 

.0005 .01270 20,500 0010 . 02540 10,250 0050 . 12700 2050. 
. 00055 .01397 18:6 00) ]* nacs.cetromne Mn <tr stehevel | eestor sew ote tezece ato On| mieace carts ae areee 


products. It also is used in the manufacture of artificial flowers, light-bulb reflectors, 
box wrapper and liners, labels, can liners, bottle caps and cap liners, magazine and book 
covers. Aluminum foil is regularly supplied in coils or in rectangular form. It may be 
paper interleaved, wax paper backed, or cement or asphalt paper mounted, embossed, 
printed, or lacquered in standard or special colors or designs. 

Foil thinner than 0.001 in. does not permit accurate measurements of thickness by a 
micrometer. Gages thinner than 0.001 in. are determined by weighing a sample of foil 
of a known area and calculating the thickness, using the value of 2.70 as the density of 
aluminum. Covering area in square inches per pound of foil for foil gages 0.005 in. and 
lighter are given in Table 13. 


9. ELECTRICAL USES OF ALUMINUM 


Aluminum was first used as a conductor in high tension wires in the U.S.in 1898. The 
first conductors were made entirely of aluminum, but later a cable with an extra high 
strength steel reinforcing core for the aluminum strands was developed and has since 
been used with marked success. 

CONDUCTIVITY.—The A.I.E.E. standard of conductivity for hard drawn aluminum 
wire is 60.97% of the International Annealed Copper Standard. On this scale the con- 
ductivity of commercial hard-drawn copper usually is taken at 97%. 

The electrical conductivity of annealed high-purity (99.97%) aluminum is 64.6%, 
based on the International Annealed Copper Standard. The electrical conductivity is 
lowered by the addition of alloying elements, the reduction varying with the nature of the 
element and the amount added. Heat treatment and mechanical working also influence 
this property to a marked degree. The following are the approximate conductivities of 
various grades of aluminum and aluminum alloys: 


Hard- 
Metal «/occveseiayeeus, ein 99.97% drawn 
Al Conductors 28S-O 3S-O 3S-H 17S-T 25S-T 519S-T 
Conductivity, percent 
of Int. Annealed 
Copper Std...... 64.6 61 57 50 40 80 35 45 


CABLES AND CONDUCTORS.—Aluminum cable, steel-reinforced, is used for 
messenger cables of overhead catenary railway lines. In the smaller sizes, it also is used 
for signal circuits, and for telephone lines supported on the same structure with power 
lines, where its high strength permits the use of as long spans as the transmission con- 
ductors. Large all-aluminum cables have been used as railway feeders, where they carry 
heavy currents at relatively low voltages. Particularly in large conductors, the use of 
aluminum effects a great saving in weight. Conductors for high-voltage installations 
such as outdoor sub-stations may advantageously be made of aluminum tubing. These 
are rigid and light, and permit the use of long spans which often are necessary to obtain 
electrical clearances, and show economy in supporting structures. 

SWITCHBOARD CONSTRUCTION.—Aluminum may be used to advantage in bus 
bar construction, both on switchboards and for general transmission of power. Aluminum 
bus bars are rolled and are available in the usual rectangular cross-sections, as well as 
in channels and certain other structural shapes, which offer definite advantages in strength 
and current-carrying capacity. The current rating of aluminum bus bars may be con- 
veniently taken as 80% of the accepted values for copper of equal cross-section and 
similar shape. 

ELECTRICAL MACHINERY.—Aluminum is used for the rotor windings of squirrel- 
cage induction motors and also for field windings in certain types of motors and high-speed 
turbo-generators. The remarkable property of insulating aluminum wire by means of an 
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electrolytically-applied oxide film is of service in constructing windings for electrical 
machinery where space is limited, or where a heat-resistant insulation is necessary. 


10. STRUCTURAL USES OF ALUMINUM 


Aluminum alloys are used in many structural fields where savings in dead weight, or 
freedom from rust stains are particularly desirable. They are widely used in aircraft, and 
for the main structural parts of truck bodies, railroad cars, storage tanks, dragline crane 
booms, traveling shop cranes, bridges, and special types of buildings. They may be 
sheared, sawed, punched, and otherwise handled in the routine fabricating operations 
without difficulty, and with the same tools that ordinarily are used in structural steel 
shops. Certain alloys are more important than others. These are as follows: 

3S Alloy is used where welding is necessary, or in structural work where strength is not 
of primary importance. The hardest temper suitable to the necessary shop work generally 
is used.~ Typical applications are tank cars, storage containers, car and bus body plates, 
corrugated roofing, etc. 

4S Alloy is used for applications similar to those of 3S alloy. For a given temper, 
however, 4S is considerably stronger than 3S. In the harder tempers, yield strength is 
comparable to that of the heat-treated alloys, but the ultimate strength is lower and the 
amount of forming which can be done is limited. 

17S Alloy ages naturally at room temperatures following heat treatment, and hence 
does not have a stable as-quenched condition. Its tensile and yield strengths compare 
with those of ordinary structural steel, and the alloy is used for important strength mem- 
bers. When cold worked after heat treatment, the alloy, known as 17S-RT, has higher 
properties, as indicated in Table 8. 175—RT tubing and sheet are widely used in aircraft 
construction. 

51S Alloy in the as-quenched, or W, condition is adapted to severe forming operations. 
It can be artificially aged to 51S—T after forming, thereby gaining additional strength. 
51S-T has the same yield strength as 17S—T, but its other mechanical properties are 
somewhat lower. See Table 8. 51S—W is used in body framing of railway cars and buses, 
and in various welded constructions where the strength of 38 is insufficient. 

52S Alloy has mechanical properties comparable with those of 4S, and forming char- 
acteristics which compare with those of 3S. Rolled or extruded shapes, however, cannot 
be cold worked sufficiently to obtain the properties of the harder tempers. The properties 
of shapes usually are intermediate between those of the annealed and 1/4 H tempers. 
Largely because of this, the structural uses of 52S generally are confined to the forms of 
sheet and plate. 

53S Alloy is quite similar to 51S. Its mechanical properties are slightly lower and its 
ductility somewhat greater. It has better corrosion resistance, especially when com- 
pared with 51S-T. Its uses are similar to those of 51S alloy. Additional uses are window 
sash, railings, store-fronts, and various architectural trim. 

Casting Alloys.—No. 12 alloy can be used structurally to about the same extent as 
east iron. When a tight, leak-proof casting is needed, No. 43 alloy is recommended. 

Alloys Nos. 195-T6, 220-T4, and 356-T6 are heat treated to obtain the maximum 
mechanical properties. They are used to replace malleable iron castings and, in some 
cases, steel castings. The foundry should be consulted in the selection of the alloy best 
suited to the conditions under consideration. 


NICKEL AND ITS NON-FERROUS ALLOYS 


By Robert Worthington 


‘1. PROPERTIES OF NICKEL 


GENERAL PROPERTIES.—Nickel is a white, malleable, ductile, non-corrodible 
metal, capable of being rolled into thin sheet or drawn into fine wire. To its alloys it 
imparts strength, combined with ductility, a white color and resistance to oxidation and 
corrosion. The commercial grades are shown in Table 1. General properties are given 
in Table 2, and mechanical properties in Table 3. 

The principal non-ferrous alloys of nickel are as follows: J ; 

Nickel-copper.—Nickel content up to 70%; used for corrosion resistance, electrical 
resistance and where strength, workability and appearance are desired. ' 

Wickel-copper-zinc.— Nickel content, 5 to 30%; used for corrosion resistance and 
where appearance and strength are desired. 
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Table 1.—Commercial Grades of Nickel Produced in the United States and Canada 
Typical Composition 


Us 
cous Ni+ Go| Fe Gee f CO. A ed Me Tos 2 

Malleable...........++ 99.00+} 0.30 0.25 0.10 | 0.10 | 0.25 | 0.010 | Rolling, forging, drawing. 

Malleable, 5% manga- |94.00- 0.40 0.25 0.15 | 0.10 |4.25- | 0.010 | Spark-plug wire, high tem- 
nese 95.50 5.25) perature applications, etc. 

Malleable, 2% manga- |97 .00- 0.40 0.25 0.15 | 0.10 |1.75- | 0.010 | Electrical resistance wire; 
nese 98.00 2.25 spark-plug wire. 

Anodes; rolled and cast | 99.00+|.....--..|.-----eee)eee eee eee eee [eee e ee [eee | Electroplating. 

Electrolytic, cathodes | 99.95 |0.0i-0.04/0.0i-0.03) Trace | Trace |....... Trace | Highest-grade material for 
27 by 36. in. and alloying in steel and non- 
smaller cuttings ferrous metals in electric, 
therefrom open-hearth, or crucible 

furnaces. 

Tngot (10, 25, 50 Ib.) | 99.55 | 0.15 0.15 | 0.06 | 0.08 |....... 0.010 | For alloying of ferrous met- 
made by remelting als, particularly where 
electrolytic cathodes this form is more adapted 

‘ to the process involved. 

Shot, made by remelt- | 99.55 0.15 0.15 Ce a Se 0.010 | Principally used for cruci- 
ing electrolytic ca- ble charges in ferrous and 
thodes non-ferrous alloys involy- 

ing small amounts of 
nickel. 

“Ff” shot and ingot | 92.00 2.00 0.25 DEP FAS OO =e ifs Sociade 0.05 | For cupola and ladle addi- 
(5 Ib.) low melting 6.00 tions of nickel to gray 
point iron. 

Table 2.—Properties of Nickel 

Apecifie) ravityn. = cfnm w< ws 8.85 Pouring temperature, deg. F......... 2895-3000 

Density, Ib. per CW. 1D .. < <j onions « 0.319 Forging temperature, deg. F......... 1600-2300 

Melting point, deg. Bsn 0. acces <6 2624 Annealing temp.,open anneal, deg. F..| 1650-1740 

Specific heat, mean, 68°-2624° F.... 0.134 ts 8 box Sa Ger. hee 1400 

Coefficient of expansion perdeg.F. | === ~—_ | Pattern shrinkage, in. per ft......... 1/4 
FRADE HG. cscs secwee tens 0.000 00733 
| eee? Pe ee ABT ANGE 0. 000°O00800)]" Sper mil=ttis. 2. cee Seeee eee sees 64 
TILA De Hacer erties eeieat 0.000 00861 | Temperature coefficient of resistivity 

Thermal conductivity, mean, 32- Hi 20-100S GC. .eeeeee eee 0.00537 
212° F., B.t.u. per aq. ft. per hr. Young's modulus. 3262 sees Gewaswee 30,000,000 
per deg. F. per in. thickness..... Modulus torsion: .. 6 sacekm usenet 10,000,000 

Table 3.—Mechanical Properties of Nickel 
Tensile | Yield |Elastic| Elon- |Reduc- Brinell Shore | Rock- 
Strength,} Point,| Limit,|gation,| tion Hardness |Sclero-| well excd 
1000 1000 | 1000 | per- jinarea,)~_ |] _ __| scope B = \ 
Ib. per |lb. per} lb. per} cent | per- 500 | 3000 | Hard- Hard- Bache 
sq.in. | sq. in.| sq. in.Jin 2in.} cent kg. kg. ness | ness ft-lb. 

Hot-rolled; forged...... 70— 85 |30— 40} 20-30] 40-50) 55—65}105-125]125-140] 15-19 

Cold-rolled & cold-drawn 
Annealed*. 0c. css 70— 85 |20— 30) 17-23) 43-53) 65-75] 85-105/115-130| 11-1415 
Sheet, full hard....... 95-110 |90—T00) 0.5 .c)h 9 28! No eeereicte terete een ariel ate 
Sil, 2! WE 95-115 |90-105|...... 25) eee ies 
Rod, normalized... .. 80- 95 |70- 80| 40-50| 25-35] 40-60/215-240| 200-240 es 
Tubing, as drawn..... 100-105 |85- 95|...... $5—20 carson Saeed 2 ne 

thi dec eS. 60- 70 |20- 30]......| 15-35| 30-50] 75-95] 80-100|...... ie 


* Endurance limit 26,000—30,000 lb. per sq. in. 


Nickel-chromium.—Nickel content, over 80%; used for electrical and oxidation 
resistance. 

_ MALLEABLE NICKEL is ductile and can be fabricated by drawing, stamping spin- 
ning and machining. Cold working improves its strength, as does forging in the lower 
temperature ranges where the stresses of working are not relieved, 7.e., in the temperature 
range of 1000-1200° F. The strength of malleable nickel, as regularly supplied, ranges 
from 60,000—115,000 lb. per sq. in., although the strength of spring wire will be delice 
150,000 lb. per sq. in. with correspondingly low ductility. Malleable nickel is made int 
plate, sheet, strip, bar, rod, wire, tubing, forgings and castings. ¥ 

Uses.—Malleable nickel is used in the construction of caustic evaporators and food 
processing and chemical equipment, because of its high corrosion resistance. It is used 
in automotive spark-plug wire and furnace equipment because of its resistance to high- 
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Table 4.—Physical Properties of Nickel-copper Alloys 
Percent Nickel 


Property 
: 20 70 
Speniiaiarawity.. dio eeeee owe see eovcsront< 8.96 8.80 
DenertaAb., per. eu. i= c bse -ccck......, 0.324 0.318 


aVielting point, der. in wacsrcdet oon. c. eons. 
Thermal expansion per deg. F., at 95° F..... 
Thermal conductivity, B.t-u. per sq. ft. per 


hr. per deg. F. per | in. thickness........ 238 116 
Electrical resistivity, ohms per mil. ft...... 164 268 
Coefficient of resistivity per deg. C., at 20- 

HOG ss Citys :.dars aeeco cite AOA eee Ba hee Sagltt oocytes 0.0019 

are PN TION ater a0 PST 200005000) cer commrerrert el eaerceoentereili 26,000,000: 


Table 5—Mechanical Properties of Annealed Copper-nickel Alloys 
(Typical values) 


Nickel Tensile Proportional Elongation Reduction Brinell 
Content, Strength, Limit, in 2 in., in Area, Hardness, 
percent Ib. per sq. in. Ib. per sq. in. percent percent No. 
2 SAU Se ee ote 50 ne te 
15 46,000 11,900 47 83 65 
20 48,000 13,800 46 79 72 
40 59,000 11,900 44 71 &8 
70 75,000 25,000 42 70 126 


temperature oxidation. It is used in coinage because of its toughness and appearance. 
It also is used in vacuum tubes, because of its high melting point, purity and ease of 
fabrication. 

Nickel-clad Steel is used for tanks, tank cars, and heavy plate construction. It con- 
sists of mild steel with 10 to 20% nickel bonded to one side of it. The bond is permanent 
under pressure, vacuum, temperature change and deformation in forming. 


2, ALLOYS OF NICKEL AND COPPER 


Copper alloys with nickel in all proportions to form solid solutions. Strength and 
toughness increase with increase of nickel content up to 70-80% Ni. The alloys of high 
copper content are relatively soft, highly ductile and easily fabricated. Alloys are pink 
in color up to about 25% Ni. Above 25% Ni, the alloys are white. Nickel-copper alloys 
are malleable both hot and cold. Table 4 gives typical properties of nickel-copper alloys. 

Cold working increases the strength and hardness of nickel-copper alloys, the effect 
being greater on alloys of high Ni content than on low Ni alloys. Thus, the tensile 


~ strength of spring temper Monel metal is about 150,000 lb. per sq. in., and that of 80-20 


eupro-nickel is about 85,000 lb. per sq. in. Typical values of the tensile properties of 
nickel-copper alloys are given in Table 5. 

USES.—Nickel-copper alloys are made for a wide variety of uses under different 
trade names. The following are the more important of these alloys, together with their 
trade names: 65-75% Ni, Monel metal, Luceto; general purpose alloys. 40-45% Ni, 
Constantan, Advance, Copel, Excelsior, Cupron, Ferry; resistance wire, pyrometer wire. 
30% Ni, Everbrite, Davis Metal; valve castings, etc. 20-30% Ni, Cupro-nickel, Ambrac 
(5% Zn), Adnic; condenser tubes. 25% Ni; coinage. 20% Ni, Cupro-nickel; turbine blading. 
15-20% Ni, Cupro-nickel; bullet jackets. 24% Ni; heat exchanger tubes. 


Monel Metal* 


The composition of Monel metal is as follows: Ni, 65-70%; Cu, 26-30%; Fe, up to 
3%; Mn, up to 1.5%; Si, up to 0.25%; C, up to 0.25%. In spring wire, the Si content 
may range up to 1.25%, or Mn may be as high as 2.50%. High-strength castings may 
haye a Cu content up to 34% and Si up to 4%. Monel metal is white, malleable and 
ductile, both hot and cold, and corrosion-resistant. Its appearance, physical and mechan- 
ical properties resemble closely those of malleable nickel. It is fabricated into cold-drawn, 
hot-rolled and forged rod, bars and shapes, cold-drawn wire, hot-rolled plate, cold-rolled 
sheet and strip, seamless tubing, and castings. Table 6 gives typical properties of Monel 
metal. ‘Table 7 and 8 show the tensile properties at normal and elevated temperatures. 

“Kk? MONEL METAL is a special grade of Monel metal, containing about 3.10% 
aluminum, which is hardened and made stronger both by heat treatment and cold work- 


* Trademark of International Nickel Co. 
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ing. Quenching in water from 1400-1500° F. softens it. Slow furnace cooling from 
1000-1100° F., with or without previous cold working, hardens it. See Table 9 for prop- 
erties. 

USES.—Monel metal is used for interior architectural decoration, trim on household 
appliances and sheet metal work in kitchens, restaurants, etc., and other places where 
appearance is of importance. Its high corrosion resistance makes it useful in the hand- 
ling of acids, alkalis, salt solutions, waters, food products, organic substances and atmos- 
pheres at normal and elevated temperatures. It also is used in the construction of pick- 
ling equipment, tanks, pumps, valves and agitators used in connection with acids, alkalis, 
brines and food products. Its strength and toughness causes it to find application to 


Table 6.—Physical Properties of Monel Metal 


, 3 ee 
Specific gravitys: c-: s+ oes aes 8.80 Forging temperature, deg. F........ 1830-2152 
Density, Ib: per ¢u..imso a... eo = 0.318 Annealing temperature, deg. F., 
Melting point, deg. F...........--- 2460 OPEN AHNEA es a .. carcies secre ata 1700-1795 
Specie WEMt va rcteaie aievois omnis a sceelers = 0.128 Annealing temp., deg. F., box anneal 1380 
Coefficient of expansion, per deg. F. Electrical resistivity at 20° C., ohms 
ESO eee Sees ean ere 0.000 007 78 POEM fbeo.ctsc\a cm omen eerie 268 
WIDE Wstotete ck istens ee estes efe"s 0.000 008 33 | Temperature coefficient of resistivity 
THM Delt ad titeree rare wcanetaeauer 0.000 009 06 per deg. C., 20-100° C........... 0.00196 
Thermal conductivity, B.t.u. per Magnetic transformation, deg. C.... 95 
sq. ft. per hr. per deg. F. per | in. Voung/s'modulus.. «oe. seeceeee 26,000,000 
PHUEMC ES estado cus edecdte neues meee cere 116 Modittlus in: torsion. << c.os.00 sees ae 9,000,000 
Pouring temperature, deg. F....... 2800-2850 


Table 7—Mechanical Properties of Monel Metal 
Elonga- | Reduc- 


. rs * Proportional = 2 
Tensile Strength, Yield Point, nash tion tion 
Product Ib. per sq. in. Ib. per sq. in. 1 Limit, in 2in., | in Area, 
b. per sq. in. percent | percent 
Rod and Bar: 
Cold-drawn, annealed...| 70,000— 85,000 | 25,000— 35,000 | 20,000—30,000 35-50 65-75 
uf as drawn...| 85,000—-125,000 | 60,000— 95,000 |.............. 15-35 50-65 
El oterollied. tic cress este 80,000— 95,000 | 40,000— 65,000 | 25,000—40,000 30-45 50-65 
Bel or defeats teletuarteceseta 80,000—105,000 | 60,000— 85,000 | 45,000-—65,000 20-40 | D.5c% 
ire: 
Cold=drawn, annealed! .:}' ~70;000—-85,000) oulj. ccc emcee pec ecm k tice} mannan anna 
. No.. | temper} 95,000=1:10;000: [). ctcccecuic sates. «|= ace ie love rebete cero | lee oe i 
BY regulary. %s 60, PLO, Q00- 140; O00 hag aiegiic ie sue 5 aleh rallies wnt tie evans aera | 
BDTINE «i:5;e055 140; COO= 125, O00 I<: oir apes tax 021d 0\ lin ates Sataeate Ge eT MIR cuca 
Plate, hot-rolled...........|  60,000— 75,000 | 25,000— 30,000 |.............. 2555 Nee 
Sheet and Strip: : 
Full-finished sheet......} 65,000— 80,000 | 25,000— 35,000 | 20,000-30,000 | ..... 
Cold-rolled, annealed. ..} 65,000— 80,000 | 25,000— 35,000 | 20,000-30,000 | ..... | .... : 
‘““ full-hard sheet| 100,000-120,000 | 90,000-110,000 |..............| ..... | ..... 
s full-hard strip | 100,000—125,000 | 90,000-115,000 |..............] 2... 5 
Tubing icold-drawnses sc|- oi ole we hp || Wryt aebletcaey Cavell Iie a anennetenne nents | anal 
PLING BIG «6, csrais ce wes wteren ns 65,000— 80,000 | 25,000— 35,000 | 20,000—-30,000} ...., 
NASCENT asain naetpba race 90,000—-105,000 | 60,000— 75,000 |.............. 1825-eees 
aertanne i 65,000-100,000 | 30,000- 60,000 |............. 5-35 | 5-35 


Temperature, deg. F..........] Room 600 800 1000 1200 1406 1600 |180c|2000 
Tensile strength, lb. per sq. in. | 85,000 | 80,000 | 70,000 | 55,000 | 36,000 | 22,000 | 12,000 7500 5000 
Limiting creep strength, Ib. per 


BQN. eee eee eet e ee ee elereeseslereenes 45,000 | 15,000) 2,500)... .0=- Satie 
Yield point, Ib. per sq. in......| 45,000 | 34,000 | 30,000 | 27,000| 23,.000|...... 1.0) 
Elongation in 2in., percent....| 45 44 40 30 18 DD. 4) naan Weng legen 


Table 9.—Mechanical Properties of ‘‘K’? Monel Metal 


i Propor- 
Tensil F i 
Beenath tional Elongation| Reduction| _Brinell 
Grade ; Limit, in 2 in. of Area Hardness 
1000 Ib. | 10001. | ooo 1, | percent {| (3000 ke 
: : i percen * 
per sq. in. | per sq. in, per equa load) 
Soltis ey cacaemiens eee cee to 129 to 80 to 60 40+ 50 
Intermediate hardness..... 120-160 80-120 60-100 20+ ae eyes 3 
Hard Aan ree mune weNc nc. 160+ 120+ 100+ 15+ 20+ over 315 
Soot hemes 


= 


3 
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turbine blading, valves, and other steam handling equipment, marine propeller shafting, 
springs, bolts on railway signal and electrical systems. 

WORKING QUALITIES OF MONEL METAL.—Hot-working.—Monel metal may 
be hot worked in the temperature range 1900-2100° F. With care, the temperature can 
be extended to 2150° F., but Monel metal loses all malleability at about 2200° F. Hot 
forging should not be attempted between 1200-1600° F., and only under special condi- 
tions between 1600—-1900° F. Sulphur-free fuel should be used in the heating furnaces, 
and a definitely reducing atmosphere is desirable. 

Cold-working operations, as cupping, drawing, swaging, die-forging, power-hammer- 
ing, bending and forming, are similar to those performed on mild steel, except that more 
power isrequired. Annealing may be either by box or open annealing methods. Sulphur- 
bearing atmospheres must be avoided, and a reducing atmosphere is desirable. 

Machining.—Cutting tools for Monel metal should be ground to a 15-deg. to 20-deg. 
back rake. They should be of high-speed steel. For thread chasing, self-opening die- 
heads are necessary. For machining operations, sulphur base oil, cut with a paraffin 
base oil, is better than straight paraffin base oil. 

Welding may be performed by the various electric and gas methods. A special de- 
oxidizing flux gives the best results in arc welding. In gas welding, the flame must be close 
to neutral, and on the reducing side. The work must be performed rapidly without 
rewelding, using fused boric acid as a flux. 

Soldering may be done with soft solders, either high or low in tin. Lead fillets are 
used for special purposes. For strong joints, subject to corrosive substances, brazing and 
silver solders are used. 

Pickling.—In commercial pickling, the oxide first is reduced by heating and cooling 
in a reducing atmosphere. The metal then is submerged in a solution of 6 lb. sodium 
nitrate, 3 lb. sodium chloride, 1 gal. concentrated sulphuric acid per 40 gal. of water, held 
at 180-200° F. If the reducing treatment cannot be used, the metal is dipped in a hot, 

_moderately strong solution of hydrochloric acid and scrubbed with abrasive. 


Other Nickel-Copper Alloys 


Nickel 40-45 Percent.—These alloys have a low temperature coefficient of electrical 
resistance combined with relatively high resistivity (see Table 14). They are used for 
rheostats and other resistances operating at black heat, and also for low temperature 
heaters. A high thermoelectric force is developed between these alloys and either iron, 
copper or nickel-chromium, which permits the use of these combinations in thermocouples 
for pyrometric work. 

Nickel 20-30 Percent.—Cupro-nickel tubing made of copper-nickel alloys of 20-30% 
Ni, either with or without zinc, is used for the more severe air impingement conditions of 
marine and stationary condensers handling sea water, or corrosive inland waters, at 
high velocity. 

Nickel 15-20 Percent, known as high ductility cupro-nickel, may be subjected to 
excessive cold work in drawing and forming, without intermediate anneal. These alloys 
are used as bullet envelopes and for deep drawing. 


8. ALLOYS OF COPPER, NICKEL, AND ZINC 


Alloys of copper, nickel and zinc, known commercially as Nickel Silver or German 
Silver usually are designated by the Nickel content, e.g., 18% nickel-silver. Nickel-silver 
ranges from about 10-25% Ni and 3-40% Zn. These ranges cover the common casting 
and cold-working alloys. Alloys containing up to 10% nickel, with high zinc, regularly 
are extruded. Some alloys of 10-15% Ni are extruded in the simpler shapes. Alloys 
containing up to 10% Zn can be hot worked, but not hot extruded. Table 11 shows the 
composition of wrought and cast nickel-silver compositions in commercial use. Table 10 
gives the physical properties and Tables 12 and 13 the mechanical properties of nickel- 


silver. 
Table 10.—Physical Properties of Nickel-silver Alloys 


Composition Specific 4 ne hanes Composition ey Boe ty 
Ni Zn__| Gravity deg. F. per deg. F. Ni Zn Hn 1s wbge 
30 23 Fes AMO. BGs Ste neeocd) Maaecocr cod 28.6 9.8 250 
20 5 8.84 2100 0.000 009 06 17.4 26.7 166 
18 27 8.68 920M [eee wicecre vars sets on ss Ws 
18 17 Oe Fall ewe DOM Ile crevpweratere | gas ~~ conlecr's, at! ‘ Fie Ae 
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Cold working increases the strength of nickel-silver alloys. For example, spring 
temper sheet and strip, of 18% Ni, 27% Zm, has a tensile strength of about 120,000 lb. 
per sq. in. Spring temper wire of the same composition has a tensile strength of about 
140,000 lb. per sq. in. 


4. ALLOYS OF NICKEL AND CHROMIUM. RESISTANCE ALLOYS 


Alloys of nickel with 20% or less of chromium have both high electrical resistivity and 
good resistance to temperatures up to 2150° F. This makes them highly suitable for use 
as elements in electrical resistance heating devices. Data on these alloys are given in 
Table 14. Nickel-chromium alloys, particularly those containing iron, are extensively 
used in high temperature service other than electrical resistance service, and in handling 
corrosive substances. For data concerning the Ni-Cr-Fe heat-resisting alloys containing 
upwards of 25% Fe, and the Ni-Cr-Fe austenitic stainless steels containing 70-74% Fe, 
see pp. 3-19 to 3-24. 


Table 11.—Composition of Wrought and Cast Nickel-silver Alloys 


Composition, percent 
Ni ae Zn feeb | Fe | Sn | Al 
Wrought Alloys 
Cutlery and knife stock..| 15-25 55-65 iV. S730) | See ee O51 Shee wcis = Sena reeneneets 
Keys 860CKaow.u sais: seiayede « 8-18 55-65 15-35 ae Re IS SINC MPaNIeL sirsisians) [ocr has <> 
Jeweler’s wire........... 5-25 53-63 DIF Le MWe ee aie ose isiwihs aie epanstegecalis ora aa oie. sre lactate eer 
Brazing solder. ....). ... 820 35-40 A Palesiaps ow ccc lavs Game ee vole cree clert eed tancretee eae 
Watchcase metal........ 10-28 55-65 16-30 OT fe cdacseccloeesecacelns Semaine 
Spoon and fork stock... . 10-20 57-66 ZO-SO OT et. CST I |S 0-5 Sates = Slercte ereereret 
Platers’ bars and cores... 5-25 56-70 LO=24) Jakes. Joh hes Sc Sec ks Se eee 
Cast Alloys 

ING: Heaters ais ae ak 20 62 Oe SR es soe Bellas eee 
Nor aifen denice 20 65 6 Su Tse eee 4 |berteniees 
INOS Suh ctedaa Meee ts 20 52 15 TO sc eplians “Bete. Wien ISzs: vipers 

Non 4 Ib aeaean bicatias 20 65 [A Ses eee Fes ee, 0.5 2e3 


* A strong, tough, ductile alloy, commonly used for marine hardware. 

+ Less ductile but more easily machinable than No. 1. Makes watertight castings with greater 
facility. No. 2 is used considerably for marine and builders’ hardware and is specified by the U.S. 
Government for certain uses. No. 3 is softer and used for plumbing goods. 

t Used for light castings of uniform section where perfection of surface is desired; not suitable 
for pressure work. 


Table 12.—Mechanical Properties of Annealed Wrought Nickel-silvers 
Elon- 


Tensile 


Composition, : Composition, —— siete 
persent Strength, gation parcent Strength, ; gation 
: lb. per in 2 in., lb. per m2 in 
Ni Zn Cu sq. In. percent Ni Zn Cu sq. in. percent 
10.6 30.1 a9 50,600 67 18.4 26.3 Doon 66,100 45 
1529 24.4 59.7 57,200 47 1756 10.7 7s 54,500 38 
19.3 20.5 60,2 61,000 41 6.7 28.6 64.7 49,400 63 
17.8 59,000 36 7.8 65.4 57,700 37 
26.2 66,100 46 0 50,000 30 
Table 13.—Mechanical Properties of Nickel-silver Castings 
ee 
74 Tensile Elon- 
Type Composition, percent Strength,| gation 
Ib. per in 2 in. 
Ni Zn Cu Pb Sn Al sq. in. percerit 
19.9 p28) 64.2 5.9 453) ~ Nite eee 41,200 
Green sand | 20.0 13.7 64:7: eluate ail fe la 41.600 Ps 
26.6 15.4 56.9 Ue eee oe cee 40,900 34 
7.8 31.8 60.2 || verereaietalltctclera a? onc) Paes ane an 33,800 47 
Dry sand 15.8 29.7 54.3) > |S exepteseraiiisbeteersts sic Eeecese eee 37,300 39 
19.8 18.5 Gib iG: ~ | l aoSrcscr ate anal ies ait lower ancl cstoecaeame ree eae 42,800 33 
26.7 13.2 LUM Pet Gh nn oo ey eaticen, Ai 53,200 35 
: ROS Blieie 49.4 
Chill t ‘ 5 Ee CRE le oe Sree 0 50,100 
Sate 18.0 32.7 ASS oil od 0 chee ae ot 75,300 i. 
Die-cast 5 ae | 48.0 PRT a ice 1.0 75,000 5 
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Table 14.—Properties of Resistance Alloys 


Resist- 


Max. | zher- avitrat Relative Resistivity at Elevated Temperatures 


Melt- mal = Resistivity at 20° C. = 1.000 
veaiee Specific ing oS a Expan- eo 
percent Gravity] Point, Temp sion, Ohms Temperature, deg. C. 

deg. F. deg. F ")per deg pen Sani} 

F.* | snil-ft,| 100 | 200 | 300 | 400 | 500 | 600 | 700 | soo | 900 | 1000 
Ni 80 = (es, | es lS ema] —. 
Pat 8.4 | 2550] 2010 |0.0;899¢] 650 |1.014 |1.028 |1.044]1.057]1.066]1.067|1,063/1.060/1 .06011.064 
Ni 61 
cr 8.2 | 2460 | 1920 | .0;899¢| 675 |1.013 |1.029 |1.045/1.059]1.070]1.078]1 082] 1.088] 1.127/1.142 
e 

Stee 8.85 | 2640] 1470 | .0;855t] 64 [1.43 12.06 |2.83 |3.52 |3.87 14.15 14.44 14.73 |5.04 |5.38 
et 8.8-8.9] 2615 | 1470 | .0;7508] 84 [1.36 11.90 2.58 |3.02 |3.26 |3.49 |3.73 13.96 14.22 14.50 
lett 8.8-8.9| 2615 | 1470 | .0;750§} 117 |1.29 |1.68 |2.10 |2.31 |2.46 2.62 |2.78 12.94 13.13 13.32 
at 8.8 | 2460] 1200 | .0;894t] 268 {1.157 |1.217 ]1.254]1.294]1.33911.384]1.43411.488]1.55011.626 


8.9 | 2210] 930 | .0;799¢] 290 |0.9992/0.9995/1 .002/1.006/1.020]1.039).....].....].....J..... 


Ni 30 
or 2} 8.25 | 2695 | 1110 | .0;950§} 530 |1.093 |1.198 Veh aiteds, flee ak ae Aselete 


* The subscript indicates the number of zeros after the decimal point; thus 0. 05899 = 0.00000899. 
t Mean from 70°-1598° F. jfMean from 77°-1112° F. §Mean from 32°-212° F. 


MAGNESIUM AND ITS ALLOYS 


By John A. Gann 


1. PROPERTIES 


PROPERTIES.— Magnesium is a silver-white metal, produced commercially by the 
electrolysis of molten anhydrous magnesium chloride, with an average magnesium con- 
tent of 99.94%. A special grade with a magnesium content of 99.99% may be made by 
sublimation of commercial magnesium. The properties of magnesium are as follows: 
Atomic weight, 24.32; density, lb. per cu. in., at 68° F., 0.0629, at melting point (solid), 
0.0592, at melting point (liquid), 0.0567; boiling point, 2006.6° F.; mean coefficient of 
thermal expansion, 68° to 572° F., 0.0000157; 68° to 932° F., 0.0000166 per deg. F.; 
freezing point, 1204° F.; thermal conductivity, 1102 B.t.u. per hr. per sq. ft. per deg. F. 
_ per 1 in. thickness; heat of vaporization, 2340-2700 B.t.u. per lb.; latent heat of fusion, 
126 B.t.u. per lb.; mean specific heat, 32 to 212° F., 0.249. The mechanical properties 
are: tensile strength, 27,000 lb. per sq. in.; yield strength (set = 0.2%), 10,000 lb. per sq. 
in.; elongation in 2 in., 15%; Brinell hardness, 10-mm. ball, 500-kg. load, 37; modulus of 
elasticity, 6,250,000. The electrical resistivity at 20° C. is 4.4611 microhms per cu. cm., 
or 26.83 ohms per mil-ft. The electrical conductivity at 20° C. in percent of International 
Annealed Copper Standard is, mass, 197.7, volume, 38.6; the temperature coefficient of 
resistivity at 20° C. is 0.0040. The crystal form of magnesium is close packed hexagonal. 
Its reflectivity for white light is 73%. 

USES.—The chemical uses of magnesium are based on its chemical reactivity in a 
finely divided form or at high temperature, and include pyrotechnics, flares, desulphuri- 
gation of nickel and nickel alloys. Used as an alloying metal, it improves the physical 
properties of aluminum and zine die-casting alloys. Magnesium is the basis of the 
lightest structural alloys, both in the form of castings and shapes. See Magnesium 


Alloys below. 


2. MAGNESIUM ALLOYS 


PROPERTIES.—Commercial alloys have a magnesium content of from 88-99%. 
The composition, trade names and uses of such alloys are given in Table 1. Lightness is 
the principal characteristic of these alloys. Taking the weight of magnesium alloys as 1 
the relative weights of other alloys are: aluminum, 1.5; cast iron and steel, 4; brass and 
bronze, 5. On an equal weight basis, the strength of magnesium alloys is equal to or 
superior to that of most metals. Strength decreases with increase in temperature, and in 
general, magnesium alloys are not suited for use at temperatures over 400° F. The 
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characteristics of magnesium alloys are high tensile str , toughness, and good fatigue 
endurance. Table 2 shows typical physical and mechanical properties of magnesium 
alloys and Table 3 compares mechanical properties of various structural alloys. 

CORROSION.—Magnesium alloys are stable under ordinary exposure conditions, 
the surface gradually darkening with no decrease in strength. In heavy industrial areas, 
or in humid atmospheres along the seacoast, surface roughening may occur, and some 
protection may be desirable. Aqueous salt and acid solutions corrode magnesium alloys, 
with the exception of pure chromic acid, pure concentrated hydrofluoric acid, and alkali 
metal fluorides, chromates, and bichromates. The alloys are resistant to attack by most 
alkalies and many organic chemicals, including hydrocarbons, phenols, and oils. 


Table 1.—Trade Designations, Analyses, and Uses of Magnesium Alloys 


Designation and Trade Names Composition, percent 
Tow Bohn 
U.S US. Amer. | Alumi- 
se ay Army | Navy ei Magnes-|num and al | Mn | Z s Uses 
<a Desig- | Desig- a jum Brass) = 2 a = 
eb nation | nation 5 Corp. Corp., 
peer Bohnlite 
1* |57-741b] M-I112c} A |AM-241 X-5 BAN] (ie | Ba | 91.8 | Sand castings. Heat treat- 
Grade 1 | Alloy 1 ment not required for 
general use. Heat-treated 
for highly stressed parts 
requiring good impact 
toughness. 

ae 57-741b| M-112e | GQ |AM-240 Be2) POLO UPON hs ee asllosccs = 89.9 | Die castings. Heat-treated 

Grade 2 | Alloy 2 sand castings requiring 
high yield strength with 
moderate toughness. 

Bi iE seroneievaltsrontocierere B |AM-246.) X-7) [2000 |ocens}s cone 87.9 | Heat-treated sand castings 
requiring maximum yield 
strength and _ hardness. 
Impact toughness rela- 
tively low. 

GPK Nae M-I12c} H |AM-265 X83 | 6.0) | O62° 53.0}... 2. 90.8 | Sand castings with im- 

Alloy 5 proved salt-water corro- 
sion resistance. Heat- 
treated castings combine 
high yield and ultimate 
strength with good im- 
pact toughness. 

6t, WeSPib avetetsterets M-IlIb]| F |AM-53S} X-Is | 4.0 |] 0.3 |.....]..... 95.7 | Forgings, sheet and plate, 

Alloy 1 extruded shapes, bars, 
rods, and tubes. 

SiS ial is. ois10:< M-126a DT. {WAMESRSiIN;. siecle G55} (0-3: || Osa ca 92.45] Forgings and extruded bars, 

Grade 2 rods and shapes. 

OUTS Vensreter tiers M-126a Bac AM-585 }........ SUS MOL 2610.50] eee 90.8 | Hot-pressed forgings for 

Grade 3 highly stressed _ parts. 
More difficult to forge 
than other alloys. 

LONE | veratecntscars Se Re Beisscs AM-61S] X-Ils |..... WOM coms 6.0 | 93.0 | Extruded rods and shapes. 

Grade | Hammer forgings for mod- 
erately stressed parts. 

Te FinShalastenerets re M | AM-3S8| X-6 |..... URS Recee|lecieere 98.5 | Sheet, plate, and rod for 
oy moderately stressed parts 
Tequiring resistance to salt 

water. 


meen rn eS SSS 
* Tentative specifications for magnesium-base alloy sand castings (B80-36T) 
t Tentative specifications for magnesium-base alloy sheet (B90-36 T) ‘ 
ft Tentative specifications for magnesium-base alloy forgings (B91-36T) 
§ Tentative specifications for magnesium-base alloy bars, rods, and shapes: 
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Protection.—Paints, varni » lac i 

8, 1s" quers and enamels can be applied to ma i 

orcas piceens ve ne ishes and enamels are the best coatings for Crateonse tal 

igh-grade finish. ake nishes have excellent adhesion, hard 

aster can be applied rapidly. Ph ee oa 
efore painting, the metal should be cleaned and then chrome-pi 

: fore h -pickled by a short- 

time dip in a bath of 1.5 lb. NazCr207 and 1.5 pt. of concentrated nitric acid per gallon of 

solution. A thorough wash and rapid drying should follow the dip. This treatment 

produces a dull, iridescent, bronze finish, combining a mechanical ‘‘tooth” and a chemi- 

cally inhibitive film which improves adhesion and the protective value of the paint coating. 


Table 2.—Typical Physical and Mechanical Properties of Magnesium Alloys 
Modulus of elasticity = 6,500,009 


067 
.064 
064 


; Strength, 1000 lb. Hard- 2 ar > 
to per sq. in. fi] ness SF IRE 3'4_-|3 
8 a a sas n sana Ss0g4 | 2 | s 
A ~ 2 i 14 ag a em IGusims jf 1 & 
Sele | f |e hele | Sea Sisal. lee aia esigae) Se 
Ho] 3 € | 3158 8) 2188] sles] Bs |SosiseSle8s| & | aa 
wel 4 3 Bieal ob] 18s) 6 ee Se iss ee ole -S] 8 a 
ar] ) Bi 3) so i) 3 LES eB |on oes gS a/25S 2 Pe o ‘oo 
Zt AS) Fees ce ete OM os Nee er ONL oe eae Fa SIL ania ees 
[h | Fol eee 25 | 11| 46|17| 4 0.9 .0 | 1.80 | 0.0 
ret Sear ae ir) 9 ETS en -0 | 1.80 toes 
7a hot re 29 | 20 fel S637 750 see ete alan cee 0.17 | 15.0] 1.81 | 0.066 
H.T. 1 EN RC PEO |e ase 17.5 | 1.81 | 0.066 
H.T. 2 Z| Goal POeh eG) |) WOs dlvebene 16.0} 1.81 | 0.066 
H.T. 3 aicooa 0 MOnZ IN IONSo Ieee: 14.0] 1.81 | 0.066 
E.T. 3 Oo Si, 75. 184 Nore. oe 0.16 | 14.0] 1.82 | 0.066 
ATS as 5 PAC Meee BT SSa IPD ROGE 
TOMES Ge | 280010: at |epene ae eres: 1.84 | 0.066 
& |) al) ell) Teel) SO awe al eee 1.84 | 0.066 
is 15 0.23 | 10.0] 1.77 | 0.064 
ioe 12 Bee OLAS eh L977 oO 064 
AS oe 8 Bay ees ae APNE Le 7774 KO O64 
ah bS5e | G6 Nee Wee Mw be ube ak? 1.77 | 0.064 
Rte, 15 alles ci On06S 
Li Sate 9 PSA eA Noe esl SIAING L065 
Co SS 6 sr Ne A eet 5 ABS 066 
5 0 
7 0 
6 0 


* SC = sand cast. DC = die cast. Ex = extruded. F = forged. th = sheet. 

+ H.T. 1 = solution heat treatment. H.T. 2 = solution heat treatment + partial aging. H.T. 
3 = solution heat treatment + complete aging. 

t Standard A.S.T.M. tension specimens. 

§ Yield strength is defined as the stress at which the stress-deformation curve deviates 0.2 
percent from the modulus line. 

Obtained with 500-kg. load, 10-mm. ball. 
| R. R. Moore type rotating beam machine, 500 million cycles. 
** Properties of extruded material for round and square up to 11/9 in. 


Table 3.—Comparative Mechanical Properties of Structural Material 
Endur- 
Tensile Yield ete : Specific 
Specific Strength,| Strength, pac Saepiiis ever Endur- 
Gravity | Ib. ee Ib. ee lb. per | Strength$| Strength§ pe. 
sq. in. sq. in. aq. ine Limit § 


Cast: 
Dowmetal A, H.T. 1 *.. 1.80 34,000 12,000 7,000 18,900 6,700 3,900 


Dowmetal H, H.T.3+t..}| 1.83 40,000 20,000 10,000 21,800 10,900 5,500 


Aluminum alloy 
SIZAY Hie SO ate oreo! piomaia|) p45 22,000 14,000 7,500 7,800 5,000 2,700 


Aluminum alloy 
Sone 30, Hel ts cove Dead 36,000 22,000 6,000 13,000 7,900 2,200 


Cast iron (Gray)....... Tine AQ'OOO AM irrevers clerele 20,000 5600) ilere.cteretalere 2,800 
Wrought: 

Dowmetal F’........... iL vis 40,000 29,000 14,000 22,600 16,400 7,900 
Aluminum sheet 1/2 hard| 2.71 17,000 14000) bi eresrarsresstexe 6,300 SRA We eeee aan , 
MVE ALIEAYD Wola cohol evo) aie tong Ae) 58,000 35,000 15,000 20,800 12,500 5,400 
MVITICuBtCel s Gousiscelete's:a.ayes 7.85 60,000 36,000 35,000 7,600 4,600 4,500 
Cr-Mo steel, H.T. ¢....| 7.85 122,000 86,000 68,000 15,600 11,000 8,700 

* H.T, 1 = solution heat treatment. + H.T. 3 = solution heat treatment + complete aging. 


+ H.T. = heat treated. hd , : 
§ Specific strength values are the normal strength values divided by the specific gravity. 
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3. FABRICATION AND USE OF MAGNESIUM ALLOYS 


Magnesium alloys are available as castings and wrought forms. Sheet is rolled in 
sizes up to 20 ft. long and 48 in. wide. Structural shapes comprise round, square and 
hexagonal bars, angles, I-beams, channels and special sections. They are produced by 
extrusion. : f 

CASTINGS range in weight from a few ounces up to 700 1b. Die-castings can be made 
up to 3 lb., with a projected area up to 100 sq. in. Castings normally are made in green 
sand. Small amounts of fluoride, sulphur, boric acid or other materials should be added 
to the sand to inhibit the action of water vapor on the hot metal. Castings also may be 
made in dry sand. Pattern equipment used for aluminum will be satisfactory for mag- 
nesium alloys. ; 

Shrinkage Allowance for moderate size castings, or with unrestrained shrinkage is 
3/1g in. per ft. For large castings it is 5/32 in. per ft. : : 

The properties of as-cast magnesium alloys are satisfactory for many industrial appli- 
cations. Heat treatment, however, will greatly improve the properties of most of the 
alloys, and is recommended for severe service conditions. 

HOT AND COLD WORKING.—Magnesium alloys can be extruded, rolled, forged and 
formed at temperatures of 400-800° F. Working speeds should be moderate and bend 
radii generous. The alloys work-harden at room temperatures more rapidly than other 
metals, and cold working operations should be limited to simple steps with small changes 
in shape or cross-section. 

JOINING.—Riveting.— Magnesium alloy parts should be riveted with aluminum 
alloy rivets containing no nickel or copper. Rivet holes should be 1/g4 to 1/32 in. larger 
than rivet diameter. Bearing strength of magnesium alloy sheet is approximately 50% 
greater than its tensile strength. Dissimilar metals in contact with magnesium alloys 
should be separated by bitumastic paint or reinforced red lead to inhibit galvanic cor- 
rosion. 

Welding may be performed by the oxyacetylene, electric spot, and seam welding 
processes. ‘The technique is similar to that used with aluminum. Oxyacetylene welds 
should be made with a filler rod, of the same approximate composition as the base metal, 
and a flux. The welds will be as strong as as-cast metal. Complete removal of flux after 
welding by washing in hot water, followed by a chrome pickle, is necessary to avoid 
corrosion. 

Electric spot and seam welds are made on machines with water-cooled electrodes. 
Welds on !/g in.-sheet have a strength of approximately 1800 lb. per spot, or 20,000 lb. per 
lineal foot of seam. 

MACHINING.—Maenesium alloys may be machined at higher speeds and with greater 
depth of cut than any other common metal. Sharpness and proper clearance of cutting 
tools are essential. Tools for turning, shaping, planing and parting should have a mini- 
mum side clearance of 6 deg., with little or no top rake, and an included tool angle of 
75 deg. Spiral-type milling and reaming tools are recommended. They should be 
ground without land and have about 6 deg. relief behind the cutting edge. Ordinary 
twist drills ground to standard shapes are satisfactory. Threads may be cut in the lathe 
or by standard four-fluted taps. The alloys finish smoothly and with no tendency to 
tear or drag. Cutting compounds are recommended for screw machine work and other 
high-speed operations. 

USES.—Magnesium alloys are used for airplane parts, including crank-cases, starting 
equipment, instrument housings, and landing and tail wheels. Sheet, plate and struc- 
tural shapes are used to decrease the dead-load weight of trucks and trailers. The alloys 


also are used in portable tools and high-speed automotive equipment to decrease weight 
and increase operating efficiency. 


TUNGSTEN AND MOLYBDENUM 


By Zay Jeffries 
1. TUNGSTEN 


; Tungsten is a metallic element with peculiar properties that render it highly important 
in industry. Tungsten ingots for working are pressed from dry powder and heated to a 
temperature near the melting point to consolidate the metal. The resulting ingots are 
brittle when cold, but somewhat malleable when hot. 

In swaging an ingot from about 1/4 in. square, the work all being done at high tem- 
perature, the rod is brittle cold and malleable hot until the swaged rod is about 50 mils 
diameter. At a size near 50 mils diameter, above or below as the working temperature is 
low or high respectively, the swaged rod becomes ductile when cold. 
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Table 1.—Tensile Strength of Tungsten 


f Tensile : i 
Kind of Material Diameter, Strength, Kind of Material Diameter, pki 
mils Ib mils eeoeus 
é; . per sq. in. Ib. per sq. in. 
Sintered tungsteningot} 200 « 250 18,000 Drawn wire........ S78 366,000 
Swaged rod.......... 216 50,000 SP ae ee 5.50 378,000 
7 arent etssss 125 107,000 b ee ean ae 3.96 483,000 
r- en ensess 80 176,000 eS eee eae 8 1.14 590,000 
cee eeeees 26 215,000 . er carn? 1.00 650,000 
Drawn wire........-. 18 264,000 = nie teste fe 0.50 700,000 
ide Ae 7 ee x 340,000 


PHYSICAL AND MECHANICAL PROPERTIES.—The properties of tungsten are: 
atomic weight, 184.0; density, from 0.672 to 0.690 Ib. per cu. in.; melting point, 6120° F. 
(highest of all metals, and, among the elements, exceeded only by carbon); coefficient of 
linear expansion, 0.000 002 467 per deg. F. at. 70° F. (Worthing); electrical resistivity 
at 0 deg. C., 0.000 004 91 ohm-cm. for pure single crystal wire, 0.000 005 05 for ordinary 
polycrystalline wire; at 20 deg. C., 0.000005 50. Very fine wire as drawn may have 
a value as high as 0.000 008, which is reduced to about 0.000 006, or somewhat less, by 
heating to a high temperature. The average temperature coefficient of resistivity be- 
tween 0 and 100 deg. C. is about 0.0047 per deg. C. Resistance at 2100 deg. C. is about 
12 times, and at 2400 deg. C. about 15 times the resistance at room temperature. Modulus 
of elasticity is about 57,000,000. Poisson’s ratio is 0.17, independent of temperature. 
The thermal conductivity is 812 B.t.u. per sq. ft. per hr. per deg. F. per 1 in. thickness at 
2632° F., 1152 B.t.u. at 32° F., 1610 B.t.u. at —310° F., and 2380 B.t.u. at —422° F. 
It is weakly paramagnetic. Tungsten crystallizes with a body-centered cubic space lat- 
tice, the length of the side of the unit cube being 3.155 Angstrom units,* and the nearest 
approach of atom centers, 2.732 Angstrom units. Table 1 shows the improvement in 


~ tensile strength of tungsten by working. 


Drawn tungsten can be treated to a higher temperature than any other metal without 
removing the effects of working (strain hardening). A 25-mil drawn wire had a tensile 
strength of 101,000 lb. per sq. in. at 1635° F., a value not equaled by any other metal. 

Drawn tungsten wire has some peculiar properties. When ductilized by the swaging 
and drawing process, it is typically ‘ductile. That is, it can be drawn further cold, but 
it is not typically malleable; it splits into many fibers when hammered on an anvil. When 
ordinary drawn metals are heated so as to cause the strain-hardened grains to recrystallize, 
the ductility, largely lost because of the drawing, is restored. Ductile tungsten so treated 
becomes brittle at ordinary temperature, and to make it again ductile it must be further 
worked hot, but below the recrystallization temperature. 

CORROSION.—Powdered tungsten is black when finely divided and gray when 
coarse. In air, at ordinary temperatures, the coherent and dense metal slowly oxidizes 


_-on the surface until inhibited by a thin film of oxide. Tungsten is dissolved by fused 


alkali nitrates and slowly attacked by hot aqua regia or strong hydrogen peroxide. It is 
scarcely attacked by hydrochloric, nitric or sulphuric acids, because of the formation 
of a protective film, or tungstic acid. It is rapidly dissolved by hydrofluoric acid con- 
taining nitric acid, giving a clear solution. When heated above a red heat, it oxidizes 
fairly rapidly. When exposed at high temperatures to carbon monoxide or hydrocarbon 
gases, two tungsten carbides are formed (reported to be WC and W:2C). 

USES.—Drawn tungsten wire is used for the pressed filaments of incandescent lamps. 
Tungsten also is used for talking machine needles, filaments for radio and rectifier tubes, 
electric furnace resistors, and lamp filament supports. Wrought tungsten, made in rods 
up to about 3/4 in. diameter, and in sheet, is used principally for x-ray targets and con- 
tacts for internal-combustion ignition appliances. Most of the tungsten produced is used 
in alloy-steel, principally high-speed steel, which contains about 18% tungsten, and in 
magnet steel. Tungsten is added to steel either as tungsten powder, or preferably as 
ferro-tungsten containing at least 75% tungsten. 

CEMENTED CARBIDES.—Tungsten is the most important element in the so-called 
cemented carbides used extensively for cutting tools, wire drawing and other dies, and 
wearing parts of machinery. The cemented tungsten carbide is made by mixing very fine 
tungsten powder approximating the composition of WC, with about 3 to 20% by weight of 
metallic cobalt, according to the hardness and wearing properties desired, and sintering 
at a temperature far below the melting point of the tungsten carbide. This material is 
relatively expensive as compared with the common cutting tools, and tools usually are 
made by copper-brazing a small tip of cemented carbide to a steel shank. Drawing dies 


*1 Angstrom unit = 10-8 centimeter. 
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usually are made by mounting a small piece of cemented carbide in a steel casing. Other 
carbides, as tantalum carbide and titanium carbide, have been added to tungsten carbide, 
principally for enhancing the steel-cutting qualities. 


2. MOLYBDENUM 


Molybdenum is a hard, silvery-white metallic element. Wire is made by hot drawing, 
at least in the early stages of drawing. The ingots are prepared by pressing powdered 
metal and consolidating below the melting point. These are brittle when cold and must 
be worked hot. After the hot working has progressed to a certain point, the rod becomes 
ductile when cold. 

PHYSICAL AND MECHANICAL PROPERTIES.—Some of the properties of molybde- 
num are: atomic weight, 96.0; density, 0.3688 lb. per cu. in.; coefficient of linear expan- 
sion, 0.000 002 77 per deg. F. at 70° F. (Worthing); electrical resistivity at 0 deg. C., 
0.000 005 08 ohm-em.; at 2000 deg. C., 0.000 006 15; average temperature coefficient 
of resistivity between 0° and 100° C., 0.0047; thermal conductivity, 992.4 B.t.u. per sq. 
ft. per hr. per deg. F. per 1 in. thickness. It is weakly paramagnetic. Molybdenum 
crystallizes with a body-centered cubic space lattice, the length of a side of the unit cube 
being 3.142 Angstrom units and the nearest approach of atom centers 2.720 Angstrom 
units. Table 2 gives typical mechanical properties of molybdenum wire, 25 mils diameter, 
treated in various ways. 

Brittle molybdenum can be ductilized like tungsten by working below the recrystalliza- 
tion temperature. Unlike tungsten, drawn wire can be recrystallized with an increase in 
ductility if the annealing temperature is low, say 1920° F., so as to produce a fine-grained 
structure. Higher annealing temperatures produce larger grains, causing a diminution 
in cold ductility. 

CORROSION.—Dense and coherent molybdenum slowly oxidizes superficially, until 
action is stopped by air at ordinary temperatures with the formation of a protective film 
of oxide. Atred heat, the oxidation proceeds rapidly with the formation and volatilization 
of molybdenum trioxide. Molybdenum is attacked or dissolved by nearly all reagents 
which attack tungsten. It is soluble in nitric acid, sulphuric acid and hydrogen peroxide. 

USES.—Molybdenum is used mostly as an alloying element in steel. Although it 
imparts characteristics to steel somewhat similar to those imparted by tungsten, the two 
metals are not interchangeable, volume for volume. Molybdenum never has been as suc- 
cessful in high-speed steel as tungsten. It is used chiefly in structural steels for automo- 
biles in amounts less than 1%. The wrought metal is used for x-ray targets, the wave 
length being quite suitable for the study of crystal structure. 


Table 2.—Mechanical Properties of Molybdenum 


Tensile Elongation | Reduction 
Description Strength, in 2in., of Area, 
lb. per sq. in. percent percent 
Swaged and drawn hot (1000-1300° C.) from 25 to 125 mils 148,000 4.7 68 
Swaged and drawn hot (black heat—800°) from 25 to 125 mils 154,000 5.7 65 
Annealed to produce large grains. ...........0.e.eeeeeeee 42,500 3.15 None 
Annealed to produce very small grain size............... 125,000 20.0 66 


DIE-CASTING ALLOYS 


By J. C. Fox 


Die-casting alloys may be classified as: 1. Tin-base alloys; tin, alloyed with copper, 
antimony and tin. 2. Lead-base alloys; lead, alloyed with antimony or antimony and tin. 
3. Zine-base alloys; zinc, alloyed with aluminum, magnesium and copper. 4. Aluminum- 
base alloys. 5. The brasses and bronzes; copper alloyed with zine, tin, lead, aluminum 
nickel, manganese, etc. 6, Magnesium-base alloys; magnesium, alloyed with aluminum, 
manganese and nickel. : 

General properties and application of typical alloys of each group are described below: 

TIN-BASE ALLOYS.—The compositions of typical tin-base alloys, used in die-cast- 
ing, are as follows: 


AWOYINO.. 1c nero deters il 2 3 4 

Copper, percent........ 4.50 6.00 7.75 3.00 
/MaynlaNOpayigens VECO doce 4.50 8.00 Ui oth 10.50 
Lead, MET cratic ce eee) sods v else .o 1.75 25 .00 
Ania. a Mae ds 90.00 86.00 82.75 61.50 
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Alloy No. 1 is the highest quality “babbitt’’ mixture corresponding to S.A.E. speci- 
fications for No. 10 Babbitt. It is used for main-shaft and connecting-rod bearings in 
the automotive and aircraft industries. No. 2 fulfils S.A.E. specification No. 11, and is 
used for bearings and other applications requiring a high-class tin-base alloy. No.3 isa 
special automotive bearing composition. No. 4 (S.A.E. Specification No. 12), because of 
the high lead content, costs less than the others. 

LEAD-BASE ALLOYS.—The composition of typical lead-base die-casting alloys is 
as follows: 


PALO VAIN Oxeeepiies eicae cyheeoveak ate. 5 6 ih 8 
Antimony, percent.............. 5 10 17 15 
Tin, Abe Wha eee ae Oe Br — wk 5 
Lead, Ot bee. Ser eee 955 = 90 83 80 


Lead-base alloys are used where strength, hardness and other mechanical properties 
are not important, and a cheap non-corrosive metal is required. In chemical indus- 
tries, lead-base alloys are used to resist the action of strong mineral acids. Because of 
their opacity to x-rays, these alloys are used in x-ray apparatus. 

ZINC-BASE ALLOYS in common use conform to A.S.T.M. Designation B86-34T and 
8.A.E. Standards 921 and 903.* Composition of the alloys is as follows: 


Cu Al Mg Fe * Pb* Ca* Sn Zn 


A.S.T.M. alloy XXI } ” 

S.AE. alloy 921 2.50-3.50 3.50-4.30 0.02-0.10 0.100 0.007 0.005 tied, ae 
A.S.T.M. alloy XXIII = - { mainder 
S.AE. alloy 903 } 0.107 3.50-4.30 0.03-0.008 0.100 0.007 0.005 0.005 


Stability of properties, dimensions and corrosion resistance require that the percentages 
of lead, tin and cadmium, as given above, be not exceeded. Highest purity metals must 
be used, 7.e., zinc, 99.99% + ; electrolytic copper; aluminum, 99%+; magnesium, 99.9%+. 
Contamination by injurious metals during melting and casting must be avoided. Minimum 


‘physical properties, as called for by the A.S.T.M. and 8.A.E. standards are as follows: 


Elongation 
Tensile Strength Charpy Impact sue, PA iba 
PA OVS Xok Drom sie x tes 44,000 lb. per sq. in. 6.0 ft.-lb. 2% 
ANNOY XXII 5. 55:2 3% SoLOO0 ee yes zs 12500 8% 


Table 1.—Physical and Mechanical Properties of Zinc-base Die-casting Alloys 


Property Alloy XXI Alloy XXI{I 

SSE CUETO ENV L EY eyes oy <1 017s alo alte wiki o ieel aio,(aavaiw cle /otaia Shovel viel chs @/ai's.e e\dilae te (S27/ 6.64 
ee ih. TS CRAG UL PUL totgo oes crop ener erates ita sts (a nlaie tale Wan oneveueratele aleitatre 0.2421 0.2399 
EV AreSE HANI ORME CHEF et LOR BE cs ctshat oy oxarntn cote cletel alle scp Vei <er'ey ues of3/e af, isco pagar 734 728 
RS CHG GA Ua a isiske ais = 012 oper insteysiclisifo Bye) <.cna's,0. cue.8, oie) 91043 6% 6 ae nleunnars 0.10 0.10 
Thermal conductivity, B.t.u. per sq. ft. per hr. per deg. F. per 

Cent TE GSS fy CS COT a RCRA CR ICRORIORC TCR 2a a CI A APA Y 783.8 
fthermaltexpansion, Wer Gegi Mtge ses cece u nc ceecsaseesmennes 0.000 001 52 0.000 001 54 
Electrical conductivity at 25° C., microhms-cm...............-..| 144,000 155,000 
Mencia strong ul wllos Der SG wanes esha tis eatleltreta ns ct ateis ells owiehe ee ae 
ENO rie VENOM LES MDE CON tytepesict aici syarela, « Sayardaia tee. = aiieie os, atersetaie Sie 
i Sees BERET e Ul MO eieLUas Llane yelp heudleie sic dij eichele alsraye ohabarte 93,000 60,000 
Shearinp strength, Ib. Pel SQ= Ive. < cose cco ced ae wialceis sci ss esa eile 45,800 31,000 
PINT VET He CO OHOCULOM IA” cre eietatactsrs: stetseie-ef sieve: ous, esse) 4;) a) safe 06s, 0s 0.22 Onzz 
PSO AUTOS UN Grete sieiaie see ere ecclsc)c: cicrs oe ec vieleie ajawhs cs oc oe eee 83 74 
Charpy impact strength, ft.-lb. (1/4 & 1/4 in. bar)..............- 19 20 


Table 1 gives average physical and mechanical properties of alloys XXI and XXIII, 
as determined from die-cast test bars, made in accordance with the A.S.T.M. specifica- 
tions. Although alloy XXI has greater tensile strength and hardness than alloy XXII, 
the latter, because of its greater dimensional stability and higher impact strength, which 
remains unchanged even under the severest conditions, usually is favored for applications 
requiring strict maintenance of properties and dimensions. Pressure die-castings made 
from these alloys have high strength, high ductility, resistance to impact, good corrosion 
resistance, and are easily machined. Practically every type of commercial finish ge Es 
satisfactorily applied. Zinc-base die-castings are used for automotive parts, househo 
and office appliances, and miscellaneous articles. 

ALUMINUM-BASE ALLOYS.—‘See p. 4-37. 


* These alloys also conform to the ‘‘Zamak’’ series of the New Jersey Zinc Co. (U. S. Patents 


1596761, 1779525, 1852441). 
{ Maximum. 
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COPPER-BASE ALLOYS.—The composition of typical copper-base alloys, cast by a 
process perfected by Doehler Die Casting Co., in 1931, are as follows: 


Copper Zine Tin Silicon 
Alloy No.1.... 57.0-59.0 40 .0-42 .0 OFS=1550. ance a cere 
SE INGs oe. Oo 0-060 S220 S40 a meer, << lerskel = 0.75-1.25 
SENG ae 0 O-Ol no Were SA Rae 4.0-5.0 


The mechanical properties are: 
Elongation  Brinell 


Tensile Strength Yield Strength in 2 in. Hardness 

Alloy No. 1.. 55,000-65,000 Ib. persq.in. 35,000—40,000 Ib. per sq. in, 15-20% 120-130 
tO UNO. 2a 4 65,000=75,000 “25 - 35,000—40,000 ‘* ‘“‘ 15-20% 110-120 

Ki INTO Se gat 85,000-95,000) Ee a 65,000-70,000 ‘* “ . 10-15% 160-180 


MAGNESIUM-BASE ALLOYS are described on p. 4-55. The A.S.T.M. has issued 
a specification, Designation B94-34T, for an alloy with a specific gravity of 1.80, as follows: 
Magnesium, 88.0%; aluminum, 9.0—11.0%; manganese, min., 0.10%; nickel, max., 
0.03%; copper, max., 0.05%. 


BEARING METALS 


By Christopher H. Bierbaum 


BEARING METALS are alloys composed of two or more metals in proportions in which 
they do not enter into a solid solution. They consist of relatively hard and soft microscopic 
particles or crystals intimately mixed. The function of the hard particles or bearing crys- 
tals is to support the load and resist the wear at times when actual metallic contact exists 
between the bearing surfaces. The softer particles, in a measure, owing to their plasticity, 
allow the harder particles to adjust themselves to the surface requirements of the journal. 
The softer particles also wear down lower than the harder particles and thus form slight 
depressions on the apparently smooth bearing surface. These depressions retain some 
of the lubricant and thereby effect a residuary lubrication, sufficient to prevent scoring 
or cutting during metallic contact. The property of a metal to retain lubrication upon a 
“run-in’’ bearing surface characterizes it as a bearing metal, and its capacity for doing 
so largely determines its value as such. A bearing metal, therefore, may be defined as 
an alloy that is capable of retaining a lubricant upon a bearing surface. Heretofore a 
run-in bearing surface could be produced only under service conditions, wherein it was 
necessary that all the disturbed metal on the surface, incident to tooling, should first 
be worn off; this was tedious and often caused bearing surface inaccuracies before a 
run-in condition was obtained. Since 1935, however, a high state of perfection of diamond 
tooling has enabled the production of bearing surfaces that approach insensibly close to 
those run-in in service. 

This effects a twofold economy: it reduces the time for fitting and running-in; and it 
enormously prolongs the life of bearings. Nevertheless, journal and bearing should 
mutually polish each other. Bearing and journal therefore should bear some relation 
to each other, 7.e., their hardest particles, for best results, should be of the same order 
of hardness. These requirements would not be imperative, were the journal to possess 
infinite hardness and the cylindrical surface be ideally true. A highly accurate, ground 
and polished journal surface of chromium plate, nitrided nitralloy steel, or hardened tooled 
steel closely approaches this ideal state. The mating member, nevertheless, should have 
the microstructure of a bearing metal. 

It is essential that, with two surfaces bearing together, one, say the journal, should 
have the highest possible microscopic homogeneity, and the other a heterogeneity, corre- 
sponding to that of a bearing metal. 

BABBITT METALS,—The alloys in Table 1 are from A.S.T.M., 1933 Standards, 
Part 1, p. 845. These alloys cover the field very completely and can be recommended 
for the uses outlined below: 

No. 1 is suited for crank-pin service in steam and internal-combustion engines. It 
should be well confined in its backing or be used as a thin layer sweated on bronze or 
steel. It is the least likely to crack and the most plastic of the tin-base alloys. 

No. 2 is suited for substantially the same service as No.1. It has, however, a higher 
bearing value, and is less likely to pound out. Like No. 1, it is especially suited for 
sweating on, owing to its high tin content. 

No. 3 is the hardest babbitt and has the highest bearing value. When allowed to cool 
and solidify very slowly, it develops the SnCu; crystal, which is the hardest copper-tin. 
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constituent; it, therefore, never should be mated with the softest steels. Itis ideal for the 
highest service requirements when well seated and not subjected to loose pounding. ; 

No. 4 alloy has excellent bearing value for engine main bearings and general machinery, 
machine tools, and the like. It will withstand severe punishment and give general satis- 
faction. It is the most economical tin-base babbitt. ; 

Nos. 5 and 6 are intermediate alloys, neither tin nor lead base. They are alloys in 
which the soft matrix contains the tin-lead eutectic, for which reason they become mushy 
at a relatively low temperature. They are not to be recommended for either service or 
economy, as compared with Nos. 4 and 7. : 

No. 7 is the most economical of the lead-base alloys. Its entire tin content is combined 
with antimony, giving a high percentage of bearing crystal; for that reason it is very ser- 
viceable. It is even suitable for use in many places where the high-tin babbitts are 
specified. , 

Nos. 8, 9, and 10 are all lead-base babbitts belonging to the same general class. Their 
bearing value decreases with a decrease of tin content. They are serviceable with rela- 
tively light loads; with good workmanship they stand high speeds and are suitable for 
mating with the softer steels. 

Nos. 11 and 12 are antimonial lead alloys and constitute the cheapest grade of babbitt. 
They should be used for the lightest service only, such as line-shafting and less important 
bearings; they are suited to mate with the softest steels. 

BRONZE ALLOYS.—Up to 1936 a vast number of bronze bearing formulas have been 
evolved, many of them of even doubtful value. The whole range of engineering work, 
however, can be covered satisfactorily by a comparatively small number of alloys. Those 
given in Table 2 are an approved list, from which the engineer can select a bearing for 
any and all requirements encountered in practice. This table is the result of selections 
and rejections of bearing formulas, during a period of more than 39 years, in an effort 
to reduce this entire field of alloys to an efficient minimum number. 

The phosphorus content of a bronze, be it a trace or an amount not in excess of 0.25%, 
has no appreciable effect, either on the physical properties or bearing value of the resulting 
bronze; it is important, however, that deoxidation with phosphorus be specified and a trace 
of it required in the resulting alloy. 

Considerable work and research have been done on casting bearing bronzes centri- 
fugally; so far, however (1937), there is no proved advantage either as to physical properties 
or bearing value of any centrifugally-cast material. The advantages claimed are entirely 
due to the chill effect incident to the process, and the question is one of economical pro- 
duction. Chilling, however, can best be controlled in stationary molds. 

The importance of high-class workmanship cannot be over-estimated, especially with 
the harder bearing metals and their harder mating journals. Grinding or lapping is ideal 
for the production of accurate surfaces, but, owing to the microconstituents of bearing 
metals, great care should be taken not to leave grinding particles embedded in the softer 
constituents of the bearing surface. 

Two distinct tendencies, during the 16 years preceding 1937, for the improvement of 
bearing service apply to both bearing alloys and their steel journals: a large number of the 
more suitable alloys are now being produced, not only as sand east, but also in a preferred 
chill cast condition; there is a very general tendency to increase the hardness of journals 
and shafts. Both conditions have aided materially in improving serviceability of bear- 
ings. It therefore has become a more exacting engineering problem to specify the most 
efficient combinations of bearings and journals. For this reason rather full comments are 
made on the following list of bronzes and their application. Furthermore, the mere 
selection of the proper alloy for any particular service does not insure that the bearing 
will be satisfactory. Many factors, including design, quality of workmanship, accuracy 
of fitting, clearance, oil grooving, etc., still enter the problem. See pp. 13-03 to 13-58. 

Alloy T-1 is a high-quality, worm gear bronze. As such it may be designated an inter- 
national standard. It should not be used with very soft or low-carbon steel. In the sand- 
cast condition it is specified as: S.A.E. 65$ A.S.T.M. B22-21 — grade D; A.R.E.A. 
grade D. Chill casting increases its physical properties. In this condition it has the 
widest application for motor car, truck, and bus worm gear drives. It also is widely 
applied in worm gear speed reducers. For best service it should mate with hardened steel, 
accurately finished and well polished. 

Alloy T-2 is a high-grade gear bronze. Its lead content does not detract from its 
physical properties, yet is sufficient to permit tooling to be done with greater accuracy than 
on T-1, Itis suitable for elevator worm gears, worm gear speed reducers, spur gears mesh- 
ing with small steel pinions, where quiet running and the wearing quality of a bronze is 
essential, feed nuts for working tools, and like service. When sand cast it is specified as 
S.A.E. 63, Chill casting increases its physical properties, making it an exceptionally high- 
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grade bearing bronze for very high speeds, as in steam turbine worm wheels. With fair 
workmanship, at lower speeds it will support relatively heavy loads. Abe 

Alloy T-3, an intermediate bronze between T-1 and T-7, is a much-used composition 
for machine tool bearings. It is well adapted for worm gears where the softer steels are 
used, and also is suitable for steel mill bronze inserts and segmental bearing sections, feed 
nuts, bushings, and general machinery bearings. Its lead content permits easy and 
accurate tooling. Chill casting increases the physical properties, especially compressive 
strength, making it more serviceable for use with heavier loads. ; 

Alloy T-4 is a nickel-phosphor-bronze. It has the lowest coefficient of thermal ex- 
pansion of all the copper-tin bearing and phosphor bronzes. ‘At is suitable for heavy 
punishment when the bearing surface of its mating member is either hardened steel, 
nitrided nitralloy, or chromium plated, accurately finished and polished, and is also suitable 
for valve stem guides for internal-combustion engines. The lead content gives it an 
accurate tooling quality. Chill casting increases its density and refines the grain. It then 
has wide application for the highest requirements of worm wheel service and speed reducers, 
both in the largest and smallest sizes. It is favored for small worm wheels in portable 
tools. For hard bronzes in Diesel engines and like service, if combined with corresponding 
workmanship and mating material, it is unsurpassed. 

Alloy T-5 is especially adapted to service requiring high compressive strength. It is 
suitable for low-speed and heavy-pressure journals not exceeding 1500 lb. persq.in. Itis 
well adapted for thrust bearings, thrust washers, and step bearings, pivot bearings, dies, 
and trunnions, and is suitable for bascule and lift bridges. vith light loads and accurate 
workmanship it will support an exceedingly high speed. It is specified as: A.S.T.M. 
B22-21, grade B; and A.R.E.A. grade B. 

Alloy T-6 is adapted to very heavy duty on thrust and pivot bearings for lift and 
swing bridges and the like, with very high pressures and comparatively low speeds. For 
this purpose it is second only to Alloy T-11. It should be used only against hardened 
steel surfaces. Accurately fitted, it will withstand bearing pressures in excess of 1500 lb. 
per sq. in. It is specified as: Federal Specification Board Q-Q—B-691, composition 10; 
U.S. Navy 46-B22, grade 4; U. S. Army Ordnance Dept. 57-702, grade 10; A.S.T.M. 
B22-21, grade A; A.R.E.A. grade A. 

Alloy T—7 is a leaded phosphor-bronze, an old standard for general machine construc- 
tion, suitable for crosshead and crank-pin bearings and for general machinery, lathes, 
grinders, etc., for relatively high speeds and journals, not heat-treated. When sand cast, 
it is specified as: U. S. Navy 46—-B22, grade 2; U. S. Army Ordnance Dept. 57—70B, 
grade 8;'S.A.E. 64. Chill casting increases its physical properties materially, causing a 
finer and more perfect distribution of the lead with a general refinement of grain, making a 
superior bearing metal for severe punishment. 

Alloy T-8 is a relatively high-lead bronze suitable for brass and copper rolling mill neck 
bearings and bushings, where the spindles are of soft steel and the speed relatively high. 
In general, it is adapted for the intermediate or softer grades of steel journals, with inter- 
mediate or light pressures and relatively high speeds. It is substantially the famous 
Penn. R. R. alloy known as Ex. B metal. When sand cast it is specified as: U. S. Navy 
46-B22, grade 1; U.S. Army Ordnance Dept. 57—-70B, grade 7; S.A.E. 67. Chill casting 
increases its physical properties materially, owing to the finer distribution of the lead and a 
general grain refinement, with the result that in the chilled condition this alloy is capable 
of resisting greater punishment with higher bearing and wearing qualities. 

Alloy T-9 is a relatively high-lead bronze. It is serviceable for bearings where the 
danger of melting babbitts exists. It fills a field where the harder babbitts are otherwise 
especially serviceable. On account of its lead content and resulting plasticity, it is service- 
able with poor workmanship and a soft steel mating member, in that the copper-tin crystal 
is hard enough to produce a mutual polishing effect between the bearing and its journal. 

; Alloy T—-10 is a very high-lead alloy, representing the probable limit of usefulness of 
high lead content. Its composition and serviceability are substantially those of the old 
plastic bronzes. It is suitable for poor workmanship, and competes with the intermediate 
and cheaper grades of babbitt, having the advantage of not melting out when heating. 

Alloy T-11, Lumen bronze, is a unique hard zinc-base alloy. Its capacity for holding 
an oil film after it has once been established is unequaled by any other alloy. It is hard 
and unyielding, and therefore requires care in fitting. It is especially serviceable for use 
where high compressive strength is required, and has an enviable record for all kinds of 
bridge bearings, for pivots, thrust collars, bascule trunnion bushings, and bearings in 
draw, swing, and lift bridges. It is suitable for turntable pivots, cold neck rolling mill 
table bearings, crane bearings, etc. In electrical and in general machine tool service 
it has phenomenally long life, and is well suited for fractional-horsepower motors. It 
must not be subjected to excessive pounding and impact. 
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THERMAL EXPANSION OF BEARING BRONZES.—Table 3 gives the linear co- 
efficients of thermal expansion for the bearing bronzes. It supplies exact data for com- 
puting expansions and clearance of bearings at different temperatures. The expansion of 
these alloys is rather irregular, and therefore, it is necessary that these data be given in 
each case for several temperature intervals. 


Table 3.—Linear Coefficient of Thermal Expansion of Bearing Bronzes 
(In. per in. per deg. F.) 
Made on Sand-cast Specimens 


indy wo Between 70° F. and 
A 200° F. 300° F. 400° F. 500° F. 600° F. 
T- 1 0.000 009 63 0.000 009 74 0.000 010 02 0.000 010 31 0.000 010 58 
T= 2 .000 009 67 .000 009 89 .000 010 13 .000 010 40 .000 010 61 
T- 3 .000 009 83 .000 009 98 .000 010 25 .000 010 48 .000 010 67 
T- 4 .000 009 48 .000 009 69 . 000 009 87 000 010 15 .000 010 44 
T- 5 .000 009 79 . 000 009 98 .000 010 18 .000 010 46 .000 010 72 
T- 6 .000 010 08 .000 010 14 .000 010 37 .000 010 61 .000 011 02 
T- 7 .000 009 92 .000 010 04 .000 010 23 .000 010 40 .000 010 69 
T- 8 .000 010 13 .000 010 21 .000 010 33 000 010 54 .000 010 67 
T- 9 .000 010 11 .000 010 23 .000 010 44 .000 010 63 . 000 010 84 
.000 010 06 .000 010 28 .000 010 43 .000 010 59 .000 010 62 
.000 014 17 OOO! ONS: 30) hire creek One| misters ori 


SOLDERS 


The two types of solders most generally used are lead-and-tin solders and silver solders. 

_ The latter are used in connection with high operating temperatures and for high-strength 

joints. They also can be used on other metals than copper, including stainless steel. 

Brazing alloys containing copper and phosphorus cost less than silver solders and are used 
on copper and copper alloys. 

LEAD-TIN SOLDERS.—The composition and melting point of lead-tin alloys used 
as solders, and commercially known as soft solders, are given in A.S.T.M. standard 
specifications, Designation B32-21. Class A solders are required to be made of new or 
virgin metal. Class B solders are made from at least one-half virgin metal, the balance 
being recovered or secondary metals. Only Class A solders should be used on zine and 
galvanized iron. 

Table 1 shows the composition and melting point of these solders. The solders are 
completely solid below the temperature given for melting, and completely liquid at tem- 
peratures above the liquefaction temperature. Grade 4 is particularly suitable for making 
wiped joints. , ; 

, SILVER SOLDERS contain a greater or less amount of silver together with varying 
quantities of copper and zinc, and are used for brazing. Table 2 gives the composition 
and characteristics of silver solders covered by A.S.T.M. standard specifications, Designa- 


Table 1.—Composition and Melting Points of Lead-Tin Solders 


Impurities, % *..... 
Melts at, a DN erdtasiss 
Une enaooaoee : , , 
na lets beter Yellow | Yellow | Yellow | Nearly white} Nearly white} White 
* Maximum. + The addition of not over 0.50% cadmium to assist fabrication shall not be 
considered a harmful impurity. 
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tion B73-29. Grades 1-3 are suitable for brazing where a freer flowing solder than the 
ordinary copper-zine brazing solders is required. Grades 4 and 5 will flow more freely at 
lower temperatures than grades 1-3. They are used where strong joints are required, 
and where the temperature necessary to flow grades 1-3 would injure the metal to which 
the solder is applied. Grades 6-8 are used where a high degree of malleability or ductility 
is required. 

SOLDERING FLUXES.—Neutral fluxes, as resin, or resin in alcohol, are non-corrosive. 
They are used where corrosive action must be avoided, and where washing is impracticable. 
Their cleaning action is slight and they are not suitable for oxidized surfaces. More active 
fluxes comprise zinc chloride or ammonium chloride, or both, dissolved in water or mixed 
with petrolatum paste in various proportions. They are corrosive, and the joints, there- 
fore, should be washed in hot water after soldering. For silver solder and brazing alloys, 
powdered borax is used as a flux. 
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REFRACTORIES 


Revised by J. Spotts McDowell 


1. FIREBRICK 


Refractories, generically classed as firebrick, are structural materials used at high 
temperatures in industrial furnaces. ‘The life of reiractories is affected by the high tem- 
peratures to which they are subjected, and usually hy two or more of the following influ- 
ences: abrasion; corrosion through chemical action by slags and fluxes; erosion by mechan- 
ical action of molten metal or slag, or by dust-laden gases moving at high velocity; spalling 
of various types; the effect of various gases. ‘The principal types of refractories are fire- 
clay, high-alumina, silica, magnesite and chrome brick. Other types, in the special 
refractories class, are less extensively used. ‘‘lirebrick’’ when used alone is generally 
understood to mean fireclay brick. A glossary of the terms relating to refractories is 
given in Modern Refractory Practice, published by Harbison-Walker Refractories Co., 
Pittsburgh, Pa. 

REFRACTORINESS OF FIREBRICK (ALL TYPES).—The terms fusion point, 
‘softening point and melting point are indefinite when applied to ceramic materials, which 
soften over a wide temperature range. No definite temperature marks the transition 
from the distinctly solid to the distinctly liquid state. Instead, the Pyrometric Cone 
Equivalent (P.C.E.) is generally used. It is an index of the heat-resisting qualities, or 
refractoriness of firebrick and other ceramic bodies. 

PYROMETRIC CONE EQUIVALENT (P.C.E.) is defined, in the case of refractories, 
as the number of that standard cone whose tip would touch the supporting plaque simul- 
taneously with a cone of the material being investigated, when tested in accordance with 
the standard method of test for softening point of fireclay brick (A.8S.T.M. Designation 
C24-35). The determination of the P.C.E. (A.S.T.M. designation C24-35) consists in 
testing cones made of the ceramic material hy comparing them with standard pyrometric 
cones, all heated together in the same furnace. It is made as follows: 

1. A sample of the material to be tested is pulverized. The standard grind adopted 

“by the A.S.T.M. is 60 mesh. (U.S. Std. Sieve Series.) 2. From this are molded test 
cones of similar size and shape as the standard pyrometric cones. 3. A test cone is placed 
in a suitable furnace with a series of standard cones, and heated at a definite rate until it 
softens and bends sufficiently for its tip to touch the base. At this temperature, one 
standard cone usually will have softened to approximately the same extent as the test 
cone. The number of this standard cone is the Pyrometric Cone Equivalent of the 
material being tested. Fusion points of standard pyrometric cones are given in Table 1. 


Table 1.—Softening Point of Standard Pyrometric Cones Used in Connection with 
Refractories* 


Proc., A.S.T.M., Vol. xxxiv, Part I, 1934 


boftening Softening Softening 


Softening ; 
Gone Point Cone Point Cone Point Cone Point 
No. Deg. | Deg. No. Deg. | Deg. No. Deg. | Deg. No. Deg. | Deg. 
Ge THe C. F. C. F. Cc. F. 
15 1435 | 2615 20 1530 | 2786 29 1640 | 2984 34 1760 | 3200 
16 1465 | 2669 23 1580 | 23876 30 1650 | 3002 35 1785 | 3245 
17 1475 | 2687 26 1595 | 2903 31 1680 | 3056 36 1810 | 3290 
18 1490 | 2714 27 1605 | 2921 32 1700 | 3092 37 1820 | 3308 
19 1520 | 2768 28 1615 | 2939 33 1745 | 3173 38 1835.) 3335. 


* Fairchild and Peters, Characteristics of Pyrometrice Cones, Journal Am. Ceramic Soc., vol. iy 
- No. 11, p. 701, Nov., 1926. These temperatures, which were determined for a heating rate o 

150 deg. C. per hr. for cones 15 to 20, and of 100 deg. C. per hr. for cones 23 to 38, other conditions 
>eing the same as specified, apply satisfactorily for all the conditions of this test method, but do 


not apply to conditions cf the commercial fring and use of refractory materials. 
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FIRECLAY BRICK.—The most widely used refractory brick are those made from 
flint fireclays and plastic fireclays, the essential ingredients of which are hydrous alumina 
silicates of the general type formula Al,O3:2Si0.-2H2,0. A member of this group is 
kaolinite, a crystalline mineral of comparatively rare occurrence. Formerly, all clays 
were thought to contain it.as their clay base, but the term is now restricted to the native 
mineral. It occurs in Colorado, Wales, and a few other localities. See The Kaolin 
Minerals, C. S. Ross and P. F. Kerr, Professional Paper 165-E, U. S. Geological Survey, 
1931. 

Table 2.—Typical Fireclay Analyses 


Brand of Clay SiO2 ae Fe203 CaO MgO | Alkalies a, 
Penna, Mard\.c% <0. 45-- 45.3 38.2 2.1 0.22 0.30 Petes 13.0 
(Penna. Softis cmc ses 6 49.6 35.0 2.4 -49 a5 1.85 10.5 
Penna. Plastics.oc5.« << 56.6 28.8 Dod .36 ~35 2.65 8.7 
Kentucky Hard......... 42.9 40.2 1.9 30 .20 0.60 1322 
Kentucky Soft.......... 51.0 34.7 Zt .30 .40 0.80 10.9 
Missouri Hard.......... 43.3 39.8 1,8 20 . 60 0.60 13.8 
Missouri Plastic......... 55). 9: 29.5 2.6 .30 80 1.10 10.0 
OhbiowHard asics sere. cles 43.8 38.5 2.0 40 60 0.80 13.6 
Olio blastiGay ccaters «a2 ney = ee 2.1 30 . 80 1.40 WS 
Alabama Hard.......... 54.6 31.8 1.6 20 .30 0.30 i pa 
Alabama Plastic........ 56.3 29.8 2.6 50 .40 1.80 8.7 
Georgia Kaolin......... 45.5 38.0 1.4 30 .20 0.30 139%: 
Maryland Hard......... 52.0 34.2 ne .40 .20 0.50 11.6 
Maryland Plastic....... 61.5 2527 1.9 60 .40 1.20 8.4 
New Jersey Soft........ 67.8 7 ee} 1.4 30 Es 2.10 6.7 
Coloradovnso. seen oh eet Shed 34.5 125 40 .20 0.70 AT29 


Table 3.—Typical Analyses of High Heat Duty Fireclay Brick 
(P.C.E. = Cone 31 or over) 


on Alumina + : 
Ravi Matenals Silica tania Iron Oxide Lime Magnesia Ne 

SiOx, | ago, 4 TiO, | Bea |. CoO” pe irecntte os 
‘Pennas Clayscaniceet ces 52.9 43.0 221 0.2 0.3 1,5 
Obie’ Clagett ck Gt, 55.4 38.9 2.8 4 4 1.4 
Kentucky Clays.......... 54.6 41.4 Pee | a2 3 Le 
Missouri Clays........ +. 54.6 41.7 2.0 trace be 0.9 
Alabama Clays.........-. 58.7 38.6 1.5 2 2 1.0 
Maryland Clays.......... 57.4 38.9 2.5 i ia 154 
New Jersey Clays......... 81.1 172 1.4 “15 ip 1.2 
Colorado Clays........... 62.4 34.2 19 ate .4 0.95 
California Clays.......-.. 68.2 29.0 1.5 4 54 0.32 
Texas Clays............+.| 75.05 21.94 2.30 “4 “62 ; 


Table 4.—Typical Analyses of Intermediate Heat Duty Fireclay Brick 
(P.C.E. = Cone 28 to 31) 


Raw Materials SiO, + TiOQ2 Al,O3 MgO Alkalies 
Penta, Clays iiss eo wicnicciee 59.6 34.9 2.6 0.4 0.6 
Dhip:Clayavssanroe yisingnie 63.0 31.5 3.1 5h 5 13 
Missouri Clays............. 60.6 35.2 2.6 trace 7 1d 
Alabama Clays. ........s00 61.1 32.5 3.8 5 A 1. 8 


The manufacture of fireclay brick consists in blending the raw materials, flint clay 
plastic clay, and calcined clay or grog, either by grinding together in a wet pan or by 
grinding together or separately in a dry pan, then mixing and tempering with the addition 
of water. The brick are molded by hand or mechanically, dried, either on hot floors or in 
dryers, and fired in periodic down-draft kilns or in continuous tunnel kilns. Table 5 gi 
pyrometric cone equivalents. i ea 

HIGH-ALUMINA BRICK.—In many parts of furnaces where the requirements are 
severe, high-alumina brick may be used to decided advantage. The equilibrium diagram 
(Fig. ) of the alumina-silica system is of interest in considering alumina a i tap 

High-alumina raw materials include bauxite, diaspore, cyanite, andalusite sillimanite 
and crystalline alumina or corundum. In manufacturing high-alumina ele 1.€ brick 
containing 50% or more of alumina, these materials are used individually collectivel or 
blended with flint and plastic clays according to the properties and percentage of oes 


desired in the finished product. High-alumina brick are man simil 
f : ufactured b i 
to those used in manufacturing fireclay brick. eas "3 
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Table 5.—Pyrometric Cone Equivalents (P.C.E.) for Various Types of Refractory Brick 
= ee ee a ee ear nay Lee aera Os 


Temperature 
Type Q LL 
ie onan Deg. F. Deg. C. 
Fireclay 
Super-duty Sr irs aftevapate reer estou eSNG shee are Sa a cresnisters Rye 33-34 3173-3200 1745-1760 
High heat duty (Aluminous)................... 31-33 3056-3173 1680-1745 
Intermediate heatiduty os.cs<see...ocedecctceen 28-31 2939-3056 1615-1680 
Moderate heat duty eamks sont cos acces clelee 26-28 2903-2939 1595-1615 
High heat duty (Siliceous)...........0ccccceee. 28-31 2939-3056 1615-1680 
High-alumina 
pO GmeArl IETIITR Ae: ate crosses Hietasnl SpSis ela isi sheie ieieleeyesie wow 34-35 (av.) 3200-3245 1760-1785 
BOS oeAlUIIn A a pele cieen eye cieiiciow.s sina ieieierdicre sls ott 36 (av.) 3290 1810 
OTe Al umin diss sarceteieer Gee wee eo oan eee si 37 (av.) 3308 1820 
: 80% PANTAIINUIT Gis alan ctejahcsciolepensioaetee eels sis: alo arseiinriren 38 (av.) 3335 1835 
[SDs or ctndog cet GIO AtS Scoot Ce ana ee eee 31-32 3092 1700 
INEARNERILO Ges sae ae Sata hem eerie ose hs wince eon Above 38 33354 1835+ 
TOMO Se aise se RE eee fe ATELY Above 38 3335+ 1835+ - 


Raw Material SiO, wie Fe203 CaO MgO Alkalies ine 
Baunite* sess 5 Sete 5x5 61.9 ey gry Rahn Rare cas. er ne ced Menino ree 30.6 
Diaspore fis owivioisdicrj cies 28.36 56.44 0.56 0.12 0.26 0.97 13.46 
Diaspore hy xs ccicsicicssoarwie 9.40 i Sahe 0.59 aol 2B «93 14.32 
MOAB DOLONS a/cis.c, 6! suis iejeresc 16.90 66.70 1.20 .30 SOE ll scrp oy. aes 14.00 
Gvemitel cise eas eee 40.5 Diez 1.5 eal Rio eee | Ae ease 0.1 
PATIGALUBICES |e c1c.c1¢ -.12.c = 33.78 56.89 | <——|— 5. 37 | —___|—__> 3.67 
SilimaniteY ........6265 33.42 63.80 Het 46 13 .48 0.62 

_-Crystalline Alumina (elec- 
trically fused)........ 2.50 97.00 OSes enh tee| See | Sree, Babe 0.00 


* Analysis furnished by Harbison-Walker Refractories Gee Pittsburgh, Pa. 

t A study of the Shrinkage of Diaspore Clays, Pt. 1, S.M. Phelps, Jour. Am. Ceramic Soc., ix, 
No. 10, Oct., 1926. 

3 Notes on Cyanite and Diaspore Refractories, E. J. Vachuska and G. A. Bole, Jour, Am. 
Ceramic Soc., x, No. 10, p. 761, Oct., 1927. 

§ Progress Report ei Use of Andalusite as a Refractory, Robt. Twells, Jr., Jour. Am. Ceramic 
Soc., viii, No. 8, p. 485 Ae 1925. 

the 8 


Some Notes on e-of Indian Sillimanite, W. J. Rees, Trans. Cer. Soc., xxvi, p. 132 


(1926-27). 


Table 7.—Typical Analyses of High-alumina Brick 


Alumina Class Alkalies TiOg 
PO POTCeN Gy Sake wg-s-se oie%s oi ifs) 27 
60 percent? 3. .cctrin: le UF2 San 
OV percent......neee vie ers 0.9 Bey | 
Hl percent Mocs oe Fo 1.0 PND) 
Weight Per Cent SiO. 
100 90 80 70 60 50 40 30 20 10 0 
2050 
3600 | —2 
= 
a 
2 3 » 
2 3400]—e 3 
g : 8 
Ehlee fee) eel z 
in Z  —— ie) 
3 EEN FS Liquid+ 3 Al, 05-2 SiO, (Mullite) g 
[~) 
& oa FI 
a a 


Ma 2813° oe es 
ha | 
tie Cristobalite + Mullite 


Tridymite + Mullite ma: 


2600 |__| 
0 4 20 30 40 50 60 70 
; Weight Per Cent Al,03 


Fia. 1. ‘Equilibrium *Hiseram of Alumina-silica System 


ty. 
8 
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SILICA BRICK.—(Abstracted from A Study of the Silica Refractories, J. Spotts 
McDowell, Trans. A:I.M. & M.E., lvii, p. 3, 1917.) The facts and data presented by the 
author have been subsequently confirmed by other investigators. Table 8 gives typical 
analyses of quartzites or ganisters from which silica brick are made. 


Table 8.—Typical Analyses of Quartzite 


Alkalies 


Medina quartzite (Penna.).............. 0.40 
Baraboo quartzite (Wisconsin)........-. 0.10 
JAG pil We Chay ae eee rIgr IC ODIO CCCs 0.31 
Colorado Guar prite.< a. sc. ccge ws visesic 4 0.92 
Cambrian quartzite (Utah)............. 0.2 


For refractory purposes, the quartzite, to produce a physically strong brick should be 
hard, dense, and crush to splintery angular fragments of varied size and shape. The 
strength of the brick depends on the silica content of the rock; generally the silica content 
should not be less than 96% and the alkalies should not exceed 0.5%. Al2O3 and e203 
are necessary to form a bond; their combined percentage is usually about 1.75% and should 
not exceed 2.5%. The melting interval of quartzite depends upon the contents of the 
bases and for good quartzite is cone 35 to 36 (1755°-1775° C.; 3191°-3227° F.). 

Chemical analysis alone does not fully indicate the behavior of quartzite on heating. 
Material suitable for refractory purposes will not weaken or crack under high temperature. 
It shows perceptible expansion after the first firing, which is essentially unchanged by 
subsequent firings. Expansion is due to: 1. Expansion of the mineral itself; 2. Increase 
in porosity. Table 9 shows the volume increase due only to the first factor, calculated 
from the specific gravities of 3 samples each, of good quartzite and quartzite unsuitable for 
refractory purposes, heated repeatedly to 1450° C. 


Table 9.—Volume Increase, Percent, of Quartzite After Repeated Burnings 


Noy of firings... «0. sata oieetaeretd eke... Sarees 1 2 3 4 5 
Good-quartatie?. 22% woken ds. ek aed 9.4 10.7 11.0 TRS 11.5 
Quartzite unsuitable for refractory purposes... .. a3 6.5 6.5 9.7 10.7 


Table 10.—Typical Analyses of Silica Brick 


Raw Material 


Alkalies 


Medina quartzite (Penna.)......... 95.9 0.10 
Baraboo quartzite (Wisconsin)..... 95.1 .20 
Weisner quartzite (Alabama)....... .30 


Cambrian quartzite (Utah) 


A paper by S. 8S. Cole, Effect of Firing at 1500° C. on Porosity and Specific Gravity 
of Quartzites (Am. Ceramic Soc., Refractories Div. Feb. 1931) contains a table giving 
descriptions and data covering quartzites in the U. S. and other countries. : 

The density of silica brick depends both upon the character of the quartzite used in 
its manufacture, and the temperature and duration of firing. The specific gravity of silica 
brick should lie between 2.28 and 2.40. 

; EXPANSION OF SILICA BRICK.—In manufacturing silica brick, permanent expan- 
sion occurs from the green brick size to the fired size. In service, under heat there is a 
further temporary expansion (often called thermal expansion) corresponding to the coeffi- 
cient of expansion of silica, which disappears upon cooling. It is desirable that the per- 
manent expansion be completed in the firing, but as the final increments of permanent 
expansion take place slowly under high temperature, silica brick will show a slight per- 
manent expé«nsion during reheating in service. (See Table 9.) The linear expansion in 
firing from green brick size to finished brick size ranges from 3.1% to 3.6%. The tempo- 
rary expansion depends upon the temperature. The temporary expansion of Star silica 
brick tested at Mass. Inst. of Tech. at various temperatures was as follows: 


Temperature, deg. C............ 600 900 1200 
Temporary expansion........... 0.7% 0.9% 1.1% 
The thermal expansion of well-burned silica brick amounts to 1.6% to 2 
greater part of which occurs below 600° C. nes Matinee gh 
In laying silica brick, it is important to provide for ex i 
| brick, pansion at the rate of 1/s to 3 
in. per ft. Expansion joints should be kept free from mortar by packing to a Lone 
about 1 1/o in., with a filler which will burn out, as sawdust, cardboard, or strips of wood. 
Silica brick will not withstand rapid temperature changes. In both manufacture and 
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athe heating and cooling must occur slowly and evenly, otherwise the brick will crack 
or spall. 

MAGNESITE BRICK.—(Abstracted from ‘‘Magnesite Refractories,” Jour. Am. Cer- 
amic Soc., iii, No. 3, March, 1920, and from Basic Refractories for the Open Hearth, 
both by J. Spotts McDowell and Raymond M. Howe, Bull. No. 146, Feb., 1919, Am. Inst. 
of Min. Eng.) The chief use of magnesite is in the manufacture of refractory materials. 
{ts chemical properties and high refractoriness make it highly suitable for furnace linings 
for metallurgical operations. For refractory purposes, it is sold in the form of bricks, of 
finely ground furnace magnesite for bricklaying, and of dead-burned grains for making 
and repairing furnace bottoms. The grains are a mixture of granules varying from 5/g in. 
diameter to very fine but gritty particles. 


Table 11.—Typical Analyses of Crude Magnesites 
ee Seat ee 


2 y Cryptocrystalline or 
Crystalline Magnesite Aularphous Wiarnestte 
Austrian Washington Canadian Grecian Californian 
IVE SOO Bier oractelsia sc 83-94 PEO ye a ull Re aaee 93.7-96. 6t 87.6-97.2f 
CaS Oe caterer Oso-4.5 0.9-3.1f 12.5-18 1.42. 9f trace—5.97f 
Fe203 ie Be De el ere te alle stat cp kml REM | oe eee 
Plasma cee oe 1S Dowel he qheigl Fee es teen ete fags one Crete SE agi oe ok PRN UNS et i gt eno 
RAO ge Son decree et? Mee Coe eeee Li aod Po? cl seal [ee a GN 0.2-1.4 0.4-2.2 
EiQecnescesde ce. Up to 3 OG te ame | eects trae. 0.46-2 28 T.1-5.2 
MnsOsinc.a...- tb Upto 0.5 race; =) |e restiecetes: ~ ols congue emtoeen |e aces Sees 


* ReO3 = FegO3 + AlgO3. + Calculated from MgO and CaO content. 


Table 12.—Typical Analyses of Dead-burned Magnesite 


Type MgO CaO SiO, AlgO3 Fe203 Mn203 
OSS aS Ce ore Gtick TE SR reas 85.6 2.9 2.8 0.6 7.1 0.6 
Wanadian. Sasi) s 4 <j iek Sakelctaisc tS 6745 17.7 55 2.0 Zi ski | Sea ae ee 


6.8 2.0 


Metalkase Magnesite Brick—Metalkase brick consist of round or square soft steel 
containers packed with ground dead-burned magnesite. They are used for the back 
walls, bulkheads and ends of basic open-hearth furnaces and side walls of electric fur- 
naces. Their special advantage lies in the fact that the metal containers fuse for one or 
two inches back from the surface exposed to the heat, impregnate the magnesite and bind 
the entire face of the wall. Joints, which form channels for cutting action of the flame 
are thus eliminated and the life of the wall greatly extended. For dimensions, shapes, 
and other details, consult catalog of Harbison-Walker Refractories Co., Pittsburgh. 

CHROME BRICK.—(Abstracted from Chrome Refractories, by J. Spotts McDowell 
and H. S. Robertson, Jour. Am. Ceramic Soc., v. No. 12, Dec., 1922.) Chromite 
(FeO-Cr203) is the most nearly neutral chemically of all the common refractories. It is 
acted upon by either strong acids or by strong bases. Because of its neutral chemical 
character and high refractoriness it is an important refractory in metallurgical furnaces. 
Chromite deposits occur in Rhodesia, the Transvaal, New Caledonia, Turkey, India, 
Greece, Canada, Cuba, and Brazil, and in the U. S., in California, Oregon, Wyoming, 
Alaska, North Carolina, Maryland, and Pennsylvania. (See Table 11.) Ores of the 
approximate analyses in Table 12 are used in the U.S. as refractory materials. 


Table 13.—Typical Analyses of Chromite 


1, 2 Asiatic Turkey; 3, 4, New Caledonia; 5, 6, 7, Quebec; 8, Greece; 9, 10, Cuba; 11, 12, California; 
18, The Transvaal; 14, Rhodesia, South Africa. 


i} 2 3 4 3) 6 7 8 9 foriett |’ lel teen le) 
(Crp Ofiak = 0 oc JU Eee Ios 56. 8148. 1154. 5)58. 1/42. 6|53. 1]32. 9/40. 7)33. 2/39. 5/52. 7/34. 5144. 1/48.4 
AS, USP 5 Ae a ee, A 12,1/14.8]19. 5/27. 6/13. 8/15. 3)13.0)16. 6/14. 6)15. 8/14. 2/14. 2/27. 3)14.4 
JNO}, Sede Seams cago Ube On 15.0}12.5]/11.0} 3.8] 8.3] 8.0] 8.3/24. 3/28. 8/26. 2)12.5/19.0)12. 812.1 
TU A OME SSG OER eca gor OR ATR 14.0}16.5| 8.0) 3.2/21.1/16.1/24.6)14.9[n. d.J15.8)15.5/20.5)11. 814.2 
(SOV duidas peeton operon ora 1.5| 6.2] 3.1] 5.1) 9.5] 6.4/14.0} 3.0} 6.0) 3.0} 4.0)11.0) 3.8) 5.9 
CaO ns Sake on OSS: aye ee eae eae ig ee ls Gee es 0.5] 0. 8{trace 
Table 14.—Approximate Analyses of Chrome Ores Used in U. S. 
ee TL aA 
CroO3 FeO MgO AlgO3 SiOg 
(GRECIATI rengePreaseuiele* ciel sie ier 40.8 17.8 14.9 22.4 37) 
SoutheAtricam sq. (- qeye seine, © 44-48 14 15 12 5-8 
Cuban. cements? betekrs 2% B27 1353, 17.8 29D 5.0 
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2. PROPERTIES OF REFRACTORIES 
(Arranged Alphabetically) 


ABRASION (Resistance to).—Tests for resistance to abrasion have been rather unsat- 
isfactory. No method so far devised has been generally regarded as sufficiently reliable 
to warrant adoption as standard. 

COLD CRUSHING STRENGTH of various types of refractories is given by J. Spotts 
McDowell (Blast Furnace and Steel Plant, Oct. and Nov., 1923). See Table 15. 

CONDUCTIVITY, THERMAL.—Table 16 gives the approximate thermal conductivi- 
ties of various refractories over a wide range of temperatures. 

EXPANSION, THERMAL.—The linear expansion of refractory brick, for various 
types of refractories, is given in Table 17. The figures given represent average values for 
total expansion of brick from room temperature to the temperatures indicated. 

LOAD, RESISTANCE TO, AT HIGH TEMPERATURE.—The behavior of refractory 
brick of various types under load at high temperature is indicated in Table 18. 

MODULUS OF RUPTURE.—Average values of modulus of rupture of various types 
of refractory brick are given in Table 19. 


Table 15.—Cold Crushing Strength of Refractories 


Cold crushing strength in Ib. per sq. in.; average values; bricks tested on flat 


Fireclay Brick High- 
s High Heat Moderate | High Heat alumina Silica Magnesite | Chrome 
Sanh Duty Heat Duty Brick Brick Brick Brick 
ay (Aluminous) Duty (Siliceous) | 70% AlgO3 
1000-4000 | Up to 5000 1500 4000 2000—4000 4500 


Table 16.—Approximate Thermal Conductivity of Refractories 
From Modern Refractory Practice, Harbison-Walker Refractories Co., Pittsburgh 
B.t.u. per hr. per sq. ft. per deg. F. per | in. thickness 


Kind of Brick Kind of Brick 


Temp., : 

deg. F. ane Silica a Chrome ine Chrome 

0 5.0 6.0 39:5 9.0 26.9 2H) 

200 5.6 6.8 37.2 95 25.9 13.0 

400 6.1 45 35.4 10.0 25.0 13:5 

600 6.7 8.3 35:3 10.5 24.0 14.0 

800 * ee) 9.0 31.5 11.0 2325 1425 

7.8 9.8 .0 2 23.2 15.0 

8.4 0.5 = .0 23.0 15.5 


Table 17.—Thermal Expansion of Various Types of Refractory Brick 
(Expressed in linear percent) 


Type of Brick 


Type of Brick 


Temp., Fireclay M Fireclay 
deg. F. | 40% | Silica ag- | Chrome 40% | Silica | M®e- | Chrome 
AlaO3 nesite AloO3 nesite 
400 0.47 134 | Wie | Ol96 
0.57.) 1.38 | 1.59 | 1,33 


0.50 1.38 eer Sve 


Table 18.—Behavior of Refractory Brick Under Load at High Temperature 


‘ Linear subsidence, Temperature of 
Type of Brick percent* failure, deg. F.+ 
Firedlay—Super-duty... sein varies cree cn eee ae 4250) | aera eee 
Fireclay—High heat duty (Aluminous)................. cea MER ee 
Fireclay—High heat duty (Siliceous)................-. 2-401). 7 || Neuen ae Mae 
High-alumina——/0% ‘Alumina .. ..-. secs ou ceeeene 133) | |e eee 
Silica. . Sie euananseifre ieraierarnr es fe feral abe imoieralyiwrene:orwianutlwibiaiessrelsyenel|||  cbeyetosienetehere 2800-2900 
Mi amr Oilte ig ives Gust bs Sits ts esalintetane ores tere, ciate, Shar Sacer eae re ae 2400-2800 
CRLOME s irs de Sioa Vic ws doubt aces eo ARR Ree eck RPTL ee 2400-2550 


* Standard Load Test, A.S.T.M. Designation C16-20. Under a load of 25 Ib i ; 
end, the specimen is heated according to a prescribed heating sch °C. 6462" F) and 
held ut chee temperate a aeons p r eating schedule to 1350° C. (2462° F.) and 

t Standard Load Test, A.S.T.M. Designation C16-20. Under a load of 25 Ib i 
end, the specimen is heated according to a prescribed heating schedule until failure pace wees 
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Table 19.—Modulus of Rupture at Atmospheric Temperature 
(A.S.T.M. Method C67-31, 7-in. span on flat) 


Modulus of 
Type of Brick Rupture, 
Ib. per sq. in. 


Modulus of 
Rupture, 
lb. per sq. in. 


Type of Brick 


Fireclay High-alumina 
Super-dutyioc.0- ese eres tes 400.6) 50%, Alumina tenes eeeeieed ac 750 
High heat duty (Aluminous). . 600-1200) | 70% Aluminaas.nanest peace 1200 
Intermediate heat duty....... 800-1400 DCA. ciepqeacn hanes stecetleeis ord aan 500-1000 
High heat duty (Siliceous).... 200.” «) | Whagnesite., 0c seer ern ate oa 1500 


IES 1600-2000 


POROSITY.—The porosity of refractories depends upon various factors, among them 
the character and quality of raw material, the grind, the water content at time of mold- 
ing, the pressure of molding, and the time and temperature of firing. The porosity in 
turn affects the resistance of the brick to temperature change, the rigidity under load at 
high temperatures, the thermal conductivity, and the resistance of the brick to abrasion 
and slag action. For a method of test for porosity and permanent volume changes in 
refractory materials, adopted as standard, see A.S.T.M. Designation C20-33. Porosities 
of various types of refractory brick are given in Table 20. 


Table 20.—Porosities by Volume, Average Values 


; 5 Process of Porosity, ; Process of | Porosity, 
Type of Brick Manufacture | percent Type of Brick Marnitacture ec atee 
Fireclay High-alumina 
Super-duty........... Machine 12-16 50% Alumina..... Machine 20-25 
High’ heat duty (Alu- 70% Alumina..... Machine 28-31 
MUINOUS) |yisi¢ 5-2 51,408 Hand 20-30 SHLICRE. ccsrehsiatel sept oer Hand or 
High heat duty (Alu- machine 24-32 
ABTIOUIA Vere secede cic ois si Machine 15-24 | Magnesite.......... Machine 20-30 
Intermediate heat duty] Machine 17-21 Chrome.....c2cc+ «cna | , Machine 20-30 


High heat duty (Sili- 
Bre oe Hand or 4 
machine 30 


PYROMETRIC CONE EQUIVALENT (P.C.E.).—See p. 5-03. 

REFRACTORINESS.—(See Pyrometric Cone Equivalent.) 

RESISTIVITY (ELECTRICAL).—Fig. 2 showing 
the approximate electrical resistivity of refractory 
brick was prepared from the results of Hartman, 
Sullivan and Allen (Trans. Am. Electrochem. Soc., 
vol. xxxviii, 279, 1920). 

RESISTIVITY (THER MAL).—Thermal resistivity 
is the reciprocal of Thermal Conductivity. See Re- 
port of the Committee on Heat Transmission of the 
National Research Council on Definitions, Nomen- 
clature, Symbols and Units for Heat Transmission. 

SLAGGING (RESISTANCE TO).—This property 
is of prime importance in selection of refractory brick 
for service in furnaces where they are subjected to 
chemical corrosion by molten slags or fluxes. The & 
resistance of a refractory brick to slag action depends 
on its chemical composition, density and porosity, the 
prevailing temperature and the chemical characteris- 
tics of the slag or flux. To resist acid slags or fluxes, 
fireclay brick, high-alumina brick or silica brick are 
serviceable. Where basic slags or fluxes are present, 
either fireclay, high-alumina, magnesite, or chrome 
brick are serviceable, the selection depending upon con- 


Temperature— Degrees Centigrade 
800 90 1000 1100 1200 1300 1400 1500 


ditions stated above. Various simulative service tests Temperature—Degrees Fahrenheit 
have been devised, but as slagging depends on many Fic. 2. Electrical Resistivity of 
factors no test as yet developed (1936) has proved suf- Refractory Brick 


ficiently reliable to warrant its adoption as standard. ‘ 
SPALLING, RESISTANCE TO.—Spalling is defined as breaking or cracking of refrac- 
tory brick in service to such an extent that pieces are separated or fall away, leaving new 
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surfaces of the brick exposed. Spalling is of four types: 1. Thermal Spalling, caused by 
rapid expansion or contraction of the brick, due to rapid temperature changes. 2. Tex- 
tural Spalling or changes in the texture or mineral constitution of the hot end of a brick, 
due to heat or the absorption of slags or fluxes, resulting in the formation of different zones 
between inner and outer brick surfaces. The physical properties of the zones may differ 
from each other and from the original brick, causing the inner end of the brick to crack 
and fall off, due to shrinkage cracks, unequal thermal expansion between zones, increased 
sensitiveness to temperature change, or other causes. 3. Mechanical Spalling or shatter- 
ing of the brick by abuse in removal of slag or clinker, or by pinching due to thermal 
expansion or other cuuses. Pinch spalling is frequent in spring arches. 4. Structural 
Spalling due to improper design of brick shapes, faulty design or construction of the fur- 
nace, or excessive insulation that increases the severity of furnace conditions. Any of these 
may cause spalling of the first three types. 

Of the five general types of refractory brick most widely used, super-duty fireclay brick 
have the greatest resistance to thermal spalling. High-alumina brick are only slightly less 
resistant. High-alumina brick may be considerably more resistant to textural spalling 
than other fireclay brick in the presence of certain types of slag. This is due to their high 
refractoriness and chemical composition which enable them to resist change in texture 
due to high temperature or slag action. Silica brick are extremely sensitive to tempera- 
ture change in the range of 390° to 1110° F. Magnesite and chrome brick also are very 
sensitive to temperature change, although changes in manufacturing methods are improv- 
ing this characteristic. No single method for determining resistance to spalling can be 
applied to all types of refractory brick. Various methods have been devised but none 
has been generally accepted as satisfactory. A method of control test for resistance of 
fireclay brick to thermal spalling is covered by A.S.T.M. Designation C38-36. 

SPECIFIC GRAVITY of various types of refractories is given in Table 21. 

For information concerning the determination of specific gravity see A.S.T.M. Desig- 
nation C20-33T. 

SPECIFIC HEAT.—The data in Table 22 are from Modern Refractory Practice, pub- 
lished by Harbison-Walker Refractories Co. Additional information is given in The 
Heat Required to Fire Ceramic Bodies by A. Ernest MacGee, Jour. Am. Ceramic Soc., 
vol. ix, p. 206 (1926) and in a supplementary article of the same title by H. E. Simpson, 
Jour. Am. Ceramic Soc., vol. x, p. 897, 1927. 


3. MORTARS FOR LAYING REFRACTORY BRICK 


Until comparatively recent years all fireclay brick were laid with fireclay mortar. It 
was the general opinion that the raw or unfired clay used for the purpose should have a 
refractoriness one to two cones lower than that of the brick with which it was used, in 
order that the joint material would be partially vitrified and thus bond the brick firmly 
together. Silica clay served for laying silica brick, finely ground. dead-burned magnesite, 
known as furnace magnesite, for magnesite brick, and finely ground chrome ore, known 
as furnace chrome, for chrome brick. 


Table 21.—Specific Gravity of Various Types of Refractories 


Specific Gravity 


Specific Gravity 


Type of Brick Type of Brick 


High | Low | Average High | Low | Average 
Fireckay High-alumina........ Somewhat higher than for 
Super-duty......... 2,80 2,70 2738 super-duty fireclay 
High heat duty (Alu-| , |... © soy! SwavepaeBilicass, wede, gonde. 2.40 2.28 2.35 
THINOUS). 056s os as Bd 2,65 2.70 | Magnesite........... 3.60 3.44 3.52 
High beat duty (Gilt-})° yn @brome.s.. nc abuiete oe 4.4 3.7 4.05 
GOOUS)'S Pe tiee ee Somewhat lower than for 


aluminous fireclay 


Temp., 
deg. C. 


Fireclay 


>». 2 a 


ny 
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FIRECLAY MORTARS.—(Raymond M. Howe, Chem. & Met. Engg., Aug. 11, 1920.) 
Common practice in the making of firebrick mortars is to add certain materials to ground 
fireclay to make the mortar set firmly without the application of heat, or to cause it to 
burn to a dense structure by reason of decreased refractoriness. Ground silica and alumi- 
na are often added, and since clay itself is composed almost entirely of these materials, 
this is legitimate, and the general properties of plastic clay are often improved thereby. 
The addition of other materials is not justified and their effect is shown in Table 23. 

The figures in this table were obtained from a series of experiments on columns and 
arches subjected to varying degrees of heat. The brick forming these columns and arches 
were laid in mortars of the compositions indicated in the table. The point of fusion given 
in the table is the point at which the mortar flowed between the joints. 

In addition to the substances given in the table, ground bats were added to the mortar 
in another series of experiments, and their influence upon the fusion-point of the mortar 
was as follows: 


Percentage of ground bats in mortar... _ 0 25 50 75 
Fusion-point, Cone No............. 86. 30-31 31 31-32 
BPusion-point, deg. "Co. ee. 1730 1740 1750 1760 


The addition of these ground bats is, in effect, an addition of clay of the same quality 
as that forming the mortar, but which has previously been shrunk. It accomplishes the 
same result in avoiding shrinkage of mortar as the addition of the substances in Table 23, 
but without their harmful effects. 

BONDING MCORTARS.—Until recently (1936) the term high-temperature cement 
designated various refractory products now known as high-temperature bonding mortars 
used in furnace masonry to bond refractory brick. Some of these will set and develop 
great strength merely upon air drying. Others do not develop any considerable strength 
until heated. Sii.i others require very high temperatures to fully develop their bond. 
There is also considerable variation in the refractoriness of bonding mortars now on the 
market. They inciuce a wide range of base materials. Consequently, their properties 
vary considerally. Care is necessary in selection to obtain satisfactory results. 

Certain advantages over fireclay are claimed for high-temperature bonding mortars, as 
follows: 1. Increased resistance to erosion by mechanical action of molten metal, slag, or 
dust-laden gases moving at high velocity. 2. Greater resistance to chemical corrosion 
by slags and fluxes. 3. Increased resistance to abrasion. 4. Decreased permeability to 
gases, liquid metal, and slag. 5. More rigid construction. 6. Greater resistance to 
spalling. 


4. COMMERCIAL FIREBRICK 


A straight 9-inch firebrick weighs 7 lb.; a silica brick, 6.2 lb.; a magnesia brick, 9 Ib.; 
a chrome brick, 10 lb. 

Clay brick expand or shrink, depending upon the proportion of silica to alumina con- 
tained in the brick; but most fireclay brick contain alumina sufficient to show some 
shrinkage. 


Table 23.—Effect of Addition of Various Substances on Fusion-point of Fireclay Mortar 


Added Fusion Points 
» | Mat ; Water Carbo- 
pare ca if Cement Lime Asbestos Gieea Salt mater 
cent per- | Cone | Deg. | Cone] Deg. | Cone] Deg. | Cone| Deg. | Cone | Deg. | Cone | Deg. 
cent No. C. No. C. No. C. No. C, No. C. No. C. 
100 0 30 1730 30 1730 30 1730 30 1730 30 1730 30 1730 
97 = PG 3 ee oes Ao eee | eck See DOH ALO Wl oie ceed eter ava aaece scuccoif's iain vata aa ahaa no eiese 
96 4 27 1670) | 20-26) 41590 |....0.}....%1. LSI AL DOs bererecane oils wiv.ai wnat Ma btehe tal ett tere t= 
95 gree ee heer Pa ile ems. cial ss fissre eral] sa 6 hoc ivventarel's. 2 s010.0 26 1659 29 1710 
94 6 20 1 SO sey Red leis ieee HOSAC US ZO aie de aarey| diss be wae allan eds yar=Ke| cme Hee Seer eeRINNS, 6 
92 8 jy 1590: VUZ—FS) 1480 1... o. | cca 29 NZ LOW incupckersilicveravave'll serieve wails: oats le,.0 
91 EN ita dtysahce Lae tell uniete: one TCS eT OO ad lPeneyaarelre | faustus! /o.ailip neaswekebou| (eaceremor ol sieatioeepesslie-e isola 
90 10 15 NAA Oto | Re occ eae nice | aces icra al hoedexs aii e.a\ie,0%s, 6 14 1410 29 1710 
88 12 Seco, Pl eter Cee hi MSO atere he terexss gees LOZ ZOO ol evetavat crs Seaugatiet stllaqetensnecs Ire -oekereye 
85 15 Ms sasronlellhGiewes B CRE Etvene 5 | Prenotare OF folerencs®] lOactche ec Gantrecnan (eararncgene 5 1230 29 1710 
84 RGAE alot veuelllsisilevehete 10 SB OM erate ete eho OZ) WOOO peyenctenel |nokereronell sic rcssisns ilies ecgnstens 
80 20 13 PSS Oli ee el severe ciel ores RG flats oper 26m Od Ol rersterare aucsaeen = 29 1710 
76 FD AME EARN eal ever oFll oeraehal|)sutistorera}lizeotabace | ererensie Oe ilo sUslersetlerembis'|lautsis.e altcco sree. 
70 30 11 GUE MN Soe PES DESH ee Mode Sentes alt crenenead tee nee eed ian borer 29 1710 
60 Nee ON a see estesegs leave MMT x AillakereLgnstvi|| jade on wlio Sk. lias “alee ated] die wine 29 1710 
Si) BOS Vows ao allp ed biulle pestle coil eicerare arise oy eon eee) acai [ONO ie merc 29 1710 
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One cubic foot of wall requires 17, 9-in. bricks and weighs from 125 to 140 lb. One 
square foot of wall requires the following bricks: 4 1/9-in. wall, 7 9-in. straight bricks; 
9-in. wall, 14 bricks; 13 1/2-in. wall, 21 bricks. Closely stacked, 1000 bricks occupy 
56 cu. ft.; loosely stacked, 72 cu. ft. Where keys, wedges, and other ‘‘shapes”’ are used, 
add 10%, in estimating the number required. 

To obtain the best results, firebrick should be laid in the same clay from which they 
are manufactured. From 400 to 600 lb. of fireclay should be sufficient to lay 1000 ordinary 
bricks. It should be used as a thin paste and not as mortar. The thinner the joint the 
better the furnace wall. Silica brick should be laid in silica cement and with the smallest 
joint possible. 

Tables 24-28 give data on the commercial sizes and applications of fireclay and silica 
brick and block. 


5. MISCELLANEOUS REFRACTORIES 


SILICON CARBIDE REFRACTORIES.—(Data supplied by the Carborundum Co., 
Refractory Div., Perth Amboy, N. J.) Silicon carbide is composed of carbon and silicon, 
the chemical formula being SiC. It is made in the electric resistance furnace and sold 
under trade names of Carborundum, Crystolon and Carbolon. The crystalline product 
forms at 3344° F. and dissociates into its elements at 4064° F. No softening or fusion 
occurs below the dissociation temperature. Its hardness is 9.6 on the Moh scale, giv- 
ing a remarkable resistance to abrasion. It is inert to all acids, liquid or gaseous, except- 
ing a mixture of hydrofluoric and nitric acids, but may be decomposed by alkali when 
subject to high temperature. Silicon carbide reacts with basic slags and molten iron and 
steel. It is made into refractory brick and shapes of two types known as bonded and 
recrystallized. 

Bonded SiC refractories comprise silicon carbide crystals bonded with small percen- 
tages of permanent binders, depending on the type of service. The standard 9 X 41/2 
X 21/gin. brick weighs approximately 9.25 lb. A wide variety of special shapes are made 
for use in boiler, heat treating, malleable iron annealing, forge and melting furnaces, soak- 
ing pits, recuperators, electric furnaces, zine retorts, coking and calcining retorts, gas 


Table 24.—Sizes of Straight Fireclay and Silica Brick 
(American Refractories Inst., Pittsburgh, Pa.) 


Dimensions, in.f 


N ic i CN pee See a pL SS ee 
ame of Brick or Tile Material ianath Width Thickiow 
OF Iai ish nt ie iain cl go rrone roller ten ere ccpcrevere F,S 9 41/9 21/2, 3 
Ware: QalWisicrec,cs wie ssn wie. sete nner matetenmare «role ete F,S 9 63/4 2 : 
Pros Ocin. xcsiers cna sare auete shoe ete tee F,S 9 31/2 21/2 
Split sisre SMelie te: pie Selene slehets chathaterstetavette erie F,S 9 41/2 11/4 
BANGS ob aiv ain toietee os ibe WORE MOR Meee F,S 9 41/o 2 
Stay) OOS ah ORG tict ol MeO Te CeO ae L F,S 9 21/2 21/4 
(OLN) eee Ce IOOO ROO atta wee F 9 23/4 23/4 
Dee Sc cen Oleels «Lec aes crloretacie ere Ss 10, 101 1 
Pat aGle../ isi, gaiartavarare ete hak tan eeeicee arene F 9 i : a ae 3 
Tea Solita tiie , ha tate ewe a F 9 6 Lif, 
Open Hearth Cheoker:. 0. ccc etn sie ee ce we F 10 41/9 41/ 
BQuare: Mawes LAWS, << cars areus arse emcee ces F 12 12 3 
IZA eSralp ht: enh octet tee tem eee 8 12 41/o, 6, 9 3 
PS o io, Straights ics os 14s nc tea simas ots F,8 13 1/2 6x <P 21/2, 3 
A ems peek eal erate Renae 8 13 1/p 9 iw 
Bridge Blocletys. isco en caramel arene F 13 1/g 6 3 
Square: BUNGy aw ticceeatetmeaak ca ae ot tee F 13 41/2 3 
FSi Sivaipht Gramick«avn.c hs eee hee Mieates Ss 15 6,9 3 
PlockssGls Tile. . caWibs..withleenon eecnetint F 18 9 41/ 
PGi tral ghb ss e saeyeeks aon ae eree secetetes Ss 18 6,9 3 4 
Od. Seraighb.trc 1s cM. .. cote kb OR 8 20 6, 9 3 
Regenerator TG. cscs wun Soke F 18 6, 9 3 
: eo ee F 18 9, 12 4 
: eee eee F 22 1/9 6.9 3 
- WO TEEEE ESSE eee eee eee F 22 We LK al hr 4 
: errr. ter F 27 9 3, 4 
: Pee eee F 27 12 4 
: ene F 31 1/9 12 4 
Rha th waclass ih A OREM orc ata F 36 12 4 


*F = Fireclay; S = Silica. 


+t Where two or more di i iv iti : Pick Ge ss ~ 
divellot bene. ore dimensions are given, each additional dimension indicates an additional 


t Fireclay only. 


producers, water gas generators, porcelain enamelin 
glass lehrs, rotary kilns, roasting furnaces, etc. 
the destructive action of clinker formed from coal as 
higher grades of SiC refractories averages 108 B.t. 
deg. F. per hr. in the temperature range 1 


heating, 


SIZES OF FIREBRICK 


as in muffs, retorts, recuperators, ete. 
Modulus of rupture, 900 lb. per sq. in. at 2462° F, 
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g furnaces, periodic and tunnel kilns, 
SiC refractories are especially resistant to 
h. Thermal conductivity of the 
u. per sq. ft. per 1 in. thickness per 
200°—2800° F., making them suitable for indirect 
Other average physical properties are: 
; crushing strength at 2462° F., 10,000 


Table 25.—Sizes and Shape of Wedge-shape and Taper Fireclay and Silica Brick 
(American Refractories Institute, Pittsburgh, Pa ) 


Length, in.t Width, in. Thickness, in. 
Name of Brick or Tile | jj, | Long | Short | Long | Short | Max. | Min. 
Edge, a | Edge, b|_ Edge, c_| Edge, d e€ f 
e Wedge No. !........... Pe tee AE Ns diieicisex ey args 
oe ee Seat SD RT ao HS) | COMA oe ee eae ee 21/9 11/5 
Th ge a ea B29) 9 bet eno 4 swale ame 3 2 
“Large 9-in., No. 1| F,S bial ate cgami ra 6 a4 bse sei 2 Ve Hf 
We EGE eS CSC Ce pM lee GOR Wisersen. 21/5 . 
f eee me wi 2-insiNoadesee s 127 hoe AD/on6ty Slice cee 3 23/4 
isa ct ea ee Sie PR walle aed WERE nacnece: 3 21/2 
x aE ES ee S! Wie" Wl eee Sil Ew Gi Ol gaeene 3 2 
B13 loins Nostelh Es Sil| 13 2/on horse Cama G5 he 3 23/4 
“ CMC? e | ER SS) |). 131/55 eee aE eee aes 3 2175 
ie ge “ a Og ge og 113 145) ben 5 38 Ghani sees 3 2 
“ Cee ASH 13 Uist lh ace OT al ae 3 23/4 
2 TC) DEUS IIe ae. ake || Sea 3 21/9 
Y “ se nS At Ciel) 13,175, hee ee $ yp fects 3 7: 
15-in, No. 1... Satheis: svt ei.e oO ieee i 
eae eee aay) 205) PN AE ay ae Cc wpa ea 3 24) 
ee Dy ih) Day Yi S72 hi5> alee 659 a ee ae 
“aa ehne "> 13. SUE isis 2) ao Gat), ah 3 23/4 
Go cr Oi ae Sir sane 1 ee OHO [React 3 21/9 
FX ae see 50°38 Seis lhc eo (Sie a cee ee 3 7 
ene ie Pig eee Sez tes Ca aes 4 
f_ a geee isi'9 8 Se og Wk. ri es eee 3 2/5 
hie aC: (ane Saik20 cite 8 G59 ae Ree 3 Pe 
Arch, No. 1.......... SE Sri ow mlbeth ts 4 oun eet Re AYpy || Bile 
oe et ee Sp he Sues ultecstc 21/5 a eee 21g | 13/4 
Be OS RE) eee ee TUS (ae eee es ee Ni esis i. 25 | Al 
z “12-inch No. 1.,... Seali2 lbs. 8 GC meei sieieoe, 3 21/2 
Tg) we ye ah PNT aaa aie Mat ee 3 
ore SET Noale vel eS 0 R13 Verlo.c..cc8 Gene eee 3 21/2 
Sate, “ een ee ES Nh 31/5, ite bac os vanes Sy 
{ {bie aie eee ot F.S OMe | ceorae 2 Pye rsoeae 
a reels ae ee Sad, eas Ais, ESTE Dili, | aes 
OOTY 5 aed EN rela One llere se 41/9 3 2 eee 
SUE AEE Aten Re be Gill SO usemritesee a 41/9 Ralpe ||| per | enose 
ane © 12in, No. I...-3-. Gee ae 6 Sion 3 0 b.asae 
ore <td SES GEG Vee ar ai rae CT eee 
“ a Get ea ee eee 6 413/16 2M, 3 Foret 
ccm 3 M/uns Nose EL (0 13.0/2.(lh.0.0. os 6 3 te 
. oo ah 78 AN oat a RE Yan eee 6 43/g 22,3 cesses 
a 4 an F 9 31/2 41/9 sectors 2 /3 
et eo yr | 9 IE Vural acai 21/2 | 5/g 
a rl yin! Fs] 9 0 Ya it pen Reece 21/p 5/3 
Skew cee see. raatstelt Ce Nl ate ge 41/9 11/2 Fl bee 
a, me ny tes ¥8 | 9 BOO || LOU Nene arta: FE Newceacnt 
f Side WN Sear e clcccs.s atbeicn WESu Ou wel aceeten: 41/9 Dire | GAVE,” licsonene 
pa). OY TEC Be aay ig St ang at oe 41/3 2Ya forces 
FEATHER EDGE Feather Edge........... Ia A Ae Bose RAO) Meverctsveretars ; 2 /8 
Tam eee me Fe Rie Sent 7 OES wall Bt seh Hot il tee teite 
Bane AroWse. occ tees « Re oak Pie ee 7S VRE || een 21/9 2 ifs 
Flat Back Arch No. |...] F Ca WWheacedpe (7 psa dcorc 3 v2 4 /2 
P “ “ “ “ Ia ate F 9 = ERODE 6 OORT ED ; /2 2 5/s 
ee para Pegichs AIG reel late YES gal wae 
$5 en Me a PN See a eeea ‘ Wa |aevseen 3 27/3 
Angle Bung No. 102..... F 113/s | 123/4 VE yi | Chase alle Me eet eacades 
rec Angle Bung No. 104) F 11.3/g | 1238/4 UE ge ee 3 25/8 


*F = Fireclay; S = Silica. | : 

tie ine OE more dimensions are given, 
firebrick. : 

t Fireclay only. - 


additional dimension indicates an additional size of 
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Ib. per sq. in.; at 68° F., 15,000 lb. per sq. in. Specific heat, 0.18. Spall resistance, higher 
than any other refractory. 

Recrystallized refractories consist of a dense mass of SiC crystals bonded together by 
a recrystallization process. Since these bricks contain no added bonds they have essen- 
tially the same refractoriness as silicon carbide itself. They have little tendency to crack 
and spall and are used in extremely high temperature ranges where great load-carrying 
capacity is essential. 

ACID-RESISTING BRICK.—Chemical process industries, and other industries where 
various acids are manufactured or are used in large quantities, require storage tanks, 
towers, and other types of acid equipment for which linings and packing material with 
acid-resisting properties are necessary. Lead, wood, asphalt, ordinary vitrified brick, 
chemical stoneware and special acid-resisting refractory brick have wide application, 
especially acid-resisting refractory brick. Such brick are serviceable both in contact with 


Table 26.—Sizes and Shapes of Circular Firebrick and Blocks 


(American Refractories Institute) 


5 we Diameter reais 
S s & of Circle, in. ies) 
Size and Kind 3 a fear: a 2 & 
2 sc] A ‘= s Out- In- g ° 
‘S = Bi side side ese 
Daim Circlewmras a Aaahe ees 9 41g | 21/2 33 24 12 
BG Mia arf Ace Foe, Seek hin 9 41g | 21/2 45 36 16 
Se CO ge ae epee eee TR Re 9 41/p | 21/2 57 48 20 
GUFN we nE ol. ccna te cco 9 4 | 21/2 69 60 24 
yisvigg en 4 Bie Rare eae, 9 41/p | 21/2 81 72 28 
Sven. UL Le Saal tee 9 41g | 21/2 93 84 32 
Ee, | Se OR Saree oh 9 41/g | 21/2 129 120 45 
48-in. Rotary Kiln Block..... 9 9 o 66 48 23 
54in, * CAVE Fee 9 9 4 72 54 26 
60-in. “ ae 9 9 4 78 60 28 
6640.8 2" Cee ee 9 9 4 84 66 39 
vis. cs Tiley aes 9 9 4 90 72 32 
Sip.) TORR Lee" 9 9 4 96 78 34 —__ 
Seinen soe eee ee 9 9 4 192 84 36 
90-in. “ re wean 9 9 4 108 90 38 
96-in. “ ia ert 9 9 4 114 96 40 
102-in. ‘“ pe at (a ae 9 9 4 120 102 42 
108-in, “ Share eee 9 9 4 126 108 44 QHCLS EER 
Wi4in, Bey OH ih oe 9 9 4 132 114 46 — 
A erie ee 9 9 4 135 117 48 
i20sinew Co GT tno te 9 9 4 138 120 49 
123-in, a te ae 9 9 4 141 123 50 ; 
126-in. rye ti ee 9 9 4 144 126 51 
[g2cin.,) chs te eee 9 9 4 159 132 53 
[38an.) i PY he AA 9 9 4 156 138 55 
144-in. Ce) ad ee 9 9 4 162 144 57 ROTARY KILN BLOOK 
NGWstoy Se Bake 9 9 4 168 150 59 be 
9-in, Cupola Block A..,.....| 9 41. | 9 25 16 9 peeling 
au C PRB Ecc. cee 412 | 9 30 21 rh 
“ ! PAR ORT Rte! 9 41/2 | 9 36 27 13 
C A EID CA ee 9 41, | 9 39 30 14 
% ¥y Be Bites ae 9 41/9 | 9 49 40 17 
¥ i Mi the vive . 41/2 9 60 51 21 
z era 41/g | 9 69 60 24 
ae , SOPRA: |... ee 9 41 | 9 82 73 29 1 aban 
Gin, « Mt 6-30. 9 6 4 42 30 15 
‘ ch a Syne 9 6 4 48 36 17 
2 " 1 G-42. es 9 6 4 54 42 19 
; i te 648. 9 6 4 60 48 21 
H % SON 6 = 54. eee 9 6 4 66 54 23 
* z Sg 6-60..... 9 6 4 wei) 60 26 
+ * iw as Nite bic 9 6 4 78 66 28 
“ WE a7 2a ae 9 6 4 84 72 30 
Lt A 6-78. ae 9 6 4 90 78 32 
Js f FC aRY 9 6 4 96 84 34 
: ‘ OV 690... Se 9 6 4 102 90 36 
i “ is 6064 es 9 6 4 108 96 38 
* er G=102 9 6 4 114 102 40 
‘ js “6-108 9 6 4 120 108 42 
a ‘ Ure i 9 6 4 126 114 44 
i ® G12 0 le 6 4 132 120 46 
we pes) 6 4 135 123 48 
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FIREBRICK REQUIRED FOR CIRCLES 
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acids and other liquid solvents, and in conjunction with nascent gases and acid fumes at 
high temperatures. 

Duro, an acid-resisting refractory brick, manufactured by Harbison-Walker Refrac- 
tories Company, Pittsburgh, Pa., is dense, vitreous, non-absorbent, of low porosity, and 
strongly resistant to the action of solvents. It is manufactured from materials of extremely 
low flux content. The brick are fired at exceedingly high temperatures, which convert 
the constituents largely into crystalline minerals, which are insoluble in acids and corro- 
sive acid chemical solutions, and highly resistant to concentrated alkali solutions. Duro 
is highly insoluble in mineral and organic acids of any degree of concentration, and at 
practically all working temperatures. It is well adapted for service in processes with 
temperatures up to 2400° F. in conjunction with nascent gases and acid fumes, and it has 
high mechanical strength. 

DIGESTER BRICK.—The largest source of raw materials for the manufacture of 
paper pulp is soft wood, although other materials are used such as rags, straw, waste 
fibers, bamboo, jute, bagasse (waste sugar cane) and esparto (wild grass). Wood is 
transformed into paper pulp by either mechanical or chemical methods. One of the lat- 
ter, known as the sulphite process, comprises boiling wood chips in sulphite liquor, which 
consists mainly of calcium and magnesium bisulphates dissolved in sulphurous acid. 
This process is accomplished in steel tanks called digesters. Formerly, digesters were lead 
lined, but in present practice the lining is a 2-in. thickness of Portland cement and sand 
against the shell and a double lining of acid-resisting brick, with a cement-sand mixture, 
1-in. thick, between. 

Widely used types of digester brick are such as are made by Fiske Brick and Granule 
Company, Boston, Mass. One type is exceedingly dense and impervious; another is of a 
slightly more open texture. The dense vitreous brick often is preferred for the back 
lining, with the more open texture brick for the face. The face brick readily becomes 
impregnated with solids and after a short time in service is quite impervious. The open 
texture type is more resistant to spalling conditions, but depending upon the practice, 
the dense impervious brick frequently is used to good advantage for both the face and 
back linings. For certain digester conditions, a still more open texture brick is made. 
This is exceptionally resistant to spalling but can be used to advantage only in operations 
where the pores become filled with organic constituents and their salts. 

FORSTERITE BRICK.—Forsterite refractories are made from olivine rock to which 
magnesia is added in manufacture. Their chief constituent is forsterite (2MgO-SiOs.), 
the brick analyzing about 57% MgO, 32% SiOe, 6% FeO, 5% other oxides. Forsterite 
refractories are considered to be semi-basic, and are stable in volume at high temperatures. 
Their thermal conductivity is less than that of magnesite brick and approximates that of 
silica brick. Steam or aqueous acids will attack them. 

Forsterite brick are used in ports, bridge walls, division walls, uptakes and bulkheads 
of basic open-hearth steel furnaces, and in exposed sections of side walls in copper rever- 
beratory and refining furnaces. Their ability to carry load at relatively high temperatures 
has made them suitable within a certain temperature range for suspended and sprung 
arch roofs on copper reverberatory and refining furnaces and on copper holding furnaces. 

INSULATING BRICK.—Thermal insulation is used to increase the operating effi- 
ciency of industrial furnaces. The materials available for this purpose may be classified 
as (1) bulk insulation, (2) insulating brick, (8) insulating refractory brick. 

1, Bulk insulation, in the form of diatomaceous earth powder or expanded vermiculite, 
is used as an insulating backing to refractory settings, especially for irregular surfaces 
where brick cannot be readily fitted. 

2. Insulating brick have high insulating values but are not suitable for use where they 
may be exposed to flame or products of combustion. They are manufactured from 
diatomaceous earth or other materials having inherently low thermal conductivities and 
are used mainly as a backing for refractory brick settings to reduce heat losses. 

3. Insulating refractory brick usually are made from selected fireclays, which are given 
open porous structure by ‘“‘chemical bloating,’’ or by the addition of organic materials 
which burn out during the firing process. Insulating refractory brick can be used in 
contact with flame or combustion gases, but will not withstand slag action or mechanical 
abrasion. : 

Insulation of a refractory setting reduces the heat flow and raises the mean tempera- 
ture of the wall. This may necessitate the use of a more refractory material for the setting 
and always increases the amount of heat stored in it. Where high heat capacity is unde- 
sirable, a lining of insulating refractory brick may be used in place of a combination of 
refractory brick and an insulating backing. Insulating refractory brick ordinarily weigh 
only 30 to 40% as much as refractory fireclay brick of the usual density, and their heat 
capacity is only 30 to 40% as great. Therefore, when conditions permit their use, they 
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promote maximum thermal efficiency in intermittently operated furnaces. For additional 
information on heat insulation see Kent’s Mechanical Engineers’ Handbook—Power, 
pp. 3-54 to 3-71, forming Vol. 2 of this series. 


6. APPLICATIONS OF REFRACTORIES 


The applications of the common types of refractory brick and of insulation in the con- 
struction of furnaces are given in Table 28. In some cases the refractories specified appear 
to be conflicting. However, since furnace design and operating conditions vary widely, 
the requirements of the refractories also will vary. The recommendations given in the 
table are for general guidance, and manufacturers of refractories should be consulted for 


recommendations for specific conditions. 


Table 28.—Applications of Refractory Brick and Insulation 


1. Fireclay Brick 
I-A Super-duty 
I-B High heat duty 
1-C Intermediate heat duty 
I-D Moderate heat duty 
I1-E Low heat duty 


Types of Brick 


2. High-alumina Brick 


2-A 50% alumina class 
2-B 60% alumina class 
2-C 70% alumina class 
2-D 80% alumina class 


3. Silica Brick 

4. Magnesite Brick 

5. Chrome Brick 

6. Insulation 
6-A Insulating refractory brick 
6-B Insulating brick 


Kinds of Brick Used 


Type of Furnace Application (alone or in combination) 
Airfurnace. ces tacsats ec cee < Sieteie ES OCEONL SEE Talal eee ie 1-A, I-B 
Side! wallsis oss: 4 cians sia ontotere's I-A, I-B 
Bey 0) i Soe de See oe ee ei I-A, I-B 
ptack bases. om... aii seseicieiee 1-B 
ROK Gs clare abtevsiaacieweeielaeislers I-C, 1-D, 1-E 
Annealing furnace............2.2-- Moarvin © Mees ek ote ete cic cde hatetstes I-B, 1-C, 1-D, 6-A 
Combustion chamber.......... I-A, I-B, 2 
BROKING fe oiois sistofoyeisteletetes oteiare's I-C, I-D, I-E, 6-B 
PATCHES, BDPUNG o> cficie.c 0/0012 slo's oio'e's's Gompletescce.ccocece ceeleeens 1, 2, 3, 6-A 
Arches, suspended.............2-.6- Complete daricte ctasfrevttere levels. taisvere I-A, I-B, 2, 3, 4, 6-A 
in cevOvelbsioeciciscis.e o cet dlelcveicveve o:a'.6 Combustion-chamber.......... 1-A, 1-B, 2 
UTA ar ante & 2 Sees ACO ate I-B, I-C 
BROLIN Lae loec sys ote ouorni ste a, <taiaie eevee I-C, I-D, I-E 
Blast furnace 
Wopper are see satis wile dslecsieas ciss.e Cricible saaisdetjeeeieisss oseisass I-B, I-C, I-D, 4, 5 
Babee sire ote cscte oc pie tEe a2 atosers 1-B, I-C, I1-D 
DOCLIERS tee cre coocyentar alee lielete ee 4,5 
Dr Omerterstisl ceiver) sterols wiarsyoielal siaio sais Hearth and) bostt.-cs<b< sie peeaers I-B 
Tnwall xccectevyiavere Oe Be secare le “cle alors I-B 
PL Os cfevereiiueie ole eis a aierevais 6 eve ue, alee I-B 
ADAG terete ssins olka d oreiels <a) I-C 
POAC mye siietelstele re oi nieleielerecsiane seme @FUuCcIDie and SHALL). 410-0 01. 16's 6 I-B, 1-C, 1-D 
Blast furnace stove 
PrOMarctetorrsaieloreiete) oict ee vie levelsvete setae ATT ee eet teva re ale esal relies allajere! aloreles 1-B 
RWWiell swallo ae aicyoyerseeie seco este lece I-A, 1-B, 2 
Wheckersperiscisrd te arelotsle ous anrsrelere I-A, I-B, 2 
Boiler setting........... ate socexeters eva o Combustion chamber.......... 1-A, I-B, 2 
Arches and side walls.......... I-A, I-B, 2 
Bridge wallsinprerc cece cioters: aRevele) cise 1-A, I-B, 2 
PD adh ester citer: teroyere keke ooh elol <t shai siaie) aye 1-B 
Second pass I-B, I-C, 1-D 
13}:¥o) $a i-4s Aerio soc OOS ODOOOOUOOD I-C, I-D, I-E 
Carbon baking furnace............- MALY es sGeuepanase sc0d0ubodne 1-B 
Carbureter nt os 
CHTETE KAR Ob Gon oO DDOUOUOOGOUGOR AMIENS oy yatehete elev clereleseleler= =teje's'elele = 
@heokers aoe als selocielsinrs oleleisiere ie 1-B, 1-C 
IWWiSter ES «.1c:<1 << elec sieicioe Aad a Gos LATTE oe Saeco ccumonopooanoD - 
(Gheckersivanyaie crete clelseveievelsierele ee I-A, I-B, I-C, 2 
Coal gas benches......... ROCHE LUG Boia a Orta ce 8 A. OE Ie eI 3 
Sete es at kes sielciajeiaieloiei<)ote1< 2) + I-B 
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Table 28.—Applications of Refractory Brick and Insulation.— Continued 
Kinds of Brick Used 


Type of Furnace Application (alone or in combination) 
Coke oven 
By-product.......4... wtelefeidte tt ac Above foor. 2 ass se Ais o edtce 3, 6-A, 6B 
GlOW HOOED orevel cw, diviel teratey fer civiere 1-B 
Regenetators.;<.. jjcrse mrgicte nein <e 1-B 
Checkers. sree a aicte oe4 lls iacini cian 1-B, 3 
BYGG6i sc wcctece oat tel alae areca 1-B, I-C, 1-D 
13/325) PRR icteee ee: San oehe 1-B, I-C, 1-D 
Backing... AFC |W Bir. Hae sete eae e's 1-D, 6-B 
IBGGHIVEH piles Wiss beVerwve velcticeces Floors ‘and ‘doors. 224 Sas ..5 1-B 
Walls and crown. i .....-ses00% 3 
Converter 
GOP DEL sore. aia. Vevaleoie:.s.cra(e's aretessleveha’s EIA. nics 5:4 as eale seas 4 
SUE lars ctatecaisieieie,cccusys, else vevelaeisvei oie ESETNUR ero eee cea, tetereastaateiey tates: si¢ 6 3 
Crucible furnace. << ace sec csp car's RISES « o. sarehaate ehateietes etssereietis’s 4 1—A, 1-B, 2 
Gaol aie crete alsie)-/5 oieloy"laleiPaleheisiels! «ise Lining (except melting zone).... I-B, I-C 
Melting zone os 4. pelaeis- 2s -1- om I-A, I-B, I-C, 3 
SSCL airing ote! aiskertetetedietars ae claret Ec, 1D 
Distillation furnace 
LUAIG SO CLE At Roe: 016 accloieinsieie.cis Outer wallacn eetccieleee sists swe I-A, I-B 
Genterswalls:...50- 6 aiyaniaes © = von. I-B, 3 
LGU MArCmagors-- +. apCoMneoue I-A, 1-8 
Dross furnace (non-ferrous)........ Bottoms esc oe caste aes eres I-A, I-B 
Bide ‘wallet ou sai are sues ciavers Shei ats I-A, 1-B, 2 
Side walls (at slag line)......... 2,4 
Ji iotet ee aoe coc HTC OR SCHORR Oe I-A, I-B, 2 
Electric furnace 
IBY BSE sikcuatela ose ea baie custatstete cesta ee Complete Hnimg 5s sscccc es I-A, 1-B, 2 
Bteck*Chcre occ tinceakte oauiame mies Bothonig sth oewetes ass wesc. oe 3 
Side walls cs jotipithccrels scant 3 
Door jambs peace wis salsios.5 bie 1—A, I-B, 3 
} 31010) ae k= eee I—A, I-B, 3 
Bibel (basic) iaercreieel< cle! sletelelelefetaterere Bottoms... cuencioecaoes sees 4 
Bids Walls sete. oc ce «ese eae 3,4 
Door jambs Ate se cece © ass cawoe I-A, I-B, 3 
Rook, os Seen. cow cwisieuns I-A, I-B, 3 
Enameling furnace........ aieyarsieiakens Complete lining............... I-A, I-B 
PICKS? is-ccrshavarsietebe hie ae stakarcte hota I-A, I-B, 2 
EMAmMel trict ULMACE cycle ds lntelsieleisicieie Complete: lininSeciteds <<. <.c000 I-A, I-B 
FOPee TUPAC: cicieie.c siete be ole.sieisiisyeeicie EiBing , semis s s.owttis cis . I-A, I-B, 2—A, 2-B 
Generator 
OU Ras ao aeias ae operawisiets sioveweteete Completevining: s..ser acct enlee 1-A, I-B 
Produgersbasih siciccs esrelieu Geibaren Complete Wnine< ccc s cocm See I-B 
IWIBUOR BAS score, cite .0:3.0.00e.0 sve; exa Reunions Complete aamey .. ccs esse eee I-B 
Wall (at clinker line)........... 2-A 
Glass lebrasats tse dale vie ele tetra Completefitiing’s. caecsetineen es I-B, 6-A 
Backing \asccsime sce. ols Cee 6-B 
Glass pot furnace cs «esas civic cece Lining) 4 do esas coachet ten acai eeaiere I-A, 1-B, 2 
COWES: cdheeecadoneite celonio noce I-B, 3 
Glass tank (continuous and day).... Regenerators.................. I-A, 1-B 
Checkers set es oo eran I-A, I-B, 2 
Ports ttt Jadot oe Meee I-A, 1-B, 2, 3 
Breast, walls; ccctiog tone 3 
TOOT. cS cchenstenrceecmeeniciem ieee 3 
Bottoms and side walls..... . Flux blocks 
Gypaumukettle: cccins sas asin ciecer Complete iinin ssn. seer cece I-A, 1-B 
Ba OkING Nota siceimerrcen erence I-C, I-D, 6-A, 6-B 
Heating furnace,..... Pista 6: shea ctetelnies orn Bottoms and several courses in 
Sid. 6“ WAIIS) nis sicce comunee ucts I-A, I-B, 4, 5 
Side walls i): ot ose as ea nee. I-A, 1-B, 2, 6-A 
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Table 28.—Applications of Refractory Brick and Insulation—Continued 


Type of Furnace 


Incinerator 
PMU ICI Blea. <!oy2) craps apayecelenclateis «ae 


aponmalll -sus:3¢ sadink sciences cc 


Kilns 
Cement, rotary... 2.0... 6.24505 


Lime, vertical shaft and pot type. . 


Ladles 
Steels tapping... .f3fe wane ecco 
MRCHOLWEN Gs cic c's. 9 ios nite cls creepete ere cs 


Open-hearth furnace 
Steel (acid).......... aretelevesere arere © 


Steel (basic)...... aie e615 si aiiote seed 


Application 


PENNE cs cache oe a ee 


Lining §. s8088.3 Re Be 
Burning zone (walls and arch)... 
Backing: 4: 2, ANOS cho coacece 
Burning: zone. 2)... ..%.%3%% 
Intermediate zone............ 
RSOTIZONG Pere oer oss 5 seen cs 


Burning Ones oo ek wie ase 
Intermediate zone............ 
@old sone). Hesiest cede ccccen 
Coolers:;;). piligcdve + 05,0 Saat 
DTA este ccc ahapeet ectene Sates 646 
Op Linin Wi. sorts eee esis ord owe 
Hot zone and arches.......... 


Complete liningiscJ5 ... i... 2558 
Complete lining. .....6....00s 


HOO eG cers ote. weug sete stereos 


Bungseniwdis we es obec 35884 


Mute Asa ste eee etis cere asia 


Burnace dining sitne. .< ss06s.< 65 
Checker chamber lining....... 


StaGkiacrerelaver sie eh scbisve tens ons css 
TS GUL OMIM caraile a's Fualieivioaee treats tone 


SlopGe gen ernowyiye cise tess ssl elel ee 
Upper front walls............. 
Upper back walls............. 
Upper end, walls ..i25s 60.2223 cys 
Comer’ Walls.ocaice sistas he + > 
TBOrte wera deca tercisnseleis sane we wees 
Water-cooled ports........... 
PBULRHOAOS ches ere erettierenstareie sere sie 
Checker chamber lining....... 
@Mheckers sell Asteiteowls fe etoile 
Top courses checkers.........- 
Backing checker chambers..... 


Kinds of Brick Used 
(alone or in combination) 


I-A, I-B 
I-C, 1=D, 1-5 
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eo koe! 
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FOWWY 
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we 
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Lor ec er Teak RTS 


[ 
UA =O 
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I-B, I-C, I-D, I-E 
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Table 28.—Applications of Refractory Brick and Insulation—Continued 
ee 
Kinds of Brick Used 


Type of Furnace Application (alone or in combination) 
Puddle furnace......-+++++eeeeeee Complete lining............+-+- 1-A, I-B 
Recuperators......22--eeseeeveeee Complete lining..............- 1-B 
Refining furnace (non-ferrous)...... Botton! 3) ssmeaeneiice sae ete 1-B, 4 
Side walls to slag line.........- 4 
Side walls, upper............-.. 1—A, 1-B, 2, 3 
ROO os aia oicke) svlauatonotatsleiaisvess/</= stare 1-A, I-B, 2, 3 
1 era a8 8) 4 pie SIIB riod COOOOIUDOCC CO Complete linttg?’....---<--s.0-- 1-A, 1-B 
Checkers: ee cena: sis scare I-A, I-B, 2, 3 
Backing sce creamer ae eee 1-C, I-D, I-E, 6-A, 6-B 
Reverberatory furnace 
Copper ca saad tote lores srevcicisfeea Side walls: nastics ce nesc 5 3, 4 
ROO saa, ove arterials vis.o:0 ase «aie, 3,4 
Taps icce. semaines os oo os secs 4,5 
GORA. ire, clei vreip ovale oreleye n\cye's-e en's eisia Bottom.cya soenanteassss os os. sie 1-B 
Side walls.zs,< Gaseign <0 os one o8 os I-B, 2 
Side walls at slag line.......... 4 
TROUE vies core catenin one ors acai c's 2 a\aite I-B, 2 
Roasters cicris.cicccisteretcie(cie clave e/a\elalsvarare Complete lining. «2.0 «...3..535. 1-B 
Silicate of soda furmace............ Bottom 5 2/gsmeiciowicc< esleewease I-B 
Bide: walla se-Faseetets aie cc's os <3 2 I-A, I-B 
Rodlvcc jue onsen ae en es sae e I-A, I-B, 2, 3 
Soaking pits (steel). 0.3 s00csaccocss Bottom came awenies «so 2.400 4,5 
Lower side walls... ....s0c6ee0 4,5 
Side wallaj.cices acc aciet sole sees I-A, I-B 
Roofs: oivacatacne ee + 3s aiqceatr I-A, I-B 
Backingic oie cence sw eac va wns 1-C, I-D, 1-E, 6-A, 6-B 
Soda recovery furnace (Paper mill). --Bottom...............-ee200- 5 
Walls... 2c ca Mo eeicenls 06 US BASE I-B, 5 
Backing IPOS OOS seeveeeeee I-C, I-D, I-E, 6-A, 6—B 


Softening furnace. See Reverberatory 
furnace, lead. 


Stacks, chimneyssnsirec «cance means Stack. basGsvck.ccssox sc aa seen 1-B, I-C, 1-D 
Lining i.e c dee enlenes hs ecceeee I-C, I-D, I-E 
Stills (oil refining). cesnsccssessscrs Bining 7, oso dee eee wieivg meee 1-A, I-B, 6-A, 6-B 
Combustion chamber, particu- 
larly at slag line.:.... 0.60... I-A, 1-B, 2 
Bridgeowall..o25 5 csnce< <ecoenos 1-A, I-B, 2 
Backingis (0000 sesceaateueee I-C, I-D, I-E 
Superheater (water gas)...... eb agian Completeilining:4e...ss eo ee. 1-B 
Ghookersicnh s gusts titins awiontenieers 1-B, I-C, I-D 
Wielding furngoe. .s:cie.siersievsle ereiels secs Completelining.. 5 ¢.. sec cece 1-A, I-B, 2 
Bottomeic os a.cie's vecccccscccens IB, 4,5 


Zine distillation furnace. See Distilla- 
tion furnace, zinc, 


ZiNGTOXIAG TUTNECE, esaieeies ie eae ees Complete lining............... I-A, I-B, 3 


WOOD 


PROPERTIES OF WOOD.—The composition of absolutely dry wood is given in 
Bull. 73 of the U. S. Dept. of Agriculture as; Carbon, 49%; oxygen, 44%; hydrogen, 6%; 
ash, 1%. The proportions of these several elements vary slightly in the different varie- 
ties, and the presence of various oils and pigments will cause a variation in the heating 
values of the several species of as much as 22%. Heating values range from 5400 to 
6800 B.t.u. per lb. For more detailed information on the composition and heating value 
of wood see Kent’s Mechanical Engineers’ Handbook—Power, p. 4-41, forming Vol. 2 of 
this series. Table 1 gives the specific gravity and weight of the various varieties of wood. 


Table 2 gives the approximate commercial measures and weights of wood. For data on 


WOOD 


the strength of wood see pp. 7-28 and 7-37 of this book. 


CHARACTERISTICS AND USES OF THE VARIOUS WOODS.—The woods most 


generally used in industry are as follows: 


Ash.—A heavy, hard, coarse-grained wood. The white ash is compact and elastic, 
and is used for interior and cabinet work, but is not suitable for structural work. The 
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red and green varieties are brittle, and are used as a substitute for the white ash. 


Balsa.—An extremely light wood, used for heat insulation. 


used for life preservers. 


Table 1.—Specific Gravity and Weight of Wood 


————OOOOeeeeee 


5 5 Wits ae fi Wt., 
Kind of Wood Specific Gravity ines Kind of Wood Specific Gravity Teper 
Range Aver. | cu. ft. Range Aver. | cu. ft 
count... 2 0.58-0.85 | 0.72 | 45. | Hornbeam......... 0.75. | 0.75 | 47. 
PAT GCET ER wishes ctl “oh cha .42-— .68 54 | 34, TUBIOED se tee ee -56 7207) 355 
BMPNDDLO Wercia cic yale: «dimer spares .66— .84 vi | 475. Lancewood......... 0. 68-1.00 -84 | 52.4 
ARboraVitse. $610. cistern.) Santis cooieo4 3B all arch ok tke Ae emcee -50— .56 £5411 933.6 
BASEN eer tat oy oh clots o:ierscusi § ois ,a0% .65- .85 hd N47) (aarirel’S’. caiyeeieraate aye poms aD .65 | 40.5 
INAS ee ee ee -40— .42 SA 2onOMt) Letgmnumt Vitesse coer WoMIPESN ERIN PAS) Mae 
BS BIN DOO: s:10:015:6 ccays asccoist .3I-— .40 soo 2 2e4 Nlandent-.., aes oie 0.32-0.59 | 0.45 | 28. 
BSCE CN cpa cischaw Givi, <ise sre -70— .90 260) |, 50% TOCUBb er tice yeaa .63— .70 -66 | 41.2 
SE reiieetars. 2 rere suas, ore hciete l=) aed .64 | 40. Mahogany..........| .66— .85 SON CAT: 
13s eS ates chntre ee BOSTON. O5 1 65-5 | Maple: 0... of.cccc| SOos=e28 .65 | 40.5 
PPUCbETMUt.... 60 cess sees 0.38 OF38\ 2307") oMulberry...scseee. o: .56— .90 273 145.5 
MOSER ia catais k's niece eles t< 0.31-0.45 298) 23, 70 @alks lives... ceanenen 0.82 SCRA |) Salo 
Sherry cots se sees wis -41- .51 46 | 28.7 “ white........../0.69-0.86 77 | 48, 
EHEREDUGS gispe. 51s S15: ieee: $ 44 .48 246.1 28.7 peer TOG ssi cbyeteteie © 0.63 263515393 
Ola Ro Ones ces eer .22— .26 eat 14.9 tl Osage, Orange se. rj.syc) siete .76 | 47.4 
EMF ESB eters le sis se o's:s 2s 43-44 BAS UMOLOnOel CPRALS ceicicin. cles asks 0.61-0.73 .67 | 41.8 
HGP WOOG aie occ case .68— .77 E725) 49 90l (eine owhite.,..-.)< 0.0 .39- .43 TA 2506 
Pi bONY. sos set ls sails sore VeWl=0233)) 5224) 7151 Pimeviclow coment ae -41-— .66 54 | 33.6 
il sere sic c.s Reis Sieais:sleoie Oe5l—Ob665/90.58 136.2) 4 (Poplar ss .65 as0 ces .35-— .50 -42 | 26.2 
Pare Balsam.:& . sss oe 0.38 SS SE Zora EEG wOOG 7 mrtoieeeicte era) igre rand 333:4| 20.6 
“ California, white... 0.38 538) | 2327 | Satinwood.cniads. . 5 0.95 BOD DOR 
Re LOUETEB . Sea olo ists 0.44-0.51 340.4729. 3)4 (SPLUCes.u6s.-5a6. 2 e 0.32-0.48 .40 | 25. 
Gite eos cee nee .84-1.00 5 Peal) 52.4.1 SY CAIMOTE, cess o1- 01s) 0 4024 2.00 ~p0ul Sile2 
PaGkMAtACK cess .c ccisicis| (gaa Domo. o. | bamarackye. <q". srs 0.53 sueha|| Sey 
MEVemlOcks.:.)a0 vess6.s.6:5.6 - .42-0. 46 AA | DUGAN ROAM on acre .aic vert =, (0. 00-0098 Sod eilez, 
SETIGICOLV teleiciess vig = <o218= >= .62— .78 TAU) Ze Al NENT er Roe comes ai elated -64 | 40. 
SEDO Vemitcte omen oe 0.60 OO ale odeat We WAG warco setters oe -40-— .60 PUSS bee 
Table 2.—Approximate Commercial Weights and Measures of Woods 
Pounds of Lb. per 1000 ft. of Pounce par 
: SSaeiar Lumber, Cord (128 
: Board Measure cu. ft.) 
Kind of Wood See of Seasoned 
Mousure Green Dry Wood 
Reena ns fa oe 4600 BAO 0 en aes 
ICO nee ewe acneicusteteys || bin Sidmis's6 ress 4200 OOO Semi aire Weve si aceccrcus 
ae os cihra nO E a deep cee 5750 4000 3250 
ir chme ete ciate see ceisler etl | ecisisielecies 5500 ULE? aids hearatig. > Aude, Ment 
RU EA TICE eerie erye of sare staietsl|! tehetercieceis eye * 5000 2800 2350 
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When waterproofed, it is 
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Butternut.—A light, coarse-grained, soft, compact wood that is easily worked and 
takes a high polish. Used for interior finish. 

Cedar.—The red variety is compact and brittle, but easily worked. Its characteristic _ 
odor is repellent to insects, and it, therefore, is used as a lining for vermin-proof closets 
and chests. The white variety is soft, compact and resistant to decay when in contact 
with the soil, but it is low in strength and toughness. Both varieties are used for posts, 
sills, fencing, and shingles. 

Chestnut.—A coarse-grained, soft, light wood, easily worked, and weather resistant. 
Used for heavy construction, interior finish, railroad ties and telegraph poles. 

Cypress.—A close-grained, durable, light, hard, brittle wood, that is easily worked 
and takes a high polish. Resistant to moisture. Used for trestles, docks, building con- 
struction, shingles, interior finish and cabinet work. 

Douglas Fir—A hard, strong, durable wood, but difficult to work. Used for all kinds 
of construction. % 

Elm.—A close-grained, hard, heavy, tough wood, capable of high polish. Difficult to 
work, and warps badly in drying. Used for car, wagon, boat and shipbuilding, and for 
bridge timbers, sills, ties, and furniture. 

Gum.—A close-grained, heavy, hard, tough wood, that tends to warp and shrink in 
seasoning. Not resistant to weather. Takes a high polish. Is used in furniture manufacture. 

Hemlock.—A coarse-grained, light, soft, brittle wood that splits easily, and which is 
not durable under exposure. Used principally for crates and packing cases. 

Hickory——The heaviest, hardest, strongest and toughest of all American woods. 
Extremely flexible, and used for bent wood work. Not suitable for building construction. 

Lignum Vite—A very heavy, hard and resinous wood, difficult to work. Used for 
small turnings, tool handles and pulley sheaves. 

Locust.—A close-grained, strong, heavy, hard wood, used for posts and turnings. 

Mahogany.—A wood that in the green condition is strong, durable and flexible, but 
which is brittle when dry. Resistant to dry rot and worms. Used for interior finish, 
furniture, pattern-work and handrails. 

Maple.—Both white and hard maple are fine-grained, heavy, hard, strong woods, used 
for flooring, interior finish and furniture. 

Oak.—The white oak is heavy, hard, strong, tough and close-grained. Will take a 
high polish. Is used for framed structures, interior finish, furniture, shipbuilding and 
railroad ties. The chestnut oak is durable in contact with soil and is used for railroad 
ties. Red and black oak are used for interior finish, furniture and railroad ties. 

Palmetto.—A light wood, durable under water and resistant to teredo attacks. Used 
principally for piling. 

Pine.—The white pine is soft, straight grained, light, but of relatively low strength. 
It is easily worked and is used for interior finish and patternwork. Yellow pine, long-leaf 
variety, is a heavy, hard, coarse-grain, strong wood, durable when dry and well ventilated. 
It is used for heavy framing timbers and floors, but is subject to rapid decay in contact 
with ground. The short-leaf variety varies widely in quality and is used as a substitute 
for the long-leaf kind. The red, or Norway pine, is a coarse-grained, compact, light, hard 
wood, used for all purposes of construction. ’ 

Poplar.—A soft, close, straight grain, brittle wood. It shrinks excessively in drying 
and warps and twists. It is easily worked and is used for general carpentry work. i 

Redwood.—A coarse-grained, light, soft, brittle, and easily worked wood, which is 
durable in contact with soil. Used for railroad ties, fence posts, telegraph poles etc. 

Spruce.—The Sitka spruce is light, soft, and of medium strength. It is used ee struc- 
tural purposes and in airplane framework. Red spruce is a close straight-grained, light 
soft wood used for general construction and framing purposes; also for piles and other sub- 
merged construction. White spruce is similar to red; is used as construction lumber. 

Tamarack.—A wood that is similar to pine in appearance and quality, and which is 
used for telegraph poles, railway ties, and shipbuilding. : 

Walnut (Black).—A coarse-grained, hard, heavy, strong wood used for interior finish 
and cabinet work. 

_ PRESERVATION OF TIMBER.—Timber is treated to inhibit decay, usually by 
impregnating it with creosote. The creosote can be applied by soaking the wood in an 
open tank of creosote, or by subjecting it to a vacuum and pressure process which causes 
the creosote to penetrate the fibers more thoroughly. The quantity of creosote required 
0 ee Pace is Uae em as follows: Hardwood railroad ties, 6-14 lb. per cu. ft.: 
softwood railroad ties, 13-20 lb. per cu. ft.; dimensi i = hee 
pigs BORO ths ce eee Pp ension timbers, 15-20 lb. per cu. ft.; 

Zinc chloride sometimes is used as a substitute for creosote. Timbers treated with 
zinc chloride cannot be used in exposed locations or for submerged construction. 
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Table 3.—Properties of American Standard Yard Lumber and Timber Sizes 


Naor rine American Standard Area of Weight per Moment of Section- 

Rerareies Dressed Size, Section, Inertia, Modulus, 
inches sq. in. fant S, in.3 
2x 4 15/g X 35/g . 89 RO 6.45 3.56 
2 6, 15/g X 55/g 9.14 ees} 24.10 8.57 
2x8 15/g X 71/2 HPAI) 3.4 =y dea} [5.32 
2x 10 15/g X 91/2 .44 4.3 116.09 24.44 
2 X<.12 15/g X I1 T/e2 18.69 5e2 205.94 35.82 
2-14 15/g X 13 1/2 23.62 BBY 333.15 49.36 
2°16 15/g X 15 1/2 18 7.0 504,24 65.07 
2x 18 15/g X 17 1/2 23.43 729 725,71 82.94 
2x 20 15/g X 19 1/2 31.69 8.8 1,004.05 102.98 
3-<¢ 4 25/g X 345/g rot 2.6 10.42 bY 7 eI 
axa 6 25/g X 55/g 14.76 4.2 38.93 13.84 
BIR 8 25/g X 71/2 19.68 57 92.28 24.60 
3x10 25/g X 91/2 93 (BPs 187.55 39.48 
3% 12 25/g X 11 1/2 30.18 8.8 332.69 57.86 
3°44 25/g X 13 1/9 35.43 10.3 538.21 79.73 
D p<cllé 25/g & 15 1/2 . 68 11.3 814.60 105.11 
3 X<o18 25/g X 17 1/2 45.94 12.8 1,172.36 133.98 
3)9<e20 25/3 X 19 1/2 51.19 14.21 1,622.00 166.36 
‘arama 35/g X 35/8 14 3.6 14,38 7.94 
4x 6 35/9 X 55/8 20.39 Sid 53.76 19.11 
4x 8 35/3 X 71/2 .18 Te: 127.44 33.98 
4x 10 35/3 X 91/2 43 9.6 258.99 54.52 
4X 12 35/g X 11 1/2 41.68 11.6 459.42 79.90 
4x 14 35/3 X 13 1/2 .93 13.6 743.23 110.11 
4x 16 35/g X 15 1/2 56.18 15.6 1,124.90 145.15 
4x 18 35/g X 17 1/2 63.43 17.6, 1,618.96 185.02 
4x 20 3.5/g X 19 1/2 .69 19.6 2,239.88 229.73 
6x 6 54/2 5X, 5 1/9 30.25 8.4 76.25 2} (RO fe 
6x 8 51/oX 71/2 41.25 11.4 193.35 51.56 
6 xX 10 51/2 xX 91/2 ae 14.5 329.96 82.73 
6 30N2 51/2 X IT 1/2 2249) TH.5 697.06 V2A 723 
6 x 14 51/2 X 13 1/2 74.25 20.6 1,127.66 167.06 
6 xX 16 51/2 X 15 1/2 .25 23.6 1,706.76 220.22 
6x 18 51/2 XK 17 1/2 “25 26.7 2,456. 36 280.73 
6 xX 20 51/g K 19 1/2 107.25 29.8 3,398. 46 348.53 
6 xX 22 51/2 X 21 1/2 225 32.8 4,555.05 423.76 
SadSae8 71/2X 71/2 225 15.6 263.67 70.31 
8 x 10 71/2 X 91/2 2.25 19.8 535.85 112.81 
CHE-<ul 6 71/2 X II 1/2 Boss 2.9 950.55 165.31 
8 xX 14 71/2 X 13 1/2 “2D 23.0 537073 227.81 
8 X 16 71/2 X 15 1/2 116.25 32.0 2,327.42 300.31 
8 x 18 71/2 X 17 1/2 225 36.4 3,349.60 382.81 
8 xX 20 71/2 X 19 1/2 25 40.6 4,634.30 475.31 
8 6r2Z 71/2 K 21 1/2 161.25 44.8 6,211.48 577.81 
8 xX 24 7 1/2 X 23 1/2 05) 48.9 8,111.17 690.31 
10 x 10 91/2X 91/2 neo 25.0 678.75 142.89 
105¢ 12 91/2 K 11 1/2 109.25 30.3 1,204.01 209.39 
10 x 14 91/e X 13 V2 128.25 35-6 1,947.78 288.56 
10 xX 16 91/2 X 15 1/2 Pe 40.9 2,948.04 380.39 
10 x 18 91/2 17 1/9 243 ral 4,242.80 484.89 


* Based on assumed average weight of 40 lb, per cu. ft. 


Continued on vage 5-24 
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Table 3.—Properties of American Standard Yard Lumber and Timber Sizes—Continued 


i Standard Area of Weight per Moment of Section- 
Nominal Size co Sine, Section, | hind fis Inertia, Modulus, 
in inches ae gq. in. Ib. T, in4 S, in.3 
91/2 X 19 1/2 185.25 51.4 5,870.05 602.06 
10 . 22 9 i X 21 1/2 204.25 56.7 7,867.81 731.89 
10 x 24 91/2 X 23 1k 223.25 62.0 10,274.06 874.39 
10 X 26 91/2 X 25 1/2 242.25 67.3 13,126.81 1029.56 
10 x 28 91/2 X 27 1/2 261.25 42.9 16,465.24 1197.39 
10 x 30 91/2 X 29 1/2 280.25 77.8 20,323.79 1377.89 
WW 11 1/2 * 11 1/2 132.25 36.7 1,457.50 253.47 
ae 14 Hino 13 1/2 155.25 43.1 2,357.85 349.31 
12 x 16 11 Wg X 15 1/2 178.25 49.5 3,568.70 460.48 
LZ <eh8 11 1/g X 17 1/2 201.25 55.9 5,136.49 586.98 
12 x 20 11 1/2 X 19 1/2 224.25 62.3 7,105.90 728.81 
12> 2Z 11 1/2 X 21 1/2 247.25 68.7 9,524.24 885.98 
12 X 24 11 i X 23 Ve 270.25 75.0 12,437.08 1058.47 
12 X 26 11 VW/g X 25 1/2 293.25 81.4 15,890. 42 1246.31 
1228 111/g X 27 1/2 316.25 87.8 19,932.58 1449.47 
12 x 30 11 1/2 X 29 1/2 339.25 94.2 24,602.61 1667.97 
eee Bia bie I ee 
14x 14 13 V/2 X 13 1/2 182.25 50.6 2,767.92 410.06 
14x 16 13 1/2 X 15 1/2 209.25 58.1 4,189.36 540.56 
14x 18 13 1/2 X 17 1/2 236,25 65.6 6,029.29 689.06 
14 x 20 13 1/2 X 19 1/2 263. 25 a. 8,341.73 855.56 
14 X 22 13 1/2 X 21 1/2 290.25 80.6 11,180.67 1040.06 
14 xX 24 13 V/g X 23 1/2 317.25 88.1 14,600. 10 1242.5€ 
14 X 26 13 1/2 X 25 1/2 344.25 95.6 18,654.04 1463.06 
14 X 28 13 1/9 X 27 1/2 37\a29 103.1 23,398.73 1701.56 
14 X 30 13 1/2 X 29 1/2 398.25 110.6 28,881.42 1958.06 
16 x 16 15 1/2 X 151/2 240.25 66.7 4,809.98 620.64 
16 x 18 15 1/2 X 1711/2 271525 75.3 6,922.49 791.14 
16 x 20 15 1/2 X 19 1/2 302.25 83.9 9,577.50 982.31 
16 x 22 1519 X 2111/2 333.25 92.5 12,837.00 1194.14 
16 x 24 1511/2 X 23 1/2 364,25 101.2 16,763.00 1426.64 
16 x 26 15 Vg X 25 1/2 395.25 109.8 21,417.50 1679.81 
16 x 28 15 1/2 X 27 V2 426.25 118.4 26,863.78 1953.64 
16 x 30 15 1/2 X 29 1/2 457,25 127.0 33,159.98 2248.14 
18 x 18 17/2 X 17 1/2 306.25 85.0 7,815.73 893.23 
18 x 20 17 V/2 XK 19 1/9 341.25 94.8 10,813.33 1109.06 
18 x 22 17 I/2 X 21 1/2 376.25 104.5 14,493. 43 1348.23 
18 x 24 17 1/2 X 23 1/2 411.25 114.2 18,926.02 1610.72 
18 xX 26 17 W/g XK 25 V2 446.25 123.9 24,181.11 1896.56 
18 x 28 17 1/2 X 27 1/2 481.25 [ese 30,331.62 2205.72 
18 x 30 17 1/2 X 29 1/2 516.25 143.4 37,438.79 2538.22 
20 x 20 19 1/2 X 19 1/2 380.25 105.6 12,049.49 1235.81 
20 X 22 19 1/2 X 21 Ye 419.25 116.4 16,149. 86 1502.31 
20 x 24 19 1/2 X 23 1/2 458.25 12753 21,089.04 1794.81 
20 X 26 19 1/2 X 25 1/2 497.25 138.1 26,944.73 2113.31 
20 xX 28 19/2 X 27 1/2 536.25 148.9 33,798.17 2457.81 
20 x 30 19 1/2 XK 29 1/2 575.25 159.8 41,717.61 2828.31 
24 x 24 23 W/o X 231/2 552.25 153.4 25,414.96 2162.97 
24 X 26 23 1/2 X 25 1/2 599.25 166.4 32,471.80 2546.81 
24 X 28 23 V/2 X 27 1/2 646.25 17935 40,731.06 2916.97 
24 x 30 23 1/2 X 29 1/2 693.25 192.5 50,274.98 3408. 47 


*Based on assumed average weight of 40 Ib. per cu. ft. 


KILN DRYING OF LUMBER.—See Kent’s Mechanical Engineers’ Handbook— 
Power, p. 3-52, forming Vol. 2 of this series and also pp. 22-17 to 22-21 of this book. 

YARD LUMBER AND TIMBER SIZES.—Table 3 gives the dressed size of Ameri- 
can standard yard lumber and timber, together with some of the properties. 
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; PLYWOOD consists of an odd number of thin layers of wood glued i 

in the alternate layers being at right angles. A ree nay, Seer pe at 
strength is approximately equal in all directions, and is approximately the mean of the 
strength with and across the grain. See Table 4 for the tensile strength of plywood. Ply- 
wood is made usually from basswood, birch, maple, poplar, redwood and red gum. he 


Table 4.—Tensile Strength of Plywood 
(U.S. Forest Products Laboratory, Madison, Wis.) 


Tensile Strength 


Weight of Tensile Strength 


Moisture of 3-ply Pl, d f Si - 

¢ Plywood, ply Plywoo of Single-ply 
Species reas at Test, Parallel to Grain Veneer, 

americns tt. percent of Faces Parallel to Grain, 

Tb. per sa. in. Ib. per sq. in. 
Basswood ar a ees 28 om? 6,900 10,300 
Yellow Birch............ 45 8.5 13,200 19,800 
Maple; eoft...........0. 38 8.9 8,200 12,300 
JESS Ae Seer 58 46 8.0 10,200 15,300 
Yellow poplar........... 34 3.4 7,400 11,100 
ISGCt Gh fe ee a 36 GER / 7,800 11,800 
Redwood Shes c-aeihe <1 ane 28 O77 4,800 7,200 


CORK 


Cork is the spongy outer bark of the cork oak tree, which grows principally in Spain, 
Portugal and Northern Africa. It is of cellular structure, each cell comprising a strong, 
impenetrable skin, enclosing air. 

NATURAL CORK.—The uses of natural cork are limited by the variability of the 
raw material, by structural flaws, which are uncontrollable in a natural material, and by 
the irregularity in size, thickness and shape. These limitations can be overcome by 
So ei the corkwood to produce a material of greater uniformity and structural 
strength. 

CORK COMPOSITIONS.—Finely ground cork combined with various binders form 
materials having all the desirable basi¢ qualities of natural cork. Composition can be 
made to provide for expansion or contraction, and to be fabricated into sheets, discs, tubes, 
blocks, rings, strips, balls, wheels, rods and irregularly shaped articles. It also can be 
molded directly to the desired pattern. Composition is laminated with cloth, vulcanized 
fiber, or other material to increase the tensile strength. Cork also has been combined 
with rubber and synthetic resins. 

PROPERTIES OF CORK.—1. Resistance to Liquid Penetration.—Cork is highly 
resistant to penetration by liquids. Since it is not fibrous, liquids are not drawn through 
_ it by capillarity. 

Compressibility Prolonged compression, under heavy loads, will cause little perma- 
nent deformation. Eight small pieces of cork composition 7/g in. thick, used as cushions 
between journal box and the car body of railway cars, supporting approximately 120,000 
lb., after one year were still resilient, with a reduction of total thickness of only 1/g in. 

Resilience.—Long subjection to pressure does not destroy the structure or resiliency 
of cork. It will not harden or deteriorate under normal conditions. 
Buoyancy.—Natural cork, with a specific gravity of 0.15 to 0.20, is generally used for 

floats or other devices requiring buoyancy. 

Thermal Conductivity—The air-cell structure of cork forms an excellent insulator. 
It is highly resistant to charring and ignition. At about 250° F., slow distillation begins 
and the cork discolors slightly. It does not ignite except in contact with flame, and it 
burns only as long as flame is applied from an external source. Combustion produces 
a carbonized coating which retards further burning. 

Chemical Inertness.—Cork resists chemical action better than most natural materials, 
and can be safely used in contact with most chemicals. In industrial processes it does 
not corrode, discolor, or deteriorate and is not affected by oil, grease, gasoline, or other 
petroleum products. Alkalis, certain acids and organic solvents have a destructive action, 
and, as a rule, cork should not be used in contact with them. Iron solutions sometimes 
react with the natural tannin in the cork to cause the surface discoloration, which does 
not affect the properties of the cork. 

- Stability—Cork retains its initial properties practically unimpaired under all condi- 
tions of temperature, humidity or other atmospheric conditions. Its compressibility and 


resilience enable it to withstand abrasive wear. 
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ictional Properties.—The coefficient of friction of natural cork and compositions is 
mihenthan that vot most materials used for friction. This coefficient is not materially 
decreased by the presence of moisture, oil or grease. Compositions are more extensively 
used, as it is possible to control, within reasonable limits, their coefficient of friction. The 
softer compositions have the higher coefficients of friction, but dense materials for severe 
‘conditions have a sufficiently high coefficient for ordinary work. See Table 1 for coeffii- 
cient of friction of cork and cork compositions. 


Table 1.-Angle of Repose and Coefficient of Friction of Leather and Cork ; 
(Armstrong Cork Co.) 


Angle Coefficient 
of Repose, of Friction, l1+f 
8 35 
Meathervon, Oak jasc ch «cites Sarto peices de sacs nce ee 15°-19 1/9° 0.27-0.38 3.7-2.86 
& OH Ble (ATH) scccle Soe 6 oe sista coe 29 1/2° 0.56 arky 
a ON Bbcel | CWEE) aca so Peete tse < oe lots aie ae athe Oe 20° .36 2.78 
ES on.stecl (Ereasy ac aed ets = cle.c deem c ateats 13 ¥%) 4.35 
oe On s6CE] (ON). ace Wale es. ost deheeine Oda es 81/9 Sie 6.67 
243 fine cork composition on cork......-.---.---- 40° 0.838 1.19 
ee ¢ on pine (with grain)..... 30 1/2° .584 Ne 
ona “ ON), BIGAS ec asl etee,aue sia Bio 441/9° - 987 1.01 
Song te “ on steel (dry)..... 2b es Zhe .514 1.95 
ae May ns on steel (wet)........... 38 1/2° .794 1,26 
ed ns a on steel (cork water- 
soaked) os «citria we th « 40 1/9° . 894 1.18 
Sin $ st on steel (greasy—steel 
Oiled) o.5 K duane a cleers 29° ers) 1,82 
cts os on steel (oily—cork oil- 
sOaked) wen nes sca /te cae 28° By 3p 1.90 
Yah. es bis on steel (so hot as to 
Char cork). 222e5 2.5. 32 1/o° .640 1,56 
Acco cork composition on pine (with grain)........ 23 1/2° 0.430 2.32 
a ee af Oni Blape. So ccea sos oe rtelas 50° LTZ2 0.85 
fe se ef on dteel’ (dry)... 920. 8. 22 1/2° 0.417 2.40 
ia i ss on steel (wet)............0% 30 1/2° -584 121 
‘ e ss on steel (cork water-soaked) 36° eee 1.38 
‘s £ _ on steel (greasy—steel oiled) 24 1/3° 451 2.22 
. a on steel (oily — cork oil- 
HOAKED).s wiv swicatie saeco e 25 .458 2.18 
a ss = on steel (so hot as to char 
GOVE) os cays ee urraeereie cae 32 1/9° . 637 W557 
NWaturali core on Cotica inca salecitla ohearatteeeneeaeete 30 1/2° 0.592 1.69 
ne ss Oh Pine (with grain he coos ateee cet ee 26° 487 2.06 
a S00» OR @ISSB. ics ola cas ee CR ee 27 1/2° Sh 1.93 
¢ ron BEESLEY) Ye « ctaette. HS eG. Sac 24 1/2° 452 2522 
# ‘t «on steal Gwet)t iid ait cesteemetione.« 355 694 1.44 
i! “on steel (cork water-soaked)......... 29 1/2° .565 eaywe 
se “on steel (greasy—steel oiled)......... 24° .447 2.24 
My “on steel (oily—cork oil-soaked)....... 23° 419 2.38 


on steel (so hot as to char cork) 


USES.—The following paragraphs give the principal uses of cork and cork products: 


Seals.—Gaskets for sealing and cushioning, and for sealing anti-friction bearings. While cork 
closures are sometimes made as split rings, the continuous ring generally is used. Cork seals should 
not be distorted either in assembling orin use. They are not recommended for assembly in internal 
grooves and must be lubricated before assembly, with graphite grease thinned with lubricating 
oil to the consistency of vaseline. Cork gaskets should not be used on steam or other high-tem- 
perature connections or in contact with strong alkaline solutions, such as ammonia. 

Cushioning between adjoining surfaces of metal and glass; metal and porcelain or other similar 
combinations; automobile bodies; to deaden vibration in machinery. 

Friction.—In the textile industry for drawing yarn and cloth through machines; friction drives; 
clutches; feed rolls for machines handling paper, cloth, foil, ete. 

Floats.—Gage mechanisms; carburetors; dispensing pumps for oil and gasoline. 

Insulation.—Under roofs to reduce heat losses and to lessen condensation and eliminate ceiling 
drip; pipe covering for drinking water, brine and ammonia lines, and cold lines in the oil refining 
and chemical industries. 

Natural Cork Products.—Bottle corks; wheels for polishing glass; floats for carburetors and 


gages; handles for tools and instruments; discs, washers, and gaskets for various applications; life 
preservers; yacht fenders; cork balls; paper. 
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RUBBER * 


Rubber is used in industry for machinery mountings, for bumpers and springs, for the 
absorption of vibration, for the lining of tanks, and many other purposes. : 

: PHYSICAL PROPERTIES.—tThe physical properties of various grades of rubber are 
given in Table 1. The heat of combustion of crude rubber is 19,300 B.t.u. per lb. The 
electrical resistivity depends on temperature and the character of the rubber stock, decreas- 
ing perhaps several thousand times with increase of temperature from room temperature 
to 212° F. Depending on the rubber stock, it may range from 1 X 108 to 200.X 108 
megohm per sq. em. per cm. length. The dielectric constant (air = 1) ranges usually 
from 2.5 to 4.5. The electric breakdown stress ranges from 1 to 60 kilovolts per millimeter 
thickness. Rubber should not be mechanically worked at temperatures above 180° F. 


Table 1.—Physical Properties of Rubber 


All values based on room temperature 


Stock Number 5140 5488 5623 
Property 
Hardness (Shore Durometer)............. 80 
Elastic modulus for static compression, Ib. 

PEP Bq ATA AS OL SE otk SOLER LS 1200 
Shear modulus (static), lb. per sq. in....... Pree 
Volume compression at 1000 Ib. per sq. in. 

PLESSUES.. DELCODE, 5 oc adsl enissyyriomertere +k .22 
BNOCINC OVA VI OY 5a via n ssamisleunitip.e Bin, «9/0 0h =| 

0.33 


SPREE OUITOSS Dt ory crop cian ehsici nee EIR ieioveci woos & 
Thermal conductivity in B.t.u. per sq. ft. 
_- per sec. for a temp. gradient of 1° F. per 


Cubical expansion with temperature, per- 

cent change in unit volume per deg. F... 
Velocity of sound in rubber rods, ft. per sec. 
Shrinkage in linear dimensions of the cured 
EMD SCL PICO hs 2s eis Poeoay aera arse D2 


0.00033} 0.00029} 0.00026) 0.00024) 0.00022) 0.00020 
115 165 nee 


2.0 


* With respect to its mold cavity, both at room temperature, 


1. ACTION OF RUBBER UNDER STRESS 


In determining the action of rubber under stress, the fatigue characteristics and work- 
ing temperature must be considered as well as the load. In general, compression straint 
should not exceed 15 to 20%, and with hard stock should not exceed 5%. 

ELASTIC MODULUS.—Rubber does not exactly follow Hooke’s law (see p. 7-04). 
The elastic modulus in compression may be approximately expressed as 

E =(F/Ao){h/(ho — h)} = (F/A) {ho/ (ho - W)} we ew we 
where E = elastic modulus in compression, lb. per sq. in.; F = compression load, lb.; 
A, and A = respectively, original no-load and compressed cross-sectional area, sq. in.; 
ho and h = respectively original and compressed height, in., under load F. These rela- 
tions apply only to blocks where the rubber can expand freely in a direction perpendicular 
to the direction of the applied load, 7.e., to blocks whose faces have been lubricated with 
glycerine or soap solution. For soft stocks (80 Shore durometer) these relations will hold 
up to 50% compression; for hard stocks (80 Shore durometer) they probably are incorrect 
beyond 15% compression. In determining HZ, the block must be subjected to at least 
five complete compression cycles before readings are taken. 

Relation of Elastic Modulus in Compression to Hardness.—Hardness is measured by 
means of the Shore durometer, which gives the ratio of a constant indenting force to the 
indentation of a small flat-tipped tapering needle. The readings are given in terms of an 
arbitrary scale, running with increasing hardness from 0 to 100. The relation of durometer 
hardness to elastic modulus is only approximate, as the reading of the former often is a 
function of the observer and the size of test piece. Further, elastic modulus will vary 
with the calendar direction of the grain, which variation may be as largeas 10%. Table 2 
shows the approximate relation between durometer hardness and elastic modulus in com- 
pression and in shear for several grades of rubber. 


* The data herein given are abstracted, De permission, from a treatise entitled The Physical 
Tr 


Properties of Rubber, issued by U. 8S. Rubber P oducts, Inc., Detroit. | | . 
{ Strain, as here used, is the ratio of deflection under stress to the original thickness. 
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Table 2.—Relation between Durometer Hardness and Elastic Modulus 


Stock No. 5140 5488 5638 5691 5623 
Durometer hardness........- 30 + 3 4044 50 +4 70 +4 80 + 4 
Elasti odulus in compres- 

aoe Ib. per sq. in.......-+. 185 + 30 | 270 + 40 | 375 +50 | 550 + 60 | 750 + 100/1200 + 300 


ti dulus in shear, lb. 
cop barat F Ee ear | 83 + 10} 110 + 15 | 132 +20 | 190 3-25] ...... 


DECREASE OF VOLUME OF RUBBER UNDER COMPRESSION is shown in Fig. 1 
together with the decrease in volume of 
Fzas: |, water. The values shown are those at 
 aAatss|S3 77° F. 
or aed RUBBER SANDWICHES UNDER 
se “3 COMPRESSION.—A rubber sandwich 
is a rubber block with two opposite faces 
adhered to metal plates. The compression 
under any load acting across the plates 
is a function of the dimensions and shape 
of the block, the elastic modulus of the 
rubber, the distribution of load over the 
surface of the block, the temperature, 
the amount of non-parallelism of the 
metal plate, the distance the plates extend 
beyond the side surfaces of the rubber 
and other variables. In general, sand- 
wiches of the same relative dimensions 
and same elastic moduli are deflected the 
same percentage of their thickness by the same compression loads per unit area. Usually, 
it is not feasible to load a sandwich with more than 750 lb. per sq. in. static load, or 
to apply a load producing more than 20% deflection. An approximate value of the 
amount of compression may be obtained by means of the nomographic chart, Fig. 2. 

Use of the Nomographic Chart.—Let LZ = length, W = width, 7 = thickness, F = 
total load, lb., and P = unit pressure, lb. per sq. in., on a rubber sandwich. Draw a line 
from the point on the deflection scale representing the desired deflection, to the point on 
the pounds per square inch scale, corresponding to P = F/A, intersecting the line XX at 
y. Connect the points on the L/W and W/T scales corresponding to the ratios L/W and 
W/T of the sandwich under consideration, and project the line to the Q/T scale. From 
the point so found on the Q/T scale, draw a line through y to intersect the £ scale, to find 
the modulus of elasticity in compression. 

Q/T is the ratio of the length of side of the sandwich under consideration to the thick- 
ness of a square sandwich which will be compressed the same percentage of its thickness 
by the same load per unit area. Q is the length in the nomogram of a non-rectangular 
sandwich corresponding to L. Values of Q for various shapes of sandwich are as follows. 

Solid Sandwiches.— Square sandwich, Q = W; rectangular sandwich, Q = L; cylindrical 
sandwich of circular cross-section, Q = 0.93 X diam.; cylindrical sandwich of elliptical 
cross-section, major axis corresponds to nomographic LZ and minor axis to nomographic 
W;; triangular sandwich, Q = diam. of inscribed circle. 

Doughnut Sandwiches (sandwiches with hole).—Square doughnut, Q = S — s, where 
S, s = respectively, length of a side of the sandwich, and the side or diam. of the hole; 
this relation holds for a circular hole whose diameter is small compared to the size of the 
sandwich. 

Circular doughnut with circular hole, Q = D — d, where D, d = respectively, diameters 
of sandwich and of hole. 

Rectangular or elliptical sandwiches with central hole, 


Q = On OW /E)d) Be oe) LS 
where Q, = value of Q for a solid sandwich and d = diam. or side of hole. 
For a hole not in the center of the sandwich, 


Q= Qn — (W/L) {r/@ +a) ie Ros sewte end de ene 
where r = distance from center of hole to edge of sandwich on a line passing through 
center of sandwich, and y = distance from center of hole to center of sandwich, other 
notation as before. Relation [3] holds only for values of d < (W/2). 

The nomographic chart will give values of compression loads for a given stock number 
that will be accurate to within 25% of the deflection for values of Q/T’ < 12. For values 
of Q/T > 12, it is accurate only to within 50%. 


~ 
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Decrease in Original Volume, Percent 
4 Zar x 100 


Fic. 1. Decrease of Volume of Rubber under 
compression 


RUBBER IN SHEAR 5-29 


KEY TO CHART 
L=Length,- inches 
W=Width,- inches 
T =Thickness,- inches 


E=£)astic Modulus of Rubber 
in Compression, 1b. per 8q.In« 


Fic. 2. Nomographic Chart for Rubber Sandwiches 


Exampire.—Determine the-rubber stock number and durometer hardness of a rectangular rub- 
ber sandwich 1 in. thick, 6 in. long, 3 in. wide, to support a load of 2000 lb. with a deflection of 
approximately 10%. Solution—F/A = 2000/(6 X 3) = 111.1 lb. per sq. in. From the point 
corresponding to 111.1 on the pounds per square inch scale, Fig. 2, draw a line to point 10 on the 
deflection scale, intersecting XX at y. From the point L/W = 6/3 = 2 on the L/W scale, draw 
a line to the point W/T = 3/1 = 3 on the W/T scale, and extend it until it intersects the Q/T' scale 
at 3.9. From this point draw a line through y and project it to intersect the E scale at 360, which 

_shows that the stock number to be used is 5638. Reference to Table 2 shows that stock No. 5638 


corresponds to a durometer hardness of 50 + 4. 

RUBBER IN SHEAR.—Rubber sandwiches may be used in shear as a resilient mount- 
ing for heavy loads. Usually a double rubber sandwich is employed to balance out the 
rotational torque that would exist with a single rubber sandwich. The stress-strain rela- 
tions in shear are given by the following formulas. 


Hy As— Sd) Dyytor valuesiot d/T = Oto 0.3 "es . . . - I4i 
F/A = 0.9 S(d/T), for valuesofd/T=03t008 . ... . [5] 
F/A = 0.833 S(d/T), for values of d/T = 0.8 to 1.2 eg Gl 
where F = applied load producing shear, lb.; A = area of sandwich, sq. in. = L X W; 


T = thickness of sandwich, in.; d = deflection, in.; and S = shear modulus (see Table 1). 
A more exact relation good up to 80% deflection in terms of T' is 
HAa=eS(Oors i= Stale) D)/Oohee a 6 6 « IC 
where 6 = average angle of shear, deg. The shear in equations [4] to [7] may be used for 
sandwiches in shear with faces other than rectangular by replacing (L X W) with the 
area of one of the faces. If the two faces are not equal, (LZ X W) should be replaced with 
a value of one-half the sum of the area of the two faces. If lateral forces of tension or 
compression exist, equations [4] to [7] are approximately correct if 7 is taken as the thick- 
ness when no lateral forces are applied. In general, metal-rubber bond should not be 
‘subjected to static stresses in shear greater than 25 Ib. per sq. in. 
Angular Shear.—Let R = outer radius, r = inner radius of a circular doughnut sand- 
wich, in.; 7’ = thickness of sandwich, in.; do = linear deflection, in., along the arc, of a 
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point on the periphery at a distance R from the center. @ = angular deflection of rotation, 
deg.; S = shear modulus for the rubber, lb. per sa. in. +t = moment of couple or torque, 
lb.-in., producing angular deflection 6. Then 


__ @ Sdo Rt — r4 » Hi 
“fed | R | = oo274 cs0/n/R 1) hee Ae SI 
Maximum stress f in the rubber will occur at radius R where stress lb. per sq. in. is 

FOS dohl) = (SR) L)-(0/5 Go) meen. on see [9] 


For a given torque r the dimensions of the sandwich must be such that f is not too large. 
The most economical sandwich for a given torque and a maximum allowable value of f is 


one in which the ratio R/r = V3. 


2. GENERAL PROPERTIES OF RUBBER 


ABSORPTION OF LIQUID AND GASES.—The amount and rate of absorption of 
water depends on the type of rubber, size of sample and its previous history. In general, 
amount of absorption increases from 1.2 to 2 times per 18° F. temperature rise, increases 
with amount of dissolved air and amount of aging. Repeated absorption with intermedi- 
ate drying increases water-absorbing tendency. Water absorbed by thin rubber sheet 
samples ranges from 0.1% to 2%, by weight, in one day to 2% to 15% after one year. 
With thick samples the absorption is many times less. 

The absorption of gas by rubber decreases, in general, with increase in temperature, 
and increases with increase in pressure. The absorption coefficient C is the volume of gas, 
cu. cm. at 0° C. and atmospheric pressure, absorbed by one cu. em. of rubber in equilib- 
rium with the gas. Approximate values of C for various gases, at room temperature, are: 


Hydrogen....... Co= OL OLE TRAIT jc atareiee sto C = 0.12 | Nitrous oxide..... C= 1.6 
INTtrOSENe oie telers i =  .04°) Methane... ..-.- = .25 | Hydrogen sulphide... = 2.7 
Carbon monoxide.. = .06 | Carbon dioxide.... = 1.0 AIDMONIN, «eee = 10.0 
Oxygen. neceiins = .07 |) Bthyleve..... 4-2. Ss Sulphur dioxide. ... = 20.0 


The value of C for COz will be halved, approximately, in going from room temperature to 
120° F. above room temperature. A variation of pressure from 0.1 to 1 atmosphere will 
decrease the coefficient from 6 to 7 times. 

PERMEABILITY is the amount of gas penetrating a unit area of rubber in unit time. 
It is proportional to the partial pressure of the gas on either side of the membrane and 
inversely proportional to its thickness. Permeability increases with increase in tem- 
perature. The specific permeability of hydrogen at normal temperature and pressure 
through rubber is approximately 0.000038 cu. ft. per day per sq. ft. per inch thickness per 
1 atmosphere difference in pressure. The relative permeability of several gases is as 
follows, the permeability of hydrogen being taken as 1: 


Nitrogen.........+. OsfGa Oxy renee. eee oe Q,44.| Ammonia... 4000s eee 

AU ees oy ofeligatare ittataren 0 sete en OL eneicete nn See 0.65 | Methyl chloride...... 18.0 

ATE OD) ss Pa ey Are Gy 0.26 | Carbon dioxide..... 2.9 Water vapor........ 50.0 
Nitrous oxide. ...... 4.5 


The variation with temperature of specific permeability P of soft vulcanized rubber for 
hydrogen and carbon dioxide is as follows: 


Temperature OB . eaacek ae oe 68 ver 104 140 176 

aa 
ivdiregenm, Fs. f os cetiees = 0.12 0.30 0.34 0.57 1.02 1.68 a 
Coat Prien ae tyne tthds Be = 0.30 0.84 0.98 Leez 3.88 4.00 5.30 


ADHERENCE OF RUBBER TO METALS.—Rubber may be bonded to metal with 
an ultimate bond strength of 400-500 lb. per sq. in. Such bonds are used in engine and 
motor mountings to absorb vibration, in linings of pipes or tanks conveying or holdin 
acids or corrosive liquids, and where a positive fastening of rubber to adjoining ote 
parts is desired. Bonding may be effected by two processes. Large surfaces are cleaned 
and sand blasted and a vulcanizing cement applied. Uncured rubber sheets of the proper 
thickness then are laid on the metal and steam curing or vulcanizing effects the bond 
Small molded parts are cleaned and electroplated with a suitable brass alloy. A special 
cement is applied, followed by the application of a piece of rubber of suitable size. The 
assembly is squeezed to shape in a mold in the presence of heat. The plating process can 
be applied to steel, nickel, zinc, aluminum, copper, brass, Monel metal and cast iron 

EFFECT OF ORGANIC LIQUIDS AND VAPORS.—In general, rubber is unaffected 
by weak acids, or weak caustic alkalies. Special hard rubber compounds are not attacked 
by concentrated hydrochloric or hydrofluoric acids, nor by sulphuric and nitric acids = 
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to certain concentrations. Ozone cracks and soon destroys rubber, especially if it is 
under tension. Certain liquids and their vapors swell soft vulcanized rubber. The fig- 
ures below show the absorption Q, in cu. em. of liquid at room temperature, in one day 
by 1 cu. cm. of rubber. The values may be doubled or halved with different soft vulcan- 
ized rubber stocks. Special hard rubbers are only slightly, or not at all, affected by these 
liquids. In some cases the liquid will cause a slight softening of hard rubber. 


Q Q Q 
YNGCEATOM TO). epee ER 0.1 | Carbon tetrachloride..12.5 | Naphtha............ 8.0 
UNCEEONE Lee ee 0.8) ee OR2eE GaBstor oll och eace ee 0.01] Nitrobenzine........ 1.4 
Alcohol (ethyl)....... O.,OLd2C hloroform..\.<% oct <.c PAG) Ved tents shabet toytle Se MR 2.8 
bh (methyl)..... 0.02 4:Cod liver oil? .. 2/3... 1.3'7 | Petroleums2ee4 e282 6.0 
Aqueous ammonia... . Cottonseed oil (refined)'1.0 | Rosin oil............ 3.8 
very small | Creosote oil......... Biel Bile penma ols No cents as 1.8 
BEN ZONGe5 . 6, ays gai 6 5.8 | Ethyl acetate........ One Det allowsolletuctpsseie as 1.0 
Benzyl chloride. ..... A. Ash Ethyl ether. 5, ,0).p0h0,B 4 [ML OlUCNO: fc crv iorom seers 7.4 
PEStLUBOT) PAU cioe cere crete vane Dee ly CrABOlNG a cratre oie cya eV 40> |) burpentine., «ceo. 5.5 
Butyricacid.....verysmall | Glycerine........... O2 Obs Wexsvlenevernaerraie ak 6.3 
Carbon disulphide.... 8.6 | Linseed oil (raw)..... Tal 


DRIFT OF RUBBER.—Rubber supporting a constant load over long periods under- 
goes a slowly increasing deformation called drift. Drift is distinguished from permanent 
set in that it is a measure of the deformation while the force is acting, not after the force 
is removed. Relative drift for ¢ days of constant load for a sandwich either in shear or 
compression is (dt — dy)/do, where do = original deflection one minute after first appli- 
cation of load and d; = deflection ¢ days later. Relative drift depends, among other 
variables, on temperature, static load per unit area, operating media (oil and grease, which 
cause the rubber to deteriorate, appreciably change the drift), shape of rubber sample, etc. 
If the rubber sample is subjected to vibration, drift will be increased over that which 
would occur with purely static load. 

Shear Drift—The following are estimates of the approximate amount of drift to be 
expected under static loads causing 15% deflection in terms of sandwich thickness, after 
24 hours constant loading at 100° F.: 


Stopke NG. cst heen - bass 5140 5488 5638 5255 5691 
Drift percent: .o.... 2 5 8 12 15 


After one year, these values of relative drift show a proportional increase, ranging from 
20% for stock No. 5140 to 40% for stock No. 5691. That is, the deflection of stock 
No. 5140 used in shear to support a constant load corresponding to a 15% deflection will 
be, after one year, 15 X {1 + (20/100)} = 18%. 

Compression Drift——Under static loads giving 15% initial compression, the relative 
drift after 24 hr. constant loading at 100° I’. are approximately as follows: 


LOCKE OE t ctetememcenter ate cueretay seem aie ota ta 5140 5488 5638 
MVICDMMOLCOILUe erevars svercle esheets ree ens tis 2 4 8 
The proportional increase after a period of one year ranges from 12% for No. 5140 stock 
to about 35% for No. 5638 stock. After two years, the relative drifts are 25% for No. 
5140, 35% for No. 5488 and 50% for No. 5638. For rubber bushings, or rubber mount- 
ings, used under static loads and subject to continual vibration, stock No. 5140, from the 
standpoint of drift and vibration life, is better than the harder stocks. 


CARBON * 


Essentially pure carbon occurs in widely varied forms from the diamond which is 
white, transparent and extremely hard, to graphite which is black, opaque and unctuous. 
Lampblack, charcoal and coke are practically pure carbon except for certain mineral or 
volatile impurities. Coal contains a very high percentage of carbon as well as a variety 
of tarry hydrocarbons from which the numerous coal tar products are derived. The 
peculiar physical and chemical characteristics of carbon adapt it to many uses for which 
no other material is available. 

From a chemical standpoint carbon is very inactive, and resistant to most acids and 
other corrosive materials. It does not melt at incandescent temperatures, and the rate 
of oxidation is relatively slow. It can readily be formed in a variety of shapes during 
manufacturing operations, either in the initial plastic condition or by machining in solid 
form. In graphitic form, carbon is valuable as a lubricant where, because of temperature 
or other inhibiting factors, oil or grease lubrication is not feasible. The thermal conduc- 


* Compiled from data supplied by National Carbon Co., Cleveland. 
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‘Table 1.—Specific Heat of Carbon 
(National Carbon Co., Cleveland) 


Temp., deg. F..........---- 79-164 79-540 97-1656 | 117-2179 | 133-2610 
Specific heat, carbon....... 0.168 0.200 0.315 0.352 0.387 

. ¢s graphite...... 0.165 0.195 0.324 0.350 0.390 

ae ‘* diamond..... 0. 160 0.315 SAN Ding. f ola xeral erotelets ats 6 a/Qera <Iae |S acotrerNae iets 


Table 2.—Coefficient of Linear Expansion of Carbon per Degree F.* 
(National Carbon Co., Cleveland) 


68 to 


68 to 68 to 68 to 68 to 68 to 
Form of Carbon | 212° F, 662° F. | 752° F. | 1112° F.| 1472° F. | 1832° F. 
Carbon, coke base..... 0.0;83 3 i Ki eee seeerncal Sean o ai baansAcc 
Carbon, lampblack base} 0.0421 , ale PR Apna Pominodaal betas adi asc ecco 
Graphite, artificial 
From 14-in. electrode} 0.0410 | 0.0594 | 0.0411 |........ 0.0412 | 0.0413 | 0.0414 | 0.0414 
From 3-in. electrode. | 0.0555 | 0.0572 | 0.0583 |........ 0.0594 | 0.0411 0.0413 | 0.0414 
From I-in. electrode. | 0.0544 | 0.0555 | 0.0561 |........ 0.0578 | 0.0589 | 0.0411 0.0412 


* The subscript indicates the number of zeros following the decimal point; thus 0.0,21= 0.000021. 


tivity of carbon, especially non-graphitic, is low as compared with most metals, but high 
as compared with most other solid materials. Carbon is a good conductor of electricity, 
but of much higher electrical resistance than the metals. 

The applications of carbon include: Lighting carbons; carbon brushes for motors and 
generators; welding carbon products; carbon and graphite electrodes and anodes for 
electrochemical and electro-metallurgical industries; carbon Raschig rings, tubes, brick, 
tile and special structural shapes used in handling and processing acids and other corrosive 
materials; dry cells; switch and circuit breaker contacts; resistance discs; steam turbine 
packing; thrust rings for automobile clutches; back plates, diaphragms and granular 
carbon for telephones; anodes and grids for electronic devices; and, in the form of pure 
graphite powder, as a lubricant and a constituent of lubricating greases. 

PHYSICAL PROPERTIES.—The physical properties of carbon in its various forms 
are given below. 

Specific Gravity varies with the type of carbon and the method of manufacture as 
follows: Gas calcined coke carbon, 1.98—2.10*; gas calcined lampblack carbon, 1.80— 
1.85 *; graphitized coke carbon, 2.20—-2.24; graphitized lampblack carbon, 1.98—2.08; 
graphite, pure, 2.25; diamond, 3.51. 

Melting and Volatilization—Carbon volatilizes without melting at ordinary pressures, 
the volatilization point being 6629° F. 

Specific Heat of various forms of carbon at various temperatures is given in Table 1. 

Coefficient of Thermal Expansion of carbon in various forms is given in Table 2. 

Thermal Conductivity of carbon in B.t.u. per hr. per sq. ft. per deg. F. per in. thickness, 
is as follows: Electrographitic brush, 68-108° F., 84.187; natural graphite brush, 68— 
108° F., 113.217; coke electrode, 68—-108° F., 22.934; 108-644° F., 4.645; 644-1112° F., 
3.484; graphitized electrodes, 68—108° F., 165.471; 108-644° F., 1190.23; 644-1112° F., 
870.90. 

Electrical Resistivity in ohms per cubic centimeter at 20° C. is: Carbon, coke base, 
0.0035-—0.0046; carbon, lampblack base, 0.0046—0.0056; graphite, 0.0008—0.0013. 

Strength of carbon varies with the form as follows, values being given in pounds per 


square inch, Tensile Crushing Transverse 
Strength Strength Strength 

Carbon; coke. base... sarcseion eee 600-1250 2500-9000 1500-6000 

Graphite; artificial... ccaeseercei ere ee 700-1200 3000-4000 3000-5000 


ne CARBON BRUSHES are divided into six classes on the basis of composition, as 
ollows: 

Carbon.—Practically all amorphous carbon. 

Carbon-Graphite.—Amorphous carbon with a small percentage of graphite. 

Graphite-Carbon.—Amorphous carbon with a large percentage of graphite. 

Graphite.—Practically all graphite. 

Electro-graphitic.—Amorphous carbon, wholly or in part converted to graphite in the 
electric furnace. 

Metal-graphite.—Various proportions of metal and graphite. 

; Because of the wide range of operating conditions encountered and the many con- 
flicting demands of service, a great variety of brush grades are manufactured with a wide 
range of physical characteristics. For specific information on the application of various 
grades of brushes, the brush manufacturers should be consulted. 


* Depends on source, character of bond, and degree of calcination. 
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ELECTRODES.—Carbon and graphite electrodes are important in the production of 
abrasives, aluminum, iron, steel, alloys, and carbide in the electric furnace, and in the 
electrolytic production of chlorine, caustic soda and other products. For the same 
physical size, graphite electrodes cost more than carbon electrodes but have lower electri- 
cal resistivity. For equivalent current-carrying capacity, graphite electrodes are much 
smaller than carbon electrodes. 

Electrodes are made to specifications which vary somewhat with size, but, in general, 
are as follows: Permissible variation in diameter, +2%; permissible curvature, 1/2% of 
length, measured from the chord to are of the electrode; minimum apparent density, 
carbon electrodes, 1.45, graphite electrodes, 1.51; electrodes must not show signs of coring 
or laminations, and surface must be clean and free from pits and blowholes. 

Electrodes are made in many shapes and sizes. Round electrodes range from 1/1 in. 
diam. and 12 in. long, to 18 in. diam. and 72 in. long for graphite, and up to 40 in. diam. 
and 110 in. long for carbon. 

Electrode Applications.—Graphite electrodes are preferable to carbon for electrolytic 
operations. In electrothermic work, both carbon and graphite electrodes are used. 
Aluminum furnaces and carbide furnaces use carbon electrodes. Carbon electrodes are 
used for most ferroalloy furnaces with the exception of furnaces for ferrovanadium and 
some low-carbon steel alloys. Steel-making furnaces use both carbon and graphite elec- 
trodes, as do furnaces for making steel castings. Electric furnaces for gray iron castings 
use both carbon and graphite electrodes, the latter predominating. Furnaces for non- 
ferrous materials use graphite electrodes almost exclusively. In the abrasive industry, 
both types are used, carbon electrodes predominating, although only graphite electrodes 
can be used for abrasives of very light color. 

The principal factor governing choice of carbon or graphite electrodes is cost per ton 
of product. Where the electrodes are consumed slowly, as in the production of aluminum 
carbide and ferroalloys, carbon electrodes are preferred. Where the electrodes are con- 
sumed rapidly, as in iron and steel furnaces, graphite electrodes, which are but a little over 
half the size of the corresponding carbon electrodes for equivalent current-carrying 
capacity are preferable. The fact that in the steel and iron industry only about half as 
much graphite is used per ton of product offsets the higher cost of the carbon electrode. 
Graphite electrodes, because of their lighter weight for an equivalent current-carrying 
capacity, are more easily handled than carbon electrodes, control apparatus is more effec- 
tive and the supporting structure can”be made lighter. Further, the smaller size of the 
graphite electrode requires smaller ports in furnace walls and roofs with consequent less 
weakening of the structure. Many other factors enter into the correct choice of an elec- 
trode, and the manufacturer should be consulted in the selection of the electrode best 
suited to a given set of conditions. Table 3 gives current-carrying capacity of electrodes. 

Table 3.—Current-carrying Capacity of Carbon and Graphite Electrodes 
(National Carbon Co., Cleveland) 


Carbon Electrodes Graphite Electrodes 
ee caret | — SE Ca 
Ba Current- Current- ak Current- | Density, Current- sity 
Sg “Carrying | Area,| Carrying bee S Area, Carrying amperes Area, Carrying ease 
gs Capacity, |sq.in.| Capacity, per sq. in. Capacity, per |sq.in.| Capacity, per 
SR * amperes 5q. In. amperes | oq. in 
a ATE ee a ee ee | pe ee ae Ba 
Bea co Geel cee GS cnen nee BeceEne 3.1416} 600- 1,000] 200-320] 4 | 650- 1,000|160-250 
GRY C nol alle See Aeocog| pods boucoaanoorn naucer 4290870 > 800= 5175004) 1603.10) o.oo eile ole.<:0seie eleie|l 0 ocnielclers 
SS ae oe PS ao eee ee 7.0686] 1,200- 2,100] 170-300].....]......0.0e.eJeceeee 
Ae al | ae ee | Se ee 2 12.566 | 1,800- 3,000] 140-240] 16 | 1,900- 2,900 |120-180 
Syn) Coot IIPIS hoe ees booted ppopaacameon| emeeran 205629 |) 2:300=-4,100| T1O=200)) oo. cficicnceerere ne ss |nmee cere 
6 1,200- 1,700] 36 | 1,500- 2,200) 40-60 28.274 | 3,000— 4,300) 110-190} 36 | 3,800— 5,000 |100-140 
MITRE ee Sect acts rac oka She wifi ie'e tn winia:'a/a-if 0b: 5/01 38.485 | 4,000— 7,000) 110-180].....)...........-]....08. 
8 2,000- 3,000] 64 | 2,500- 3,800) 40-60 | 50.265 | 5,500- 9,000) 110-180} 64 | 6,500- 8,500 |100-130 
Ole pou ae nee 6 osu Eosed ieecgs aoetical animes 63.617 | 6,500-10,500} 100-170].....)..........--]..-.06% 
10 3,000- 4,800} 100 | 4,000- 6,090 40-60 | 78.540 | 8,500-12,500} 100-160 100 | 9,000-13,000} 90-130 
12 4,500- 6,800] 144 | 5,500- 8,500 40-60 1113.10 |11,500-17,000) 100-150)... ..)......-...0.Jeeeeee. 
14 5,400- 8,500] 196 | 6,800-10,800) 35-55 153.94 |15,000-21,500) 100-140]... ..]...........sfeveeees 
16 7,000-11,000} 256 | 9,000-14,000} 35-55 |201.06 |20,000-26,000) 100-130]. ....J..........2-Jeeeeeee 
17 7 SOO = 12.500 reetetelannielere esters cis SLeL Et ee nem oallas: cee aancogl lweccded| lataet| |. cea Rea Sree 
18 8,900-14,000}.....]........000- 35-55 1254.47 |26,000-30,000} 100-120).....)......0..... feces eee 

11,000-17,300 SS wn Le cayasiyeh Al inate avspetetarets fate eeotaset ovell chert el aRNS Mae. SEE, ave Milate 
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LIGHTING CARBONS.—The original commercial application of carbon on an exten- 
sive scale was in the electric arc lamp. The principal types of carbons now made to meet 
specific applications of the carbon arc are motion picture projector carbons, motion picture 
studio carbons, photographic carbons, both white flame and panchromatic, searchlight 
carbons, enclosed arc carbons for blue printing, etc., therapeutic carbons, and industrial 
carbons. The three basic types of carbon arcs are the low-intensity neutral cored carbon 
arcs, the flame arc, and the high intensity arc. The intrinsic brilliancy of these types of 
carbon ares in comparison with other light sources is given in Table 4. 

SPECTROSCOPIC CARBONS are artificial graphite electrodes of exceptional purity 
used for spectroscopic analysis. The ash content is below 0.001%. This slight trace of 
impurity defies identification by chemical analysis, and in some cases is too small to 
produce visible lines in the spectrum other than those of the element carbon itself. In 
some cases, however, faint lines of other elements as Si, Mg, Ca, Fe, Al, Cu or Ag may be 
visible. Never are all of these impurities found in the same electrode and usually only 
one or two, and these in very minute quantity. Copper appears to be the most prevalent 
impurity. Spectroscopic electrodes are available in 6 in. and 12 in. lengths and in diam- 
eters 3/36, 1/4, 5/16 and 3/g in. 

CHEMICAL CARBON PRODUCTS.—Carbon is immune to reaction with most of 
the products encountered in chemical manufacturing plants at the concentrations and 
temperatures ordinarily employed. It is unaffected by all acids, alkalies, and salt solu- 
tions, except hot concentrated solutions of highly oxidizing character. Further, because of 
its high thermal conductivity and low coefficient of expansion, carbon is highly resistant 
to thermal shock. Carbon Raschig rings, tubes, bricks, tile and special structural shapes 
are the forms in which it is most extensively used in the chemical industries. Table 5 
gives physical data on carbon Raschig rings. 

Carbon Bricks are made in the same forms as standard refractory brick, but to slightly 
different dimensions. The approximate dimensions and weights per 100 brick of the 


Table 4.—Intrinsic Brilliancy of Light Sources 
(National Carbon Co., Cleveland) 


Candle Power 


Light Source 
per sq. mm. 


Magnetite arc'xtream <iii dvcait a. «ob UhGith cash det WRo.% itt vile wales pees 6,2 
Flame are stream: <tsssa wcvy dase al idee -egcebaeh sere teem watlocdaavigsen © <aians 8.0 
900-watt, special tungsten filament, clear gas-filled bulb.................. meagan spas 26.6 
Positive crater of cored D.C. low-intensity carbon arc... .........0-e cece cece eceece 155-175 
Crater of A.C, high-intensity carbon arc....... Sh ME oatoe ec in alan steerer 280 
Positive crater of non-rotating D.C. high-intensity carbon arec..................-0- 380 
Positive crater of rotating D.C. high-intensity carbon arc............c0 ce cece euce 400-800 
Sum at senith 05 sc cers 0 ee ce oa deem beinede p ec aie nla me SBOE Sle cca cisi ele cee rele 920-950 


Table 5.—Dimensions and Specifications for Raschig Rings 
(National Carbon Co., Cleveland) 


i i Size N 
Specifications Size Number 


0 = ee 2 3 4 5 6 7 

Outside diameter, in,..........} a4 1/2 3/4 1 11/4 11/2 2 3 
Inside diameter, in.............) Vg 3/8 1/2 3/4 7/8 1 11/2 | 23/g 
Benge inns sanies bine herons W/4 1/2 3/4 1 11/4 11/2 i) 
Approximate number of rings per 

OUBECRIR Hartke & tha RAE 85,000 | 10,600 | 3,140 | 1,325 678 392 166 49 
Sq. ft. of absorption surface per 

bOO0 eitiga site.’ 58. SeueOek 2.50 | 10.75 24 43 67 96 172 388 
Sq. ft. of absorption surface per 

cu. ft. of tower space, F...... 212 114 75 57 45 37.5 28 
Pounds of rings per cu, ft. of = ? 

tower'spacelit,. dics... ait 46 27 34 27 31 34 
Minimum crushing strength Ha +3 

across diameter, lb........... 17 13 42 44 89 1 
Load on each bottom ring per 10 ee ae 

ft. of tower height, lb. (dry 

FINBA) ieee cnt be cree oteerontOe 0.25 0.56 1.6 PS 4.0 6.4 
Percent free gas space, J....... 55 74 67 |. 74 69 67 a4 "Te 
Sq. ft. absorption surface per cu. 

ft of free gas space (F + J).. 387 155 113 77 65 56 39 25 


Relative scrubbing capacity 
Cl) vernon eg hers eee 116 84 50 42 31 25 21 15 


‘ 
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various shapes are as follows: 9-in. straight, 9 X 41/2 X 21/9 in., 580 lb.; split, 9 X 
4 \/o X 11/16 in., 250 lb.; soap, 9 X 21/y X 2 1/16 in., 270 Ib.; No. 1 arch, 9 X 41/5 X 
(2 1/g-2 1/g) in., 540 lb.; No. 2 arch, 9 X 41/. (2 1/2-1 8/4) in., 495 lb.; No. 3 arch, 
9X 41/2 X (21/e-1) in., 405 lb.; No. 1 key, 9 X (4 1/2-4) X 2 1/9 in., 550 lb.; No. 2 
key, 9 X (4 1/2-3) X 21/e in., 520 lb.; No. 3 key, 9X (41/9-3) X 21/2 in., 490 Lass 
No. 1 wedge, 9 X 41/2 X (21/2-17/s) in., 510 Ib.; No. 2 wedge, 9X 41/, X (21/g-11/g) 
in., 470 lb. For illustrations showing the shape of these bricks, see Table 25, p. 5-13. 
Table 6 gives data on carbon bricks. 


Table 6.—Physical Characteristics of Standard Carbon Brick 
(National Carbon Co., Cleveland) 


a teale rep aR NE Mie SeenON felts hte ire wie MRS Ld BE. Pyeeaee Sars f 450-1250 lb per sq in. 
emuaning strengths. <s aa aeaetrd: dke ob cone iddarsien aces, shee Rb dhertet sh Me 2590-4000 lb. per sq. in. 
iba mavensa SUECH Gui ty. acpxaasin porte pres sir cles <pomak wuts oacecvebraStnade cnt 1500-2500 lb. per sq. in. 
Coefficient of thermal expansion per deg. F. (79-390° F.): 

BS CMNREN RT CONTEST Me sles cea EMA eee ORRE aace, Sohn dpatoen io cSuoRarcteatie he o teroeoe ee 0.000 090 889 

SURROACRESC Lavaca emetic es acta c cece s ectiee ctess MG Fie aeiegcos y seslastere ieee ea ere oee 0.000 002 22 
Thermal conductivity, average, up to 1250° F...... 46,448 B.t.u. per hr. per sq. ft. per in. per deg. F. 
Max. safe temperature under oxidizing conditions. .......... 0.00 bocce ca ccc ceuccccenccee 705° F. 
PE pAret Cengity, Average. ater <mh as, he. . LAURIER MITVERIS cre alg Od Ee, SL RE & 1.56 
PROT OALT UE LAD DEONIIN ABER 2. sy hiiera aa cic) Wie AEE we, cea SEs Eo sd seep He wats Ba «dm euclnns avelelanattio slo Res cu 25% 
NMP DeRiGU, tt, PODPORIMIMEENE VO Ee cio wel en on ee iGO oa ee File 51 owes on dyneintetennainrtce 100 lb. 
I EE CR Oe Od ear On oo con no bee amor onlsell MAUI oe 


Table 7.—Number of Carbon Brick Required to Form Various Circles 
(National Carbon Co., Cleveland) 
Trio 9-in. Arch Brick 9-in. Key Brick 9-in. Wedge Brick 
am beg pen eS Straight | Total oe po ao Straight | Total alte roe Straizht | Total 


eS Stee ee Rese phenee 19 
A eee Ge ae eee Benoa 23 
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WELDING CARBON PRODUCTS include carbon and graphite welding electrodes, 
carbon rods, plates. and paste. The latter are valuable aids in all classes of gas or electric 
welding operations. They are used for molds, cores and dams to restrict the flow of 
molten metal and to protect adjacent parts against excessive heating. They are of 
assistance in making vertical welds, in welding a break without dismantling the parts to be 
welded, in making forms for building up broken parts, and in supporting thin sections or 
light parts during welding. 

In all arc welding, arc stability is an important factor, both as regards speed and the 
quality of the weld. In carbon arc welding this stability is best preserved by maintaining 
a small point approximately 1/3 in. diameter at the tip of the electrode. Most economical 
operation will be obtained when conditions are so adjusted that the combined effect of 
surface oxidation and reduction in length of electrode tends to form a taper from this small 
tip to the full diameter of the electrode in a length of 6 to 8 times the diameter. Factors 
affecting the form of the electrode tip are type of electrode, current density in electrode, 
distance from holder to tip of electrode, period of continuous operation, and method of 
cooling electrode. The operator should seek to establish conditions which will maintain 
the long tapered point described above. The exact current which will maintain this point 
cannot be specified, as it depends, on many factors, but for average hand welding opera- 
tions it probably will be within the following range: 


Electrode diam., in...... Wg 3/1 We 4/16 3/8 Tie 1/2 5/g 3/4 Tg 1 
Welding current, amperes 

IIE ye) WONG chen SRR RTOS 0 25 50 80 110 140 170. 2380 « 290 350 400 

Midas fetrc tte stars. tte 3's ase 35 60 90 125 165 210 260 370 490 615 750 
Max. current density, am- 

peres per sq. in........ 2890 2200 1855 1650 1510 1420 1340 1220 1125 1035 965 


MISCELLANEOUS MATERIALS 


BRICKWORK.—Brickwork is estimated by the thousand. The number of bricks for 
various thicknesses of wall is as follows: 


Thiekness'of walloie-. es aeee ee eee Sif, ~~ TR8hy 17 21 1/ 
INtimiber Of bricks thick... ¢eciees ae 1 11/> 2 21/o 
No. of bricks per superficial foot........ 14 eal 28 35 


An ordinary brick is 8 1/4 X 4 X 2 in. = 66 cu. in. = 26.2 bricks per cu. ft. Its aver- 
age weight is 4 1/2 lb. 

Clay and Sand-lime Brick.—Table 1 gives the standard sizes of clay and sand-lime 
brick, and Table 2 the grades of brick according to strength. The compressive tests of 
Table 2 are made with a half-brick, flatwise, bedded in plaster-of-paris to provide an 
even bearing. The bending test is made with the brick flatwise, with the load applied at 
the middle of a 7-in. span. The average sand-lime brick is about equal in strength to a 
medium clay brick. 


Table 1.—Standard Sizes for Clay and Sand-lime Building Brick 
(A.8.T.M. Designations C62-30, C73-30) 


Standard Sizes, in. Permissible Variations, in. 


Types > 
sh Width | Length Length 
Common cisy: brick. ....3.60.s%0K 6s 33/4 | 8 1 
Rough-face clay brick............. 33/4 8 oe 
Smooth-face clay brick............ 37/8 8 
Band-limei brick san... se cee le 8 


Table 2.—Grades of Clay or Sand-lime Building Brick 
(A.8S.T.M. Designations C62-30, C73-30) 


Compressive Strength Modulus of Rupture 
‘ (bricks flatwise), (bricks flatwise), 
Name of Grade lb. per sq. in., mean gross area lb. per sq. in., gross area 
Mean of Individual Mean of Individual 
5 tests minimum 5 tests minimum 
Grade Avs ot suditecn sibrs sa Soe 4500 or over 3500 600 or over 400 
ras: B stius cteistensohs, Steck Meee 2500-4500 2000 450 or over 300 
Gra derG view nneeeh atte conto eee 1250-2500 1000 300 or over 200 


The above classifications are based on strength and do not necessarily measure weather resistance. 


ASBESTOS 
; Table 3—Measures and Weights of Miscellaneous Materials 
# Cu, ft. 
Material per Ton Lb. per Lb. per beara 
(2240 Ib.) ou. ft Bushel _|,.(3240 1b.) 
FuELs: 
Anthracite, broken! Gate on 34-41 55-66: VEEP. Bae 
Bituminous coal, broken§..... 41-45 50-55 70-76 | 29.47 
rial “ell 585 sald... adds 44.6 50.3. We eek oe ny 
Graronelet <2). <6. feteteces cas 123 18-18.5 20 100* 
Coke.. Pie a9 (ae Seg atneteeeteata Ss 83-100 22-27 35-42 31-37 
Semi-bituminous coal......... 40.3 53 80 
Fe ie ee re iy hwo va hg go ee pelle ae 
Eardevtecis.: ecsvc anaes rel x Sete ees 37-40 4ST wile be 2s eer 
ROR cccicte ya sarcpicat sv oR IPI | ec netiaat cae 45 DOTL a iseSacus ats 
(OER ELS SMe see Sarg nt i Sane a en 28-31 SOR igen Kits. cracas cies: 
TINGS sot OR RS Gee ee ae mere ieee earn 44-50 GOT oligo sustenance 
WERE G aera citiete ra wat metic: cialerre ties « < « 44-50 LSU a eal vlas Aerio eas 
Earrn, Erc.: 

; TB eee arn s-s gt onjsSicgeare’s treyae!ack 17 133) 4 Wl vcoetrewrcteee | ements 
maethrm panics ccc oo se 18 W240 ila Aiea, | oeeeentererete 
a a ee 27 83 So ae Pee eee 
Gravel sin bankscsecicos acs << 18 127 vo |e ar ee | Ma Cae 
SGTAVEl, Gry. c50 welts 5 «eye os 27 COMED Weteweiery POTS at 
Quarts; broken. <s).5..ch. cs «0 20* 1006 0) ice ee ee 
(Sais Ch a no oe 25 mae ea te | PSR OG as 

Orzs: i 
HO OWMEL a) «craic 2 cralele we © 0/ern ys) 14.6-5.3 VS2O7 374 || Saw waivers: || excrssvemets 

Mie ELCKAICOGILOS 3.15 o<% «cee 5.6 SOE ae pl Rawereustsiaveter all toute etesaete 

oe » J. ChalGOpyrites .o. ci<eres 7.6 ZOLA ft coleievscte cuelel || eveteustersteners 

uy CUPFite’. ciiejenis'e sie % eens 5.3 SLAM D ||| tehecscrtnecardh || wrenoreerete 

—_ malachite. > sins s0 cis. 8.2 LAS AB Mtl. 2 screeds, ll weeneacceisre 

| OGG pe OE ee sae 13* SSE Seas osteo nll weteceecrees 
EDIE S DY IIEOlsic.actereyesiele eeawe cies 6.3* SAGO SMa Valcrotccuaetsre ty mereienstssarcieee 
Behera thes case cia ss = o5 = 6.4* STC Same a | Meier ict care dllase onsets 

Pe MACTICHILE Ns eri orcic.c. cree 6.4* SF LAS b pees stevens aust Ml eeroarieetee 

RMP EIZTIOUITLO sloseie oi a8 s\atereree!s 8.4* DIG AO IME I ||. <p cesanerate ore Ml ecetevaitel ore hens 
Pee oat ater eorcts. a ae7s wlele ois Seaiee || IRE eb ll |) oe cocbode till dooce otes 
Mm FAL ETAD escsnscx atte wis! scissor e.sis0 4.4% aH DE PIL she oerscigets,e). ||| Maceieisicestt ae 
AVERT EANEBOM oyu o.c)0 010.» 6 os oiselo a Creed Sees be 2 OO coveore raustertece, “Il /eenteteonen tate 

. So leks BOG Oe BOC CRC OSeOe DOSS Oe SOS F— TOV Ml |||, “etarreotenetare [Nese otehere ent 

E PEAR Reng acheter oheione. alec. arevercie'e <0. env Fo —4 FT ate OO D—FL4' 0! |W csc acersaine’ || eatonteesoters 
PESTLE OT artsy vice oes sie) vw velo et CAST IAN || coe Rewcarscety | binfaree evens /ahere 
PAT ORP Te Ferd fare caxonelioxe ei elelen ts 16.0-5.6 (Gy Ect oie? iy le cmerceatall | ccomomoe et 

Sar: 
Syracuse, N. Y....... ZA gts | (een ICA 45 SOR Te iP ceteris 
IVR BIBI ATIC 351. cate eee aaa are 6 Se =. 3 61-64 76=80') alle menossin. 
_~~  * Per ton of 2000 lb. 
+ Per struck bushel. 
. t Standard bushel of American Charcoal Iron Worker’s Assoc. 
E § Bituminous coal runs about 1600 tons (2240 lb.) per acre, 1 ft. thick. 


15-25%. 


—_$<—___ 


C0 8109 Bleiee 


2688 


Ce IORI aC 


2150. 4+ 
2150. 4+ 
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Waste in mining is 


ASBESTOS.—The following analyses of asbestos are given by J. T. Donald, Eng. and 
Min. Jour., June 27, 1891: 


, Canadian 

4 Italian Broughton Templeton 
PLLC eveye rene taenicisierelisiiols) sXe\'e:0)'s.e 40.30% 40.57% 40.52% 
1M eva eso doc coe SeeoDe 43.37 41.50 42.05 

Z IPERLOUS OXICG).peetinrs fale o's foveie 0.87 2.9L 1.97 
SANINTIATIN Sone, crac otto) a) si'eie =) Moh 220 0.90 2.10 

1 Wieiberas mac) sev teletevoueve'e oe se 13.72 13050 13 .46 

100.53 99 .33 100.10 


Chemical analysis throws light upon an important point in connection with asbestos, 

_ 4.e., the cause of the harshness of the fiber of some varieties. Asbestos is principally a 
hydrous silicate of magnesia, 7.e., silicate of magnesia combined with water. When harsh 
fiber is analyzed it is found to contain less water than the soft fiber. In fiber of very fine 
quality from Black Lake, analysis showed 14.38% of water, while a harsh-fibered sample 
gave only 11.70%. If soft fiber be heated to a temperature that will drive off a portion 
of the combined water, there results a substance so brittle that it may be crumbled 
between thumb and finger. There is evidently a connection between the consistency of 


the fiber and the amount of water in its composition. 
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Asbestos Yarns are numbered according to the number of yards per pound. Thus 
No. 1 yarn contains 100 yd. per lb.; No. 2 yarn, 200 yd. per lb.; No. 10 yarn, 1000 yd. 
per lb., etc. In multi-ply yarns, the yardage multiplied by the number of plies gives the 
yarn number. A three-ply yarn, of 600 lb. per yd., is equivalent to 600 X 3 = 1800 yd. 
of single-ply No. 18 yarn, and is known as three-ply, No. 18. 

CEMENT.—Weighs from 90 to 118 lb. per cu. ft. The following are the legal 
commercial measures: 

Net Wt. per Barrel, lb. Net Wt. per Bag, Ib. 
WoOrtland (Cometic sin ctecto epaiereonerete © 376 94 
Natural Cement). wi. 2 ccc aces sree © 282 94 


ZIRCONIA.—Zirconia ore (84.1 Zr Oo; 7.74 Si O2; 3.10 Fee 03; 1.21 Ti Oo; 0.66 Als O3; 
loss on ignition 2.72) vitrifies slightly at 1830° C. (3326° F.). Mixed with different per- 
centages of clay and molded into cones it vitrifies at somewhat lower temperatures. A zir- 
conia brick containing 5% clay became plastic on its face at 1800° C. (272° F.). (H.Con- 
rad Meyer, Met. & Chem. Engg., vol. xii, No. 12, 1914; vol. xiii, No. 4, 1915; Circular of 
Foote Mineral Co., Philadelphia.) 
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FABRICATED MATERIALS 


PLATES, SHEETS, BARS, RODS AND SHAPES 


FORMULAS FOR WEIGHT OF PLATE STEEL.—Based on a unit weight of steel of 


0.284 lb. per cu. in., the weight of plate steel, either rectangular or circular, can be found 
by the formulas 


Rectangular plate, W = BX LX C; Circular plate, W = DX K 


where W = weight, lb.; B = width of plate, in.; Z = length of plate, in.; D = diameter 
of plate, in.; C and K = constants whose values are given in Table 1. 


Table 1.—Values of C and K 
T = thickness of plate, in, 
3/16 VW/4 5/16 3/3 7/16 W/o 9/16 5/8 3/4 7/8 1 
0.0533 0.0710 0.0888 0.1065 0.1243 0.142 0.160 0.178 0.215 0.2485 0.284 
0.0419 0.0558 0.0697 0.0839 0.0965 0.1122 0.1255 0.1394 0.1673 0.1952 0.2238 


WEIGHT OF COMMERCIAL PLATE AND SHEET.—Table 3 gives the weight of 
plate iron, in thicknesses up to lin. Table 3 can be used for steel, by adding 2% to the 
values given for iron. Table 4 gives the weight of rectangular sections of steel, and 
Table 5 the cross-sectional areas of the sections given in Table 4. 

- Non-ferrous Sheet and Plate.—Tables 6 to 10 and 14 give the weight of plate and 
sheet of brass and zinc. Approximate weights of plate and sheet of other metals can be 
found by the application of the data in Table 2. For data on aluminum plates, see p. 6-08. 

BARS, RODS AND SHAPES.—Table 2 gives constants by which the weight of bars, 
rods, plates, tubes and spheres of various materials can be calculated. The table is based 
on the following formulas: 4 

Notation.—b = breadth; t = thickness; s = side of square; D = external diameter; 
d = internal diameter, all in inches. v = volume of 1 ft. length, cu. in., w = weight, 
lb. per cu. in. 

Square Bars.—Sectional area = s?; volume of 1 ft. length = » = 12s?; weight = 
wX »v. 

Round Bars.—Sectional area = 0.7854 D?; volume of 1 ft. length = v = 9.4248 D?; 
weight of 1 foot length = w X v = w X 9.4248 D?. 

Flats.—Sectional area = bt; volume of 1 ft. length = » = 12bt; weight of 1 ft. length 
= wy = 12 wht. 

Tubes.—Sectional area = 0.7854 (D? — d?) = 3.1416 (Dt — 7”); volume of 1 ft. 

(Continued on p. 6-08) 


Table 2.— Weight of Rods, Bars, Plates, Tubes and Spheres of Various Materials 


Weight 
Weight | of Plates} Weight | Weight | Weight] Relative) Weight | Weight 
‘ Specific] per lin. |perft.of| per ft. per | Weight.| perft.of| of 
Material Gravity] cu. ft., | Thick, | Square | of Flat | cu.in., |Wrought} Round |Spheres, 
Ib. per |Bars,lb.|Bars,lb.} Ib. Iron= 1 | Rod, lb. lb. 
sq. ft.,Ib. 
32 X bt X ibe All| WOES 
ORSEMLOU icles ors 5.0 - 7.218} 450. Bee 3 1/3 31/g |0.2604 15/16 2.454 0.1363 
Wrought iron.......| 7.7 480. 40, 31/3 31/3 PRES ihe 2.618 1455 
(Sian tit aus Soe Se 7.854] 489.6 40.8 3.4 3.4 SEEN ebay 2.670 . 1484 
Pepper CE eal 8.855] 552. 46. 3.833 | 3.833 | .3195 | 1.15 | 3.011 | .1673 
(copper and tin) 
Brase{CUS5, —}) 8,393] 523.2] 43.6 | 3.633 | 3.633 | 3029] 1:09 | 2.854 | 1586 
Monel metal, rolled..| 8.95 | 558. 46.5 3.87 3.87 7o25 lee 3.043 . 1691 
120 beeres.rrcae ORIOICIOONG 11.38} 70936 59.1 4,93 4.93 .4106 | 1.48 3.870 .2150 
Aluminum......... 2.67 | 166.5 ey 1.16 1S .0963 | 0.347 0.908 .0504 
KGEIGBS) Cras nic eevogsets sts 2.62 | 163.4 13.6 1.13 Dyl3' 0945 | 0.34 0.891 0495 
' Pine wood nryictere se 0.481; 30.0 Ae) 0.21 0.21 .0174 1/16 0.164 .0091 
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1/16 


1/g 


WEIGHT OF STEEL 


Table 4— Weights of Rectangular Sections—Steel 


3/16 


Pounds per lineal foot—For iron multiply by 0.98 


1/4 


5/16 


3/8 


7/16 


Thickness, in. 


1/9 


9/16 


5/8 


11/16 


6-05 


3/4 


13/16 


7/8 


15/16 


0.053 
-106 
159 
213) 


-266) 
319) 
372 
425 


478) 
531 
584) 
.638 


-691 
744 
797; 
+850 


-903 
-956 
1.000 
1.063; 


1.116 
1.169 
1.222 
1.275 


1.328) 
1.381 
1.434 
1.488 


1.541 
1.594 
1.647 
1.700 


1.753 
1.806) 
1.859 
1.913 


1.966 
2.019) 
2.072 
2.125 


2.231 
2.338 
2.444 
2.550 


2.660 
2.760 
2.870 
2.980) 


3.080 
3.190 
3.290 
3.400 


3.510 
3.610 
3.720 
3.830 


3.930 
4.040 


9 |4.140 


4,250 


0.106 
.213 
colt) 
-425 


531 
-638 
744 
850 


-956 
1.063 
1.169 
1.275 


1.381 
1.488 
1.594 
1.700 


1.806 
1.913 
2.019 
2.125 


2.231 
2.338 
2.444 
2.550 


2.656 
2.763 
2.869 
2.975 


3.081 
3.188 
3.294 
3.400 


3,506 
3.613 
3.719 
3.825 


3.931 
4.038 
4.144 
4,250 


4.463 
4.675 
4.888 
5.100 


5.310 
5.530 
5.740 
5.950 


6.160 
6.380 
6.590 
6.800 


7.010 
7.230 
7.440 
7.650 


7.860 
8.080 
8.290 
8,500 


0.159 
319 
478 
-638 


197 
-956 
1.116 
1.275 


1.434 
1.594 


1.753 
1.913 


2.072 
2.231 
2.391 
2.550 


2.709 
2.869 
3.028 
3.188 


3.347 
3.506 
3.666 
3.825 


3.984 
4.144 
4.303 
4.463 


4.622 
4.781 
4.94] 
5.100 


5.259 
5.419 
5.578 
5.738 


5.897 
6.056 
6.216 
6.375 


6.694 
7.013 
7.331 
7.650 


7.970 
8.290 
8.610 
8.930 


9.240 

9.560 

9.880 
10.20 


10.52 
10.84 
11.16 
11.48 


11.79 
12.11 
12.43 
12.75 


0.213 
425 
-638 
-850 


1.063 
1.275 
1.488 
1.700 


1.913 
2.125 
2.338 
2.550 


2.763 
2.975 
3.188 
3.400 


3.613 
3.825 
4.038 
4.250 


4.463 
4.675 
4.888 
5.100 


5.313 
5.525 
5.738 
5.950 


6.163 
6.375 
6.588 
6.800 
7.013 
7.225 
7.438 


7.650| 


7.863 
8.075 
8.288 
8.500 


8.925 

9.359 

SES 
10.20 


19.63 
11.05 
11.48 
11.90 


12.33 
12.75 
13.18 
13.60 


14.03 
14.45 
14.88 
15.30 


15.73 
16.15 
16.58 
17.00 


0.266 
531 
797 

1.063 


1.328 
1.594 
1.859 
2.125 


2.391 
2.656 
2.922 
3.188 


3.453 
3.719 
3.984 
4.250 


4.516 
4.781 
5.047 
5.313 


5.578 
5.844 
6.109 
6.375 
6.641 
6.906 
7.172 
7.438 


7.703 
7.969 
8.234 
8.500 


8.766 
9.031 
9.297 
9.563 


9.828 
10.09 
10.36 
10.63 


11.16 
11.69 
12.22 
12.75 


13.28 
13.81 
14.34 
14.88 


15.41 
15.94 
16.47 
17.00 


17.53 
18.06 
18.59 
19.13 


19.66 
20.19 
20.72 
21.25 


0.319 
-638 
-956 

1.275 


1.594 
1.913 
2.231 
2.550 


2.869 
3.188 
3.506 
3.825 


4.144 
4.463 
4.781 
5.100 


5.419 
5.738 
6.056 
6.375 
6.694 
7.013 
7.331 
7.650 


7.969 
8.288 
8.606 
8.925 


9.244 

9.563 

9.881 
10.20 


10.52 
10.84 
11.16 
11.48 


11.79 
12.11 
12.43 
12.75 


13.39 
14.03 
14.66 
15.30 


15.94 
16.58 
17.21 
17.85 


18.49 
19.13 
19.76 
20.40 


21.04 
21.68 
22.31 
22.95 


23.59 
24.23 
24.86 
25.50 


0.372 

744 
1.116 
1.488 


1.859 
2.231 
2.603 
2.975 


3.347 
3.719 
4.091 
4.463 


4.834 
5.206 
5.578 
5.950 


6.322 
6.694 
7.066 
7.438 


7.809 
8.181 
8.553 
8.925 


9.297 

9.669 
10.04 
10.41 


40.78 
11.16 
11.53 
11.90 


12.27 
12.64 
13.02 
13.39 


13.76 
14.13 
14.50 
14.88 


15.62 
16.36 
17.11 
17.85 


18.59 
19.34 
20.03 
20.83 


21.57 
22.31 
23.05 
23.80 


24.54 
25.29 
26.03 
26.78 


27.52 
28.26 
29.01 
29.75 


0.425 

-850 
1.275 
1.700 


2.125 
2.550 
2.975 
3.400 


3.825 
4.259 
4.675 
5.100 


5.525 
5.950 
6.375 
6.800 


7.225 
7.650 
8.075 
8.500 


8.925 

9.350 

9.775 
10.20 


10.63 
11.05 
11.48 
11.90 


12.33 
12.75 
13.18 
13,60- 


14.03 
14.45 
14.88 
15.30 


15.73 
16.15 
16.58 
17.00 


17.85 
18.70 
19.55 
20.40 


21.25 
22.10 
22.95 
23.80 


24.65 
25.50 
26.35 
27.20 


28.05 
28.90 
29.75 
30.60 


31.45 
32.30 
33-)5 
34.00 


0.478 

-956 
1.434 
1.913 


2.391 
2.869 
3.347 
3.825 


4.303 
4.781 
5.259 
5.738 


6.216 
6.694 
7.172 
7.650 


8.128 
8.606 
9.084 
9.563 


10.04 
10.52 
11.00 
11.48 


11.95 
12.43 
12.91 
13.39 


13.87 
14.34 
14.82 
15.30 


15.78 
16.26 
16.73 
17.21 


17.69 
18.17 
18.65 
19.13 


20.08 
21.04 
21.99 
22.95 


23.91 
24.86 
25.82 
26.78 


27.73 
23.69 
29.64 
30.60 


31.56 
32.51 
33.47 
34.43 


35.38 
36.34 
37.29 
38.25 


0.531 
1.063 
1.594 
2.125 


2.656 
3.188 
“3,719 
4.250 


4.781 
5.313 
5.844 
6.375 


6.906 
7.438 
7.969 
8.500 


9.031 

9.563 
10.09 
10.63 


11.16 
11.69 
12.22 
12.75 


13.28 
13.81 
14.34 
14.88 


15.41 
15.94 
16.47 
17.00 


17.53 
18.06 
18.59 
19.13 


19.66 
20.19 
20.72 
21.25 


22.31 
23,38 
24.44 
25.50 


26.56 
27.63 
28.69 
29.75 


30.81 
31.88 
32.94 
34.00 


35.06 
36.13 
37.19 
38.25 


39.31 
40.38 
41.44 
42.50 


0.584 
1.169 
1.753 
2.338 


2.922 
3.506 
4.091 
4.675 


5.259 
5.844 
6.428 
7.013 


7.597 
8.181 
8.766 
9.350 


9.934 
10.52 
11.10 
11.69 


12.27 
12.86 
13.44 
14.03 


14.61 
15.19 
15.78 
16.36 


16.95 
17.53 
18.12 
18.70 


19.28 
19.87 
20.45 
21.04 


21.62 
22.21 
22.79 
23.38 


24.54 
25.71 
26.88 
28.05 


29.20 
30.40 
31.60 
32.70 


33.90 
35.10 
36.20 
37.40 


38.60 
39.70 
40.90 
42.10 


43.20 
44.40 
45.60 
46.80 


0.638 
1.275 
1.913 
2.550 


3.188 
3.825 
4.463 
5.100 


5.738 
6.375 
7.013 
7.650 


8.288 

8.925 

9.563 
10.20 


10.84 
11.48 
12.11 
12.75 


13.39 
14.03 
14.66 
15.30 


15.94 
16.58 
17.21 
17.85 


18.49 
19.13 
19.76 
20.40 


21.04 
21.68 
22.31 
22.95 


23.59 
24.23 
24.85 
25.50 


26.78 
28.05 
29.33 
30.00 


31.90 
33.20 
34.40 
35.70 


37.00 
38.30 
39.50 
40.80 


42.10 
43.40 
44.60 
45.90 


47.20 
48.50 
49.70 
51.00 


0.691 
1.381 
2.072 
2.763 


3.453 
4.144 
4.834 
5.525 


6.216 
6.906 
7.597 
8.288 


8.978 

9.669 
10.36 
11.05 


11.74 
12.43 
13.12 
13 81 


14.50 
15.19 
15.88 
16.58 


17.27 
17.96 
18.65 
19.34 


20.03 
20.72 
21.41 
22.10 


22.79 
23.48 
24.17 
24.86 


25.55 
26.24 
26.93 
27.63 


29.01 
39.39 
31.77 
33.15 
34.50 
35.90 
37.30 
38.70 


40.10 
41.40 
42.80 
44.20 


45.60 
47.00 
43,30 
49.70 


51.10 
52.50 
53.90 
55.30 


0.744 
1.488 
2.231 
2.975 


3.719 
4.463 
5.206 
5.950 


6.694 
7.438 
8.181 
8.925 


9.669 
10.41 
11.16 
11.90 


12.64 
13.39 
14.13 
14.88 


15.62 
16,36 
17.11 
17.85 


18.59 
19.34 
20.08 
20.83 


21.57 
22.31 
23.06 
23.80 


24.54 
25.29 
26.03 
26.78 


27.52 
28.26 
29.01 
29.75 


31.24 
32.73 
34.21 
35.70 
37.20 
38.70 
40.20 
41.70 


43.10 
44.60 
46.10 
47.60 


49.10 
50.60 
52.10 
53.60 


55.02 
56.59 
58.00 
59.50 


0.797 
1.594 
2.391 
3.188 
3.984 
4.78 
5.578 
6.375 


7.172) 
7.969 
8.766 
9.563) 


10.36 
11.16 
11.95 
12.75 


13.55 
14.34 
15.14 
15.94 


16.73 
17.53 
18.33 
19.13 


19.92 
20.72 
21.52 
22.31 


23.11 
23.91 
24.79 
25.50 
26.30 
27.09 
27.89 
28.69 


29.48 


30.28 |5 


31.08 
31.88 
33.47 
35.06 
35.66 
38.25 
39.80 
41.40 
43.00 
44.60 
46.20 


47.80 


49.40 |52. 


51.00 


52.60 
54.20 
55.80 
57.40 


59.00 
60.60 
62.20 
63.80 


6-06 


FABRICATED MATERIALS 


Table 5.—Cross-sectional Areas of Rectangular Sections, Square Inches 


1/8 


3/16 


1/4 


5/16 


3/8 


0.031 
.063 
094 
125 


-156 
-188 
219 
-250) 


.281 
313 
344 
375 


-406 
438 
469 
500 


531 
563 
594 
+625 


656 
-688 
719 
750 


781 
813 
844 
875 


-906 
-938 
-969 
1.000 


1.031 
1,063 
1.094 
1,125 


1.156 
1.188 
1.219 
1,250 
1.313 
1.375 
1.438 
1,500 


1.563 
1.625 
1.688 
1.750 


1.813 
1.875 
1.938 
2.000 


2.063 
2.125 
2.188 
2.250 


2.313 
2.375 
2.438 
2.500 


0.047 
.094 
141 
-188 


.234 
-281 
328 
375 


422 
-469 
516 
563 


-609 
-656 
.703 
750 
797 
844 
891 
-938 


-984 
1.031 
1.078 
1,125 


1.172 
1.219 
1.266 
1,313 
1.359 
1.406 
1.453 
1.500 


1.547 
1,594 
1.641 
1,688 


1.734 
1.781 
1,828 
1.875 


1.969 
2.063 
2.156 
2.250 


2.344 
2.438 
2.531 
2.625 


2.719 
2.813 
2.906 
3.000 


3,094 
3.188 
3,281 
3,375 


3.469 
3.563 
3.656 
3.750 


0.063 
2125 
-188 
.250 


313 
375 
438 
500 


563 
-625 
-688 
750 
813 
875 
.938 
1,000 
1.063 
1.125 
1.188 
1,250 


1.313 
1.375 
1.438 
1.500 


1.563 
1.625 
1,688 
1.750 


1.813 
1.875 
1.938 
2.000 


2.063 
2.125 
2.188 
2.250 


2.313 
2.375 
2.438 
2.500 


2.625 
2.750 
2.875 
3,000 


3.125 
3.250 
3.375 
3,500 


3,625 
3.750 
3.875 
4.000 


4.125 
4.250 
4.375 
4.500 


4.625 
4.750 
4.875 
5.000 


0.078 
156 
.234 
313 


391 
469 
547 
-625 


.703 
-781 
-859 
-938 


1.016 
1.094 
1.172 
1.250 
1.328 
1.406 
1.484 
1.563 
1.641 
1.719 
1.797 
1.875 


1.953 
2.031 
2.109 
2.188 


2.266 
2.344 
2.422 
2.500 


2.578 
2.656 
2.734 
2.813 


2.891 
2.969 
3.047 
3.125 
3.281 
3.438 
3.594 
3.750 


3.906 
4.063 
4.219 
4.375 


4.531 
4.688 
4.844 
5.000 


5.156 
5.313 
5.469 
5.625 


5.781 
5.938 
6.094 
6.250 


0.094 
-188 
.281 
375 


469 
563 
656 
750 


844 
-938 
1.031 
1.125 


1.219 
1.313 
1.406 
1.500 
1.594 
1.688 
1.781 
1.875 


1.969 
2.063 
2.156 
2.250 


2.344 
2.438 
2.531 
2.625 


2.719 
2.813 
2.906 
3.000 


3.094 
3,188 
3.281 
3.375 


3.469 
3.563 
3.656 
3.750 


3.938 
4.125 
4.313 
4.500 


4.688 
4.875 
5.063 
5,250 


5.438 
5.625 
5.813 
6,000 


6.188 
6.375 
6.563 
6.750 
6.938 
7.125 
7.313 
7.500 


Thickness, in. 


7/16 | 1/2 | 9/16 | 5/8 | 14/16 


3/4 


13/16] 7/3 | 15/16| 1 


0.109 
219 
328 
438 


547 
-656 
.766 
875 


-984 
1.094 
1.203 
1,313 


1.422 
1.531 
1.641 
1.750 
1.859 
1.969 
2.078 
2.188 


2.297 
2.406 
2.516 
2.625 


2.734 
2.844 
2.953 
3.063 


3.172 
3.281 
3.391 
3.500 


3.609 
3.719 
3.828 
3.938 


4.047 
4.156 
4.266 
4.375 


4,594 
4.813 
5.031 
5.250 


5.469 
5.688 
5.906 
6.125 


6.344 
6.563 
6.781 
7.000 


7.219 
7.438 
7.656 
7.875 
8.094 
8.313 
8.531 


0.125 
-250 
375 
-500 
-625 
.750 
875 

1,000 


1.125 
1.250 
1.375 
1.500 


1.625 
1.750 
1.875 
2.000 


2.125 
2.250 
2.375 
2,500 


2.625 
2.750 
2.875 
3.000 


3.125 
3.250 
3.375 
3.500 


3.625 
3.750 
3.875 
4.000 


4.125 
4.250 
4.375 
4,500 
4.625 
4.750 
4.875 
5,000 


5.250 
5.500 
5.750 
6,000 


6.250 
6,500 
6.750 
7,000 


7.250 
7.500 
7.750 
8.000 
8.250 
8.500 
8.750 


0.141 
.281 
422 
563 


.703 
-844 
-984 
1,125 


1.266 
1.406 
1.547 
1.688 


1.828 
1.969 
2.109 
2.250 


2.391 
2.531 
2.672 
2.813 


2.953 
3.094 
3.234 
3.375 


3.516 
3.656 
3.797 
3.938 


4.078 
4.219 
4.359 
4.500 


4.641 
4.781 
4.922 
5.063 


5.203 
5.344 
5.484 
5.625 


5.906 
6.188 
6.469 
6.750 


7,031 
7.313 
7.594 
7.875 


8.156 
8.438 
8.719 
9.000 
9.281 
9.563 
9.844 


9,000) 10.13 


9.250} 10.41 
9.500} 10.69 
9.750) 10.97 
8.750} 10.00 {11.25 


0.156 
313 
469 
625 


781 
-938 
1.094 
1,250 


1.406 
1.563 
1.719 
1.875 


2.031 
2.188 
2.344 
2.500 


2.656 
2.813 
2.969 
3.125 


3.281 
3.438 
3.594 
3.750 
3.906 
4.063 
4.219 
4.375 


4.531 
4.688 
4.844 
5.000 


5.156 
5.313 
5.469 
5.625 


5.781 
5.938 
6.094 
6.250 


6.563 
6.875 
7.188 
7.500 


7.813 
8.125 
8.438 
8.750 


9.063 

9.375 

9.688 
10.00 
10.31 
10.63 
10.94 
11.25 


11.56 
11.88 
12.19 
12.50 


0.172 
344 
516 
-688 
859 

1.031 

1.203 

1.375 

1.547 

1.719 

1.891 

2.063 


2.234 
2.406 
2.578 
2.750 


2.922 
3.094 
3.266 
3.438 


3.609 
3.781 
3.953 
4,125 
4.297 
4.469 
4.641 
4.813 


4.984 
5.156 
5.328 
5.500 


5.672 
5.844 
6.016 
6.188 


6.359 
6.531 
6.703 
6.875 


7.219 
7.563 
7.906 
8.250 


8.594 
8.938 
9.281 
9.625 


9.969 
10.31 
10.66 
11.00 


11.34 
11.69 
12.03 
12.38 


12.72 
13.06 
13.41 
13.75 


0.188) 0.203) 0.219 


345 
563 
750 


-938 
1.125 
1.313 
1.500 


1.688 
1.875 
2.063 
2.250 


2.438 
2.625 
2.813 
3.000 


3.188 
3.375 
3.563 
3.750 


3.938 
4.125 
4.313 
4.500 


4.688 
4.875 
5.063 
5.250 


5.438 
5.625 
5.813 
6,000 


6.188 
6.375 
6.563 
6.750 


6.938 
7.125 
7.313 
7.500 


7.875 
8.250 
8.625 
9.000 


9.375 

9.750 
10.13 
10.50 


10.88 
11.25 
11.63 
12.00 


12.38 
12.75 
13.13 
13,50 


13.88 
14.25 
14.63 
15.00 


-406) 
.609 
-813 


1.016 
1.219 
1.422) 
1.625 


1.828) 
2.031 
2.234 
2.438) 


2.641 
2.844 
3.047 
3.250) 
3.453 
3.656 
3.859 
4.063 
4.266) 
4.469 


4.672 
4.875 


5.078 
5.281 
5.484 
5.688 


5.891 
6.094 
6.297 
6.500 


6.703) 
6.906 
7.109 
7.313 


7.516 
7.719 
7.922 
8.125) 


8.531 
8.938 
9.344) 
9.750) 


10.16 
10.56 
10.97 
11.38 


11.78 
12.19 
12.59 
13.00 
13.41 
13.81 
14.22 


14.63 


15.03 
15.44 
15.84 
16.25 


438 
-656 
875 


1.094 
1.313 
1.531 
1.750 


1.969 
2.188 
2.406 
2.625 


2.844 
3.063 
3.281 
3.500 


3.719 
3.938 
4.156 
4.375 


4.594 
4.813 
5.031 
5.250 


5.469 
5.688 
5.906 
6.125 


6.344 
6.563 
6.781 
7,000 


7.219 
7.438 
7.656 
7.875 


8.094 
8.313 
8.531 
8.750 


9.188 


0.234 
469 
-703 
-938 


1.172 
1.406 
1.641 
1.875 


2.109 
2.344 
2.578 
2.813 


3.047 
3.281 
3.516 
3.750 


3.984 
4.219 
4.453 
4.688 


4.922 
5.156 
5.391 
5.625 


5.859 
6.094 
6.328 
6.563 


6.797 
7.031 
7.266 
7.500 
7.734 
7.969 
8.203 
8,438 
8.672 
8.906 
9.141 
9.375 


9.844 


9.625) 10.31 


10.06 
10.50 


10.94 
11.38 
11.81 
12.25 


12.69 
13.13 
13.56 
14.00 


14.44 
14.88 
15.31 
15.75 


16.19 
16.63 
17.06 
17.50 


10.78 
11.25 


11.72 
12.19 
12.66 
13.13 


13.59 
14.06 
14.53 
15.00 


15.47 
15.94 
16.41 
16.88 


17.34 
17.81 
18,28 
18.75 


0.250 
-500 
750 

1,000 


1.250 
1.500 
1.750 _ 
2.000 


2.250 
2.500 
2.750 
3.000 


3.250 
3.500 
3.750 
4.000 


4.250 
4.500 
4.750 
5.000 


5.250 
5.500 
5.750 
6,000 


6.250 
6.500 
6.750 
7.000 


7.250 
7.500 
7.750 
8,000 


8.250 
8.500 
8.750 . 
9.000 


9.250 

9.500 

9.750 
10.00 


10.50 
11.00 
11.50 
12.00 


12.50 
13.00 
13.50 
14.00 


14.50 
15.00 
15.50 
16.00 
16.50 
17.00 
17.50 
18.00 
18.50 
19.00 
19.50 


20.00 
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6-08 FABRICATED MATERIALS 


(Continued from p. 6-03.) 
length = v = 9.4248 (D2 — d?) = 37.699 (Dit — #); weight of 1 ft. length = wy = 
9.4248 w(D? — d?) = 37.699 w(Dt — #2). Inusing Table 2 for tubes, multiply the coeffi- 
cient for round rods by (D? — d?) or by 4(Dt — #*). 

Spheres.— Weight of sphere = 0.5236 wD#; for hollow spheres multiply the coefficient 
for spheres in Table 2 by (D* — d?). 

Hexagons.—To find weight of hexagonal bar multiply the weight of square bars by 
0.866 (short diameter of hexagon = side of square). 

Octagons.—To find weight of octagonal bar, multiply the weight of square bar by 
0.8284 (short diameter of octagon = side of square). 

COMMERCIAL RODS AND BARS.—Tables 15 and 16 give the weights and areas 
of commercial square, round and hexagonal steel bars. Tables 11,17, 18 and 19 give the 
weights of non-ferrous rods and bars. 


Table 7.— Weight of Copper Sheets 
(Revere Copper & Brass Co., Rome, N. Y.) 
Thickness in Inches. Weight in Pounds per Square Foot. 


Thick.| Wt. | Thick.| Wt. | Thick.| Wt. |Thick.| Wt. |Thick.| Wt. [| Thick.| Wt. 


0.001 | 0.046 | 0.005 | 0.232 | 0.009 | 0.417 | 0.040 | 1.854 | 0.080 | 3.709 | 0.300 | 13.91 
. 002 . 093 006 . 278 .010 - 463 .050 | 2.318 .090 | 4.173 -400 | 18.547 
. 003 Boe, . 007 .324 .020 .927 .060 | 2.78 .100 | 4.637 -500 | 23.184 
004 185 . 008 371 .030 | 1.391 .070 | 3.245 200 P2738 Fs. os ee So 


Table 8—Weight of Everdur Plates and Sheets 
(American Brass Co., Waterbury, Conn.) 


Table 9.— Weight of Everdur Flats 
(American Brass Co., Waterbury, Conn.) 
Width, inv. 2... 


Thickness, in. Lb. per Lineal Foot 
1/4 0.918 1. 836 2.754 3.672 5.508 
3/8 IRE Yar 2.754 4.131 5.508 8.262 
1/9 1.836 3.672 5.508 7.344 11.016 


8.262 11.016 16.524 
11.016 14.688 


Table 10.—Weight of Aluminum Plates or Sheets.* 
(Aluminum Company of America, Pittsburgh) 


B.&S.) Thick- E hick- 

Gage | ness, pore. pees Lb. per 
No. in. in. in. No. ine sq. ft. 
0000 |0.4600 | 6. 0.1285 | 1.81 19 {0.0359 | 0.506 | 30 (0.001 | 0.141 
000 | .4096 | 5.77 1144] 1.61 20 | .0320] .450| 31 | .0089| 126 
00 | .3648 | 5.14 1019 | 1.44 21 | .0285 | .401] 32 | .0080|] -113 
0 | .3249 | 4.58 0907 | 1.28 22 | .0253 | .357 | 33 | .0071 | -100 

1 | 2893 | 4.08 "0808 | 1.14 23 | 0226} .318| 34 | .0063| ‘osss 

Nb 9576.) 02.85 0720 | 1.01 24 | .0201| .283| 35 | .0056| ‘0790 

3 | ,2994) 3.33 0641 | 0.903 | 25 | .0179] 2521 36 0950 | 0704 

4 | .2043 | 2.88 0571 | .804]} 26 | 0159} .225] 37 | 0045 | 0627 

5 | .1819 | 2.56 .0508 | .716} 27 | .0142} .200| 38 | .00401 ‘0558 

6 | .1620 | 2.28 0453 | 1638] 28 | .0126| 178} 39 0035 | .0497 

7 | .1443 | 2.03 0403 | 568 | 29 | .0113 | .159 | 40 | 0031 | ‘o4a2 


* For weights of aluminum sheets heavier than those shown in this table, see Table 11. 
For other data on aluminum see pages 4—25 to 4—49. 
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Table 11.—Weight of Bar or Sheet Aluminum (Sp. Gr. 2.68) 


(Aluminum Co. of America, Pittsburgh) 


moe oO = a 7 a 

igs Wael hi it. og Pe Pl erat | aes fy |f@e 

Peete |e Piece Wied ot rime hee [Bo ag |g# 

eof ga= |e. [ee iad] 244/82 |82 iss] gfe /eo fet 

BRA Soe | ers | SS lSS4| Sad | B25 | 22 5[/S28| 855) 55/22 5 
& aa) jee teaaasl|| (==[piinae |S lei ae ill mesa IF Bar an 2 go e738 
1/16 0.8803 | 0.005 | 0.004 8/4 10.564 | 0.659 | 0.518 1 7/ig | 29.24 2.423 | 1.903 
V/g 1.7607 018 014 18/16} 11.444 774 608 | 1 1/9 PAI pea bs 2.638 2.072 
3/16 2.6411 041 032 7/8 12.325 898 795 3 1 9/16 2,009 | 2.862 | 2.248 
1/4 CVS ra hy 073 058 15/16] 13.205 | 1.030 809 | 1 5/g 22.889 | 3.096 2.431 
5/16 4.4019 115 090 {1 14.086 | 1.17 921 | 1 11/y6] 23.770 | 3.339 2.622 
3/g 5.2822 o165 129 | 1 1/yg | 14.966 | 1,324 | 1.039 | 1 3/4 24.650 | 3.590 2.820 
7/16 6.1626 224 176 | 11/8 15.846 | 1.484 | 1,165 | 1 13/y6| 25.530 | 3.852 | 3,025 
1/g 7.0430 293 230 | 18/16 | 16.727 | 1.653 | 1.298 | 17/g 26.411 | 4.122 | 3.237 
9/16 7.9234 371 291 p 41/4 17.607 | 1.832 | 1.439 | 1 15/yg} 27.291 | 4.401 3,457 
5/g 8 8037 458 | .360 | 15/1g| 18.487 | 2.019 | 1.586 28.172 | 4.690 | 3.683 

2 1.74 


Table 12.—Dimensions and Weights of Corrugated Aluminum Sheets 
Nominal pitch, 21/2 in. Depth of corrugation, d, 3/4 in. 


be -------—- N--------- 5 i 
1 lecrst ! 
Gy r yh ' ! 
2 a ke SS —c—----—~- Te — 
at. Wn Lond ee ee CT pate Sie = oe = 
geticd elie Sidine Sheet 
al 
«Tet SE ae ee: 2 pe le. ; 
9 3 oS at ee nll bene Total Weight of One Sheet in Pounds 
16) al og ag ro a] & n = = ee Por Various Standard Lengths 
3.o| 3S 18S lea] a] rR me feed sect a 
-S/ BS | 8S |S 4) ol o/h [Peles 
3 %| SF Shs Sart a SAIS Als S| 5 ft.) 6 ft.) 7 ft. | 8 ft. | 9 ft. |10 ft. 11 £6.)12 fb. 
STANDARD ROOFING 
OE DE 24 2.67|3 6 14 |[2.46|1.09)12. 29/14. 75)17. 20/19. 65)22. 12/24. 58)27. 04/29. 50 
OR 27 24 2.67/3 6 16 |1.95/0. 87|_9.74]11. 69/13. 64/15.59)17. 53}19, 49)21. 43/23. 38 
OM 27. 24 2.67|3 6 18 |1.55)0.67| 7.75) 9.30/10, 86/12. 40)13.92/15,50)17.05/18. 69 
9 27 24 2.67/3 6 | 20 |1.24/0.55) 6.17) 7.40) 8.64) 9.86/11. 10/12. 35/13.57/14.81 
Oy 27 24 2.67) 3 6 | 22 |0.98/0.43] 4.89} 5.87| 6.85] 7.83) 8.81] 9.78)10.77|11.75 
STANDARD SIDING 
9 | 251/g| 24 2.66| 11/2] 4 14° |2.34/1.09/11.68]14.01]16.35/18.69/21.02/23. 36/25. 69/28. 03 
9 | 251/g| 24 2.66} 11/2] 4 16 |1. 86/0. 87) 9.28/11. 14)12.99}14. 85/16. 70) 18.56/20. 42)22. 28 
9 | 25 1/g| 24 2.66] 11/2! 4 18 |1.47/0.67] 7.34] 8.83/10.30)11. 75/13. 22|14.69)16. 16117. 62 
9 | 251/2| 24 2.66) 11/9) 4 | 20 }1.17}0.55) 5.85) 7.04) 8.21] 9.38)10.56/11.73/12.90/14.08 
9 | 25 1/9 | 24 2.66) 11/9] 4 | 22 |0.93/0.43} 4.66] 5.59] 6.52] 7.52} 8.37} 9.30}10.23/11.16 
Extra Wrpr Roorine 
14 | 40 1/4 | 37 1/g |2.67/3 6 14 |3.69/1.09]18. 45/22. 13/25. 65/29. 54/33. 23/36. 92/40. 62/44. 31 
14 | 40 1/4 | 37 1/2 |2.67|3 6 16 |2.93/0. 87} 14.65)17.54/20. 40/23. 42/26. 35/29. 27/32. 20/35. 13 
14 | 401/4| 37 1/2 |2.67)3 6 18 |2.33/0. 67/11. 63) 13.95/16. 28]18. 60/20. 93}23. 26/25. 58)27.91 
14 | 4011/4 | 37 1/2 |2.67)3 6 | 20 |1.85/0.55|} 9.23]/11.08)12.92/14. 76) 16.62) 18. 45)20.31)22. 15 
14 | 401/4| 37 1/2 |2.67|3 6 | 22 11.47)0.43] 7.34] 8.81|10.28)11. 75/13. 22)14.69]16. 16}17.63 
. Extra WIDE SIDING 
14 | 38 3/4 | 37 1/2 |2. 66] 11/9] 4 14 |3.58]1.09]17. 80/22.01/25.06/28. 64/32. 22/35. 80/39. 38/42. 96 
14 | 383/4| 371/2 |2.66} 11/2} 4 16 |2.85]0. 87/14. 23/17.08]19. 92/22. 77/25. 61/28. 46/31. 31/34. 15 
14 | 38 3/4] 371/2}2.66) 11/2} 4 18 |2. 25/0. 67/11. 27/13. 53}15. 78/18. 03/20. 29/22. 54/24. 80/27.05 
14 | 3838/4 | 371/2|2.66)1 1/2} 4 | 20 |1.80)0.55 8.98/10. 77}12. 57/14. 36/16. 16)17.95)19. 75)21.54 
14 | 383/4| 371/o|2.66/11/o| 4 | 22 |1.43)0.43) 7.14] 8.57/10. 00/11. 42/12. 85/14. 28)15.71 17.14 


Table 13.—Safe Uniformly Distributed Load on 2 1/9-inch Corrugated Sheet 
43 3/4-H Aluminum Alloy 


Gage Thickness, Safe Loads for Various Span Lengths, lb. per sq. ft. 

B. & 8. in. 24 in. 30 in. 36 in. 42 in. 48 in. | 54in. | 60in. | 66in. | 72 in. 
14 0.064 346 222 154 113 86 68 D5 46 33 
16 .051 276 177 123 90 69 5D 44 36 31 
18 .040 217 139 96 71 54 43 35 28 24 
20 032 173 111 77 56 43 34 28 23 19 


135 87 60 44 34 27 22 18 15 


.025 
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Thickness, in 


Wt. per sq. ft., lb 


Thickni 


Wt. per sq. ft., lb 
Thickness, in 
Wt. per aq. ft., Ib 


ess, in 


Table 14. 
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0.004 
0.150 
0.024 
0.90 

9.060 
2.24 


Approximate Weight of Sheet Zinc 


0,014) | 0.016))|/ 0018) |e ee 5 
05524 10.3990 0. 6250 ners ° 
0.040 | 0.045 | 0.050 |....... 
1.50 1,68 187 Weert 
0.100 | 0.125 | 0.250 | 0.375 
4.68 9.35 |14.03 


Table 15.— Weights and Areas of Square and Round Steel Bars 


Steel = 489.6 lb. per cu. ft. 


Weight, lb. 
per ft. 


Round! 


Square 


Area, sq. in. 


Square 


Tron = 480 Ib. per cu. ft. 
in table by 0.98 


Weight, lb. 
per ft. 
Square | Round|Square| Round 


Area, sq. in. 


0.0039 
0156 
0352 
0625 
0977 
. 1406 
1914 


3164 
.3906 
4727 
5625 
6602 
.7656 
.8789 
.0000 
. 1289 
. 2656 
.4102 
5625 
.7227 
. 8906 


2.4414 
2.6406 
2.8477 
3.0625 
32852 
3.5156 
3.7539 
4.0000 
4.2539 
4.5156 
4.7852 
5.0625 
5.3477 
5.6406 
5.9414 
6.2500 
6.5664 
6.8906 
7.2227 
7.5625 
7.9102 
8.2656 
23.04 |8.6289 


2500} . 


Round 
0.0031 31.89 
.0123]31/g | 33.20 
0276} 3 3/16 | 34.54 
0491 35.91 
0767 37.31 
1105 38.73 
1503 40.18 
1963 41.65 
2485 43.15 
3068 44.68 
3712 46.23 
4418 47.81 
5185 49.42 
6013 51.05 
.6903 52.71 
.7854 54.40 
8866 56.11 
-9940 57.85 
1.1075 59.62 
1.2272 61.41 
1.3530 63.23 
1.4849 65.08 
1.6230 66.95 
1.7671 68,85 
1.9175 70.78 
2.0739 72.73 
2.2365 74.71 
2.4053 76.71 
2.5802 78.74 
2.7612 80.80 
2.9483 82.89 
3.1416 85.00 
3.3410 87.14 
3.5466 89.30 
3.7583 91.49 
3.9761 93.71 
4.2000 95.96 
4, 4301 98.23 
4.6664 100.53 
4.9087 102.85 
5.1572 105.20 
5.4119155/g 107.58 
5.6727] 5 11/16/109.98 
5.9396] 5 3/4 1112.41 
6.2126} 5 13/46)114.87 
6.491815 7/g {117.35 
6.7771} 5 15/16|119.86 


25.05 
26.08 
27.13 
28.21 
29.30 
30.42 
31.55 
32.71 
33.89 
35.09 
36.31 
37.55 
38.81 
40.10 
41.40 
42.73 
44.07 
45.44 
46.83 
48.23 
49.66 
51.11 
52.58 
54.07 
55.59 
57.12 
58.67 
60.25 
61.85 
63.46 
65.10 
66.76 
68.44 
70.14 
71.86 
73.60 
75.36 
77.15 
78.95 
80.78 
82.62 
84,49 
86.38 
88.29 
90.22 
92.17 


94.14 


30 .600/24 033} 9.000} 7.0686 


9.379) 7.366 
9.766) 7.670 
10.160} 7.980 
10.563} 8.296 
10.973] 8.618 
11.391} 8.946 
11.816] 9.281 
12.250} 9.621 
12.691} 9.968 
13.141/10.321 
13.598) 10.680 
14.063} 11.045 
14.535}11.416 
15.016}11.793 
15.504}12.177 
16.000) 12.566 
16.504) 12.962 
17.016) 13.364 
17.535}13.772 
18.063|14.186 
18,598] 14.607 
19.141}15.033 
19.691}15.466 
20.250} 15.904 
20.816/16.349 
21 .391/16.800 
21.973) 17.257 
22.563) 17.721 
23.160}18.190 
23.766} 18.665 
24 379/19. 147 
25 .000}19.635 
25 .629/20.129 
26. 266|20.629 
26.910)21.135 
27 563/21 648 
28 223/22. 166 
28 .891)22.691 
29 .566|23.221 
30. 250|23 .758 
30 .941/24.301 
31.641|24.850 
32.348) 25 406 
33 .063]25 .967 
33.785 
34,516 
35.254 


27.109 
27.688 


26.535 


per 


ft. 
Round 


For weight of iron bars, multiply values 


Area, sq. in. 


Square 


Round 


267 .80 
275.40 
283.10 
290.91 
298 . 83 
306.85 
314.98 
323.21 
S155 


340.00 
348.55 
357.21 
365.98 
374.85 
383 .83 
392.91 
402.10 
411.40 
420.80 
430.31 
439 93 
449.65 
459.48 
469.41 
479.45 


96.13 
100.18 
104.31 
108 .53 
112.82 
117.20 
121.67 
126.22 
130.85 
135.56 
140.36 
145.24 
150.21 
155.26 
160.39 
165.67 
170.90 
176.28 
181.75 
187.30 
192.93 
198.65 
204.45 
210.33 
216.30 
222.35 
228.48 
234.70 
241.00 
247 38 
253.85 
260.40 
267 .04 
273.75 


280.55 
287.44 
294.41 
301.46 
308.59 
315.81 
323.11 
330.50 
337.97 
345.51 
353.16 
360.88 
368.68 
376.55 


_|489.60 


384.53 


36.000 
37.516 
39.063 
40.641 
42.250 
43.891 
45 563 
47.266 
49.000 
50.766 
52.563 
54.39] 
56.250 
58.141 
60.063 
62.016 
64.000 
66.016 
68 .063 
70.141 
72.250 
74.391 
76.563 
78.766 
81.000 
83.266 
85.563 
87.89] 
90.250 
92.641 
95.063 
97.516 
100.000 
102.52 
105.06 
107.64 
110.25 
112.89 
115.56 
118.27 
121.00 
123.77 
126.56 
129.39 
132.25 
135.14 
138.06 
141.02 
144.00 


28.274 
29.465 
30.680 
31.919 
33.183 
34.472 
35.785 
37.122 
38.485 
39.871 
41.282 
42.718 
44.179 
45.664 
47.173 
48.707 
50.265 
51.849 
53.456 
55.088 
56.745 
58.426 
60.132 
61.862 
63.617 
65.397 
67.201 
69.029 
70.882 
72.760 
74.662 
76.589 
78.540 
80.516 
82.516 
84.541 
86.590 
88.664 
90.763 
92.886 
95.033 
97.205 
99.402 
101.62 
103.87 
106.14 
108.43 
110.75 
113.10 
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Table 16.—Weights and Areas of Hexagon Steel 
Short Weight Short Weight Short Weight 


Diam., per ft., Area, Diam., er ft., Area, : Area, 
in, Ib. Sain | in | i. Sain | Pin | te” | Sate 
1/16 0.0115 0.0034 1Wig | 3.3316 | 0.9776 | 31/9 | 36.1528} 10.6082, 
3/32 0259 .0076 11/g 3.7351 1.0960 3 ef 38.7828 1 3759 
1/g 0461 0135 1 3/16 4.1616 1.2211 3 3/4 41,5034 | 12.1782 
5/39 0721 0211 11/4 4.6114 1.3531 37/g 44.3141 | 13.0030 
3/16 . 1037 0304 15/16 5.0841 1.4918 4 47.2188 | 13.8553 
7/32 .1412 0414 1 3/g 5.5797 1.6373 41/g 50.2174] 14.7351 
1/4 . 1845 0541 1 7/16 6.0987 1.7895 41/4 53.3062 | 15.6415 
9/39 . 2334 . 0685 1 1/, 6.6401 1.9484 43/8 56.4889 | 16.5734 
5/16 . 2882 . 0846 1 9/16 7.2053 2.1142 41/o 59.7618 | 17.5358 
11/39 3487 . 1023 1 5/g 7.7930 2. 2867 45/3 63.1287 | 18.5237 
3/g 4150 .1218 1l/jg | 8.4040 2.4660 43/4 66.5895 | 19,5392 
18/39 4871 1429 13/4 9.0383 2.6521 47/8 70.1367 | 20.5800 
7/16 5649 . 1658 113/16 | 9.6955 2.8449 5 73.7817 | 21.6496 
15/39 6485 . 1903 17/g 10.3757 3.0445 51/g 77.5168 | 22.7455 
1/p .7378 2165 1 15/jg | 11.0787 3, 2508 51/4 81.3458 | 23.8691 
17/39 8329 2444 2 11,8051 3. 4639 53/8 85.2651 | 25.0191 
9/16 9317 . 2740 2Wyg | 12.5544 3.6838 51/9 89.2745 | 26.1956 
19/39 1.0404 3053 21/g 13.3269 3.9105 5 5/g 93.3779 | 27.3996 
5/g 1.1529 3383 23/1g | 14.1224 4.1439 5 3/4 97.5752 | 28.6312 
21/39 1.2710 3729 24 14.9408 4.3841 57/g | 101.866 29, 8904 
11/16 1.3949 . 4093 25/1g | 15.7822 4.6309 6 106.244 31.1749 
23/39 1.5246 4474 23/g 16.6468 4.8846 61/4 | 115.285 33, 8278 
3/4 1.6601 . 4871 27/yg | 17.5347 5.1452 61/2 | 124.690 36. 5876 
25/39 1. 8013 5286 21/2 18.4452 5.4123 63/4 | 134.468 39. 4565 
13/16 1.9483 STi 25/g | 20.3361 5.9672 7 144.614 42. 4336 
27/39 2.1011 6165 23/g | 22.3190 6.5490 71/2 | 166.010 48.7118 
7/3 2.2596 . 6630 27/g | 24.3940 7.1579 8 188.879 55.4222 
29/39 2.4238 Sify. 3 26.5614 7.7938 9 239.051 70.1441 
15/16 2.5939 7611 31/g | 28.8209 8.4568 | 10 295.127 86, 5982 
31/39 2.7697 8127 31g | 31.1728 9.1470 | 11 357.102 | 104.7834 

2.9513 8660 33/g | 33.6168 9.8641 | 12 424.991 | 124.7041 
Table 17.— Weight per Foot of Brass Rods, Pounds.* 
(Revere Copper & Brass Co., Rome, N. Y.) 
In. Round Square In. Round Square Square 
1/16 0.6113 0.0144 5/3 1.132 1.441 9.006 
1/g 0453 0576 21/39 1,247 1.587 9.741 
5/39 0707 0898 11/16 1,369 1.744 10.50 

3/16 .1019 1297 23/39 1.496 1.907 11.30 
7/32 . 1386 .1769 3/4 1.630 2.075 per2 
1/4 1811 . 2306 13/16 1.913 2.435 12.97 
9/32 .2291 .2912 7/3 2.218 2.824 13.85 
5/16 2829 3602 15/16 2.546 3.242 14.76 
11/39 3423 4364 1 2.897 3.689 16.66 
3/g .4074 .5188 11/16 3.271 4.164 18.68 
13/59 “4780 6079 11/3 3.667 4.669 20.81 
7/16 5546 7061 1 3/16 4.086 5.202 23.06 
15/39 6364 8112 11/4 4.527 5.764 25.42 
1/p 7243 9222 15/16 4.991 6.355 27.90 
17/32 8175 1.040 13/g 5.478 6.974 30.49 
9/16 9167 1.167 17/16 5.987 7.623 33. 20 
19/29 1,021 1,301 11/5 6.519 hel ed beta octal ea eiee we ae ee 

* Weight per cubic inch = 0.3074 lb. Specific gravity = 8. 
Table 18.— Weight of Everdur Round and Hexagon Rods 
(American Brass Co., Waterbury, Conn.) 
Diam.,* Lb. per ft. era: Lb. per ft. Diam.,* Lb. per ft. 
in. Round Hexagon in. Round Hexagon in. Round Hexagon 

1/6 BH L0U.1 30m tenet 1/o 0.7212 0.7950 11/4 4,506 4.969 

1/g NOGS 17 -,|rnnereaeee 9/16 LOS Milt, eens 11/2 6.489 7p 65 

3/16 SOT SMe [are tere bo 5/3 ea7 1.242 13/4 8.832 9.739 

1/4 1803 0.1986 11/16 HES6Si Mikio: epee 2 11.536 12.720 

5/16 2816 .3107 3/4 1.622 1.789 21/4 T4R00F tae et 

3/3 ~4054 4471 7/3 252.0 Sybetle sahara Bet 21/2 19025;, ORR 

7/16 eh a Bl canes l 2.884 3.180 Hee eS loan suedens 


* Across flats of Hexagon. 
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Table 19.— Weight per Foot of Copper Rods, Pounds 
(Revere Copper & Brass Co., Rome, N. Y.) 


Round Square Square 


0.0603 . 002 5 5 40.75 
2412 . 281 : : 47,27 
. 5426 .65 : ; 54.26 
. 9646 Z 12 3 4 : 61.73 
507 . 68 e ¢ 69.69 
. 170 .34 3 : 78.13 
954 .09 : ; 87.06 
. 858 94 ; : 96.46 
. 883 . 88 : 3 106.3 
.029 92 5 : 116.7 
PEP .05 z : 127.6 
681 ae 


For weight of octagon rod, multiply weight of round rod by 1.084. 
For weight of hexagon rod, multiply weight of round rod by 1.12. 
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Fic. 1. Channel Fie. 2. Car Channel Fra. 3. I-Beam Fie. 4. H-Beam 


STRUCTURAL SECTIONS.—Tables 20 to 26 give dimensions and properties of alumi- 
num structural shapes. For similar data on steel structural shapes see pp. 17-47 to 17-80. 


Table 20.—Dimensions and Properties of Aluminum Channels 
Maximum, intermediate and minimum sizes and weights 
(Aluminum Co. of America) 


aie yao eT Axis XX * AxisYY* | Rivet Data 

@ |3cl35|8.| 24 1, | s 1,| 8 j 
eA 6.3.8 | os o8 an ’ Dy Tr, , a) rT, %1g &, u, 
Ba|sec|85|es|S¢| * Ai) fe) St sue Vane |) Galant fel Be in. | in, 
3 | 1.410 | 1.46 [0.170 | 1.21/0.170/0.27|0.10| 13/4| 1.66] 1.10|1.17|0.20|0.20|0.40|0.44| 1/9] 7/s| 1/4 
“ 11.498 | 1.78 | .258 | 1.47] .170| .27| .10/ 13/4] 1.85| 1.24[1.12] .25| .23] .41| .44] 1/1 7/s| 1/4 
« | 1.596 | 2.13 | .356 | 1.76] .170| .27| 10] 13/4 2.07| 1.38/1.08] .31| .27| .42| .46| 1/91 7/s| 1/4 
4 | 1.580 | 1.90] .180 | 1.57] .180| .28] .11] 23/4] 3.83| 1.921.56| .32) .28} .45| .46| 1/ol1 (5/16 
“| 1.467 | 2.22 | .247 | 1.84| .180| .28] 11] 23/4] 4.19| 2.10/1.51] .37| 31] .45| .45| ol (5/46 
“| 1.720 | 2.58 | .320 | 2.13] .180| .28| 11] 23/4] 4.58| 2.29|1.47| .43| .34] _45| .46| 1/ol1 (5/46 
5 | 1.750 | 2.38 | .190 | 1.97| .190] .29| -11| 33/4] 7.49| 3.00|1.95| .48| .38] .49| .48| 1/911 1/15/46 
“ | 1.885 | 3.20 | .325 | 2.64] .190] .29] 11] 33/4] 8.90| 3.56/1.83] .63| .45| .49| .48] 1/9) 1 1/s15/16 
«| 2.032 | 4.09 | .472 | 3.38] .190| .29| 11] 38/4] 10.43] 4.17|1.76| .81) .53] .49| 51] 1/91 1 1/915/3¢ 
6 | 1.920 | 2.91 | .200 | 2.40] -200| :30] :12| 41/2) 13.12] 4.37|2.34] .69| .49] _54] 51) 5/gl 1 1/15/46 
«| 2.034 | 3.73 | .314 | 3.09] 200] 30] 12) 41/o| 15.18] 5.06/2.22| .87| .56| .53| .50| 5/s/11/s| 3/e 
“| 2.090 | 3.47 | -210 | 2.87| 210] 31] .13| 51/9] 21.27] 6.08/2.72| .97| .63| .58| .54| 5/s| 11/4] 3/g 
7 | 2.110 | 3.64 | -230 | 3.01] <210} -31] .13] 51/2] 21.84] 6.24]2.69|1.01] .64| 58] -54| 5/8] 1 1/4I7/16 
“ | 2.299 | 5.24 | .419 | 4.33] -210| 31] .13] 51/2] 27.24] 7.78|2.51|1.38] .78| .56| .53) 5/s| 1 1/al7/s6 
2.509 | 7.02 | .629 | 5.80| 210 .31| .13| 51/9] 33.25] 9.50|2.39|1.83| .95| .56| .58 5/s| 11/17/36 
8 | 2.260 | 4-08 | -220 | 3.38] 220] °32] 13] 61/4] 32.57| 8.14)3.11|1.32) .78| .63) .57| 8/4 18/s) 3/g 
«| 2.343 | 4.89 | .303 | 4-04] 220] 32] .13] 61/4] 36.11] 9.03[2.99]1.53] .85] -61] 55] 3/4|18/s| 3/g 
2.619 | 7.56 | .579 | 6.25] 220] .32| .13| 61/4] 47.89/11.97|2.77|2.22|1.09| .60| .59| 3/4| 1 1/ol7/19 
9 | 2.430 | 4.74 | .230 | 3.91} .230] 133] .14] 71/4] 47.68|10.60|3.49|1.75]0.96] 67] -60] 3/4] 1 8/g\7/16 
“| 2.485 | 5.34] .285 | 4.41] .230] .33) 114] 7 1/4} 51.02]11.34]3.40|1.93]1.01] .66] 59] 3/4| 1 3/aI7/16 
2.812 | 8.90 | .612 | 7.35] .230] .33| .14| 71/4] 70.89]15.75|3.11|2.94|1.34| .63| .61| 3/4] 11/o| 1/5 
10 | 2.600 | 5.43] .240 | 4.49] 240] .34] 114) 81/4) 67.37|13.47)3.87|2.28|1.16| .71| .63| 3/4| 1 1/9]7/16 
“| 2.739 | 7.11 | .379 | 5.88| .240] .34] 114] 81/4} 78.95|15.793.66]2.81]1.32| .69| .61) 3/4] 1 1/9)7/16 
3.033 |10.67 | .673 | 8.82} .240| .34] .14) 8 1/4|103.45|20.69/3.43]3.95|1.66| .67| .65| 3/4] 13/4l 1/a 
12 | 2.940 | 7.33 .280 | 6.06] .280] .38] .17| 10 |128.96|21.49/4.61|3.87|1.73] .80| .70| 7/s| 1 8/4| 1/2 
“| 3,047 | 8.89 | .387 | 7.35] .280] .38] .17|10 — |144.37|24.06|4.43|4.47|1.89| .78| .67| 7/s| 1 3/4\ 1/2 
3.292 |12.45 | 632 |10.291 .280| .38|_.17| 10 _|179.65|29.94]4.18|5 8212.24 751 69] 7/sl2 | 5/g 


* I = moment of inertia; S = section modulus; r = radius of gyration; % = distance to neutral axis, 
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Table 21.—Dimensions and Properties of Aluminum Car Channels 
(Aluminum Co. of America) 


* I = moment of inertia; S = section modulus: r = radius of gyration; x = distance to neutral axis. 


Table 22.—Dimensions and Properties of Aluminum I-beams 
(Aluminum Co. of America) 


; L Dimensions, in. : f Rivetin, 
8 - = | @ See Fig. 3 Axis XX * Axis YY * Data, a 
adigs:/38/8. d : 
espas-S| 2S | sa] go Tans: be AVS 
Pome sea | ea ee AL) ee lie) tins wate : ay Y 

3 | 2.330 | 2.02 | 0.170 | 1.67 |0.170|0.27/0.10| 13/4} 2.52) 1.68]1.23] 0.46] 0.39] 0.52| 3/g| 3/415/46 

ie fecal ZS 251 1.91 | .170) .27) .10) 13/4) 2.71) 1.80)1.19} .51] .42) 52] 3/g 3/4|5/16 

“ 12.509 | 2.67] .349| 2.21 | .170) .27] .10/138/4) 2.93] 1.95/1.15] .59] 47] .52] 3/1 8/415/16 

4 | 2.660 | 2.72] .190 | 2.25] .190} .29] .11/23/4| 6.06] 3.03/1.64| 76] .57| 58) 1/9] 3/415/16 

“ | 2.723 | 3.03} .253 | 2.50 | .190| .29] .11/23/4] 6.40] 3.20/1.60/ .82) 61] .57] 1/9] 3/415/1¢ 

~ N2.096>| 3.38 -326 | 2.79 | .190} .29] .11)23/4} 6.79) 3.39/1.56) .90] .65] 57] 1/o}. 2/4)5/16 

“ | 2.870 | 3.74] .400 | 3.09} .190} .29) .11/23/4] 7.18) 3.59/1.52/ .99] 69] .571 1/9] 3/4/5/16 

5 | 3.000 | 3.53 -210 | 2.92 | .210} .31} .13}31/ 2) 12.26] 4.90]/2.05) 1.21] .81] .64] 1/9! 7/s| 3/g 

13.137 | 4.36 -347 | 3.60 | .2i0) .31} .13)31/9| 13.69) 5.48/1.95) 1.41] .90) .63/ 1/9] 7/g| 3/8 

pares ees | 525 -494 | 4.34] .210} .31) .13}31/9] 15.22] 6.69)1.87] 1.66) 1.01] .62] 1/9] 7/g| 3/g 

6 | 3.330 | 4.43 -230 | 3.66 | .230) .33} .14) 41/9] 22.08) 7.36/2.46] 1.82] 1.09] .71} 5/g| 1 3/8 

So lnor443: | 5225 -343 | 4.34 | .230}) .33} .14) 41/9} 24.11} 8.04/2.36} 2.04] 1.19] .69] 5/3) 1 3/3 

Sei 3.205) ‘6233 -465 | 5.07 | .230] ~33] .14) 41/9} 26.31] 8.77/2.28] 2.31] 1.30) .68) 5/3} 1 3/g 

7 | 3.660 | 5.42 -250 | 4.48 | .250) .35) .15/51/4) 36.69}10.48/2.86| 2.63) 1.44) .77| 5/g]11/g! 3/g 

Coll WE a7 BS) 6.23 -345 | 5.15 | .250} .35] .15|5 1/4) 39.40/11.26)2.77| 2.88) 1.53) .75| 5/3) 11/g] 3/g 

paleo Go0 Uh -450 | 5.88 | .250) .35) .15) 51/4) 42.40}12.12/2.69) 3.17] 1.64} .73) 5/g!11/g| 3/3 

8 | 4.000 | 6.53 -270 | 5.40 | .270| .37| .16}61/4) 57.55)14.39)3.27) 3.73] 1.86] .83) 3/4) 11/s!7/16 

“| 4.079 | 7.30] .349} 6.03} .270]-.37] .16/61/4| 60.92/15.23/3.18| 3.99] 1.95] 81] 3/4 1 1/s|7/16 

“| 4.71 | 8.19 | .441 | 6.77 | .270| .37| .16] 61/4) 64.85/16.21/3.10| 4.31] 2.07] .80} 3/4 11/g|7/16 

ale 2O2, 907 -532 | 7.49 | .270) .37| .16)61/4| 68.73)17.18|3.03]} 4.66) 2.19} .79) 3/4) 11/g] 1/9 

9 | 4.330 | 7.72] .290| 6.38 | .290] .39| .17/7 | 85.90]19.09/3.67| 5.09] 2.35] .89| 3/4] 11/4] 1/9 

“| 4.437] 8.89 | .397| 7.35] .290| .39] .17/7 | 92.40/20.53/3.55| 5.54] 2.50] .87| 3/4] 11/4] 1/2 

1 4.60! | 10.68 561 8.82 | .290| .39) .17|7 102,.36}22.75|3.41) 6.30) 2.74) .85) 8/4) 11/4] 1/9 

10 | 4.660 | 9.01 ~310) |) 7.45) | 2310) .41) 319),8 123 .39|24.68/4.07| 6.78) 2.91] .95) 3/4} 1 3/g} 1/9 
“| 4.797 | 10.67 -447 | 8.82 | .310) .41) .19/8 134.81}26.96)3.91| 7.50} 3.13) .92) 3/4) 13/g! 1/2 
“1 4.944 | 12.45 -594 | 10.29 | .310) .41) .19)8 147.0629 .41/3.78] 8.36) 3.38} .90) 3/4) 13/g| 1/2 
12 | 5.000 | 11.31 | .350 | 9.35 | .350] .45] .21| 9 3/4/218.13/36.35/4.83] 9.35] 3.74] 1.00] 3/4! 11/9/9/16 

mete eOss L2cA4 .428 | 10.28 | .350] .45] .21] 9 3/4/229.36/38.23/4.72) 9.87) 3.89} 0.98) 3/4) 1 1/29/16 

Se 20.250) 14749 .460 | 11.97 | .460) .56] .28] 9 1/4)272.15)/45.36/4.77| 13.54) 5.16] 1.06) 3/4) 11/9) 3/4 

EE 5).399))| 16-01 .565 | 13.23 | .460} .56| .28) 9 1/4|287.27|47.88/4.66)14.50) 5.42) 1.05} 3/4) 11/9] 3/4 

eal LA NZ 28 .687 | 14.70 | .460} .56] .28] 9 1/4|304.84/50.81/4.56)15.71| 5.74) 1.03} 3/4] 13/4} 3/4 

* TJ = moment of inertia; S = section modulus; r = radius of gyration, in. 
Table 23.—Dimensions and Properties of Aluminum H-beams 
(Aluminum Co. of America) 
£2) ¢@ Dimensions, in. a ey 4 * 
an be i Sea’ Fig.:4 Axis XX Axis YY 
3 (fod melded 7 5 T 7 
Sales | 8.4)" Fee ae ELS Wea acta |r a 
fas SSE See la S : Syn ss ins em. es ins) | ane 
4 4. 4. 0. 453/0.313/0.145| 10.72) 5.36]1.64] 3.56] I. 0.94 
Sea}. 6. no 1Si) alODiezs s021) 9253) 102708 1275.82 |, 3), ee 
6 8. .313} .180] 44.06] 14.69] 2.58] 14.18) 4. 1.46 
6 8. .313} .180} 45,19) 15.06] 2.54] 14.65} 4. 1.44 
6 9. .313} . 180) 47.44) 15.81] 2.47} 15.65] 5. 1.42 
8 1: PSUS) hs O12 .94)28.23 1.3). 45)| 34. 15'| 8. 1.89 
8 122 .313) 1791115. 58) 28.90] 3.40] 35.01] 8. 1, 87 
8 . 313] .179]120. 92) 30. 23 | 3.31 | 36.79} 9. 1,83 


* IT = moment of inertia; S = section moduius; r = radius of gyration. 


FABRICATED MATERIALS 


Table 24.—Dimensions and Properties of Aluminum Tees 
(Aluminum Co. of America) 


; Dimensions, in. Axis XX * Axis YY * 
Flange X Stem, | Weight, Area, bar TOR) || cee | ae S, = Sa) a tee s ri 
in. Ib. per ft.} sq. in. t ™m n if int | ind in aa aay aa an 

jek at. 0.32 | 0.27 1/g | 5/32 | 5/32 | 1/g | 0.02) 0.03 | 0.29 | 0.29 | 0.01 | 0.02 | 0.21 
11/gX 11/4 | 0.45 .37 1/g | 5/39 | 5/32 | 1/g] .05| .05| .36] .33] .04} .05]| .32 
11/2 11/2 | 0.89 .74 1/4 | 9/32 | 9/32 | 3/16 | .14) .14| .44] .46] .08} 10} .32 
11/2 x2 0.88 73 | 3/16] 1/4] 1/4 | 3/1¢| .27| .20] .61,) .62| .06] .08| .29 
i Sop 1.29 1.07. 1 t/a) S/i6 \eb/i6 |e tfee Sei 2G} 59] 85884), 18 y Al 
AP) 1.55 1:28. | S/te-h 3/8 |> 8/e Poliaie-431 0.30} 258) Oli. 23) 5 2230 sea? 
2/4 X21 /4 |e R47 1.21 1/4 | 5/1g | 5/1g | 1/4] .53] .33| .66] .64] .26| .23 | .46 
21/oX11/4 | 1.03 0.85 | 3/16 | 5/16 | 9/32 | 3/16 | .08) .09) .31] .30]) .28|] .22| .57 
21/2 X21/2 | 2.29 1.89 3/gi| 7/16) “16 |e tceed02|) 258 | .23 | 264" .53)|) 142 7 3 
21/2 x3 2.17 1.80 | 5/1¢ | 3/g | 3/g| 1/4] 1.49] .72] .91 | .92] .44] .35] .50 
So C2 W/o || 2-19 1.81 | 5/1g | 3/g| 3/3 | 5/ig | 0.94, .51] .72] .68] .75] .50] .65 
SaaS 2.79 | 2.31 3/g | 7/16 | 7/16 | 5/1g | 1.83] .86] .89] .88| .90| .60] .63 
4x2 2.78 | 2.30 3/g | 7/16 | 7/16 | 1/4] 0.60] .40}] .51] .48] 2.10] 1.05] .96 
4. <21/a | 3.06. | 2.53 3/g | 7/16 | 7/16} 3/3} 1.17] .62| .68| .62]| 2.11] 1.05} .91 
4 x3 3.31 2.73 3/g | 7/16 | 7/16 | 3/3 | 1.99} .89 | .85] .78| 2.11 | 1.06] .88 
4 x4 4.92 | 4.07 1/2 | 9/16 | 9/16 | 1/2 | 5.74) 2.02 | 1.19 | 1.17 | 2.82 | 1.41 | .83 
4 X41/o] 5.24 4.33 1/2 | 9/16 | 9/16 | 1/2 | 8.04] 2.55 | 1.36 | 1.35 | 2.83] 1.41 | .81 
4S 5 5.56 | 4.60 1/g | 9/16 | 9/16 | 1/2 |10.84) 3.14 | 1.54 | 1.54 | 2.83} 1.42] .79 
5 x3 4.14 | 3.42 3/g | 5/3 | 7/16 | 3/g | 2.37] 1.06 | 0.83 | 0.76 | 4.13 | 1.65 | 1.10 
61/2X61/2 | 7.09 | 5.86 | 0.4 | 0.45 | 0.55 | 0.40 |23.57] 4.96 | 2.01 | 1.75 | 9.51 | 2.92 | 1.27 


Table 25.—Dimensions and Properties of Aluminum Zees 
(Aluminum Co. of America) 


Depth, in. Flange,|Weight,| Area, Dimensions, in. Axis XX * Axis YY * Axis ZZ * 
Nom- Width,| lb. per | sq. El Se [Rea eee ess iss i ne 

inal | Actual! i. ft. in. t | A} | int | ins in. | in4 ]in3] in. | in | in. Ws 
3 211/j6} 2.40 | 1.98 1/4}5/16| 1/4) 2.89) 1.92}1.21] 2.64]1.03)1.15] 0.59 | 0.54 | 43° 24” 
3 23/4 3.02 | 2.50 | 5/46)5/16} 1/4} 3.65] 2.39)1.21) 3.47]1.34]1.18] .76 -55 | 44° 05’ 
2 211/16} 3.48 | 2.87 3/g3}5/16| 1/4} 3.86} 2.57|1.16| 3.76]/1.50]1.14) .82 553.| 44° 317 
3 23/4 | 4.09 | 3.38 | 7/16|5/16| 1/4] 4.57| 2.98]1.16| 4.5911.81|1.17| .99| .54 | 45°04" 
3 211/16) 4.48 | 3.70 | 1/2 |5/16| 1/4] 4.60) 3.06]1.11) 4.71)1.93]1.13] 1.03 SEEM ehabed 
3 23/4 5.08 | 4.20 | 9/36/5/16} 1/4] 5.26} 3.44]1.12| 5.53)2.2411.15] 1.22 -54 | 45° 55’ 
4 31/16 | 2.93 | 2.42 | 1/4 |5/16} 1/4] 6.32) 3.16]1.62]) 4.01]1.3611.29| 1.08 .67 | 36° 47’ 
4 31/8 3.68 | 3.04 | 5/16)5/16| 1/4} 7.97) 3.92|1.62] 5.24)1.7611.31| 1.39 -68 | 37° 24’ 
4 33/16) 4.44 | 3.67 3/g|5/16| 1/4) 9.66) 4.68]1.62) 6.54/2.1811.33] 1.72 268) [37 55" 
4 31/16 | 4.92 | 4.06 | 7/16|5/16| 1/4] 9.68) 4.84)1.54] 6.5312.30/1.27] 1.74 .66 | 37° 50’ 
4 31/g 5.65 | 4.67 1/9)5/16| 1/4}11.20) 5.51}1.55| 7.75}2.7011.29| 2.06 -66 | 38° 16’ 
4 33/16 | 6.40 | 5.29 | 9/16/5/16} 1/4|12.76) 6.19}1.55) 9.0513.11]1.31] 2-41 -68 | 38° 41’ 
5 31/4 4.13 | 3.41 | 5/16)5/16) 1/4}13.41] 5.36]1.98] 5.94]1.92/1.32] 1.89 74 | 30° 40’ 
5 35/16} 4.98 | 4.12 3/85/16} 1/4]16.23) 6.41]1.99] 7.40/2.37]1.34] 2.33 -75 | 31° 08’ 
5 33/8 5.84 | 4.83] 7/16/5/16} 1/4|19.12) 7.46}1.99) 8.9512.84/1.36] 2.81 a AD ed ee 
5 31/4 6.37 | 5.27 1/9|5/16| 1/4|19.23) 7.69]1.91] 8.82/2.94]1.29] 2.82 FE EY eo 
5 35/16} 7.21 | 5.96 | 9/16|5/16| 1/4}21.87] 8.64]1.92}10.28/3. 3911.31 3.29 .74 | 31° 32! 
5 38/3 8.05 | 6.66 | 5/g/5/y6) 1/4)24.56| 9.59}1.92111.82]3.86]1.33] 3.79 15 | 31° 53° 
6 31/9 5.58 | 4.61 8/g|5/16| 1/4|25.40| 8.47/2.35] 8.83/2.67/1.38] 3.08 .82 | 26° 55’ 
6 39/16 | 6.54 | 5.40 | 7/16/5/16] 1/4/29.88] 9.86/2.35]10.66]3.1911.40 3.70 .83 | 27° 17 
6 35/8 7.51 | 6.20 1/2/5/16| 1/4)34.44]11.24|2.36|12.58]3,73|1.42| 4.36 .84 | 27° 37’ 
6 31/9 8.10 | 6.69 | 9/16)5/16) 1/4/34.71]11.57/2.28]}12.3213. 8311.36) 4.36 -81 | 27° 08" 
6 39/16} 9.05 | 7.48 5/8/5/16| 1/4|38.93]12.84|2.28]14.15/4.35]1.38] 5.01 .82 | 27° 26’ 
6 35/g | 10.00 | 8.27 |11/16|5/16) 1/4|43.24|14.12|2.29|16.0714.90|1.39 5.70 -83 | 27° 44 


*I = moment of inertia; S = section modulus; r = radius of gyration, 


ALUMINUM ANGLES 


Table 26.—Dimensions and Properties of Aluminum Angles 
Maximum, Intermediate and Minimum Sizes and Weights 
(Aluminum Co. of America) 


a 3 : sine Axis XX * Axis VY = 
Size, in. se a> 3| <A Cor- 
earch eter end Le Sy |r ey leeds SETS Ul Coll We r 
Eeio~laa lai in4 | ind | in| in. | int | ind | in. | in. | ind | in. | Angle @ 
3/4 X 3/4 | 0.16|3/39/0.13| 1/g|3/32| 0.006|0.012/0.22|0.21| 0.006|0.012/0.22/0.21| 0.003| 0.14 | 45° o” 
i 21 3/8 -17| 1/g}3/39} .008) 016] .22! .23) .008/ .016| .22| .23| .003| .14 | 45° oO” 
' -30/8/16 -25} 1/g]3/39} O11} .022) .21} .25) O11] .022] .21) .25} .005} .14 | 45° 0” 
x1 -22/8/32 . 18} 1/g/3/39| 016] .022) .30} .28) .016] .022] .30| .28] .007} .19 | 45° oO” 
i -41/3/16| .34] 1/g|3/39} 029) .042] .29] .31] 029] .042] .29] .31] .012} .19 | 45° o” 
4 -53] 1/4] 44} 1/g/3/39] .036| .054] .29) .34] .036| .054] .29} .34] .016) .19 | 45° OF 
11/4 X 11/4 | .28)3/32| .23|8/1¢] 1/g| .033) .036] .38|] .34] .033] .036] .38| .34} .014] .24 | 45° oO” 
A 3 3/16 433/16] 1/g] .059| .068] .37] .37] .059] .068| .37] .37| .025) .24 | 45° 0” 
.83}5/16| .68]/3/16] 1/3] .088] .106] .36] .42| .088] .106] .36] .42] .040] .24 | 45° O° 
11/g 11/4 | .40} 1/8} .33)8/16] 1/g] .070| .066} .46] .44] .044] .047] .37] .32| .022] .26 | 33°59 
2 76) 1/4 63/3/16] 1/g} .127| .126| .45] .49| .079| .090) .36) .37] .041] .26 | 33° 36” 
-92/5/16| .76]3/16| 1/3} .151| .153] .44] .52] .093] .109] .35| .39) .050} .26 | 33° 15° 
11/2 X 11/2 | 33/3/32] .28|3/16| 1/g] .058| .053) .46} .40/ .058] .053/ .46| .40] .024) .30 | 45° 0” 
PB .83) 1/4] .69]8/16] 1/3} .135] .130) .44] .46] 135] .130] .44] .46] .057] .29 | 45° 0” 
1.19} 3/3} 99/3/16] 1/g} .184] .185} .43} .51] .184] .185] .43] .51} .083} .29 | 45° 0” 
13/4 X 13/4 | 0.51] 1/8) .42/3/16| 1/g| .121) .094] .53) .47]  .121| .094] .53) .47/ .050) .34 | 45° Oo” 
é 0.98] 1/4] .81|8/16| 1/g} .223) .181] .52} .52) 223) .181| .52| .52/ .093} .34 | 45° 0” 
1.62|7/16|1.34]3/1g| 1/g| .342| .295} .50} .59) .342| .295| .50] .59} .155] .34 | 45° 
2 XI 1/2 | 0.51) 1/3/0.42/3/16) 1/g) .17 | .12 | .63] 60) .08 | .07 | .44| .36) 04 32 | 28° 44’ 
Y 0.98} 1/4|0.81/3/16| 1/g] .31 | .23 | .62| .66] .15 | .14] .43] .41] .08] .32 | 28° 20’ 
1.42] 3/g/1.17|8/16| 1/g} .43 | .33 | .60} .70} .20| .19 | .41] .45} .12] .32 | 27°37" 
2 X2 0.59} 1/3/0.49| 1/4] 1/g}  .18 | .13 | .61] .53/ .18 | .13 | .61] .53] .08 | .40 | 45° O° 
: 1.14] 1/4]0.94] 1/4] 1/g| .34 | .24 | .60] .58] .34 | .24] .60} .58) .14] .39 | 45° 0” 
1.89]7/16|1.57| 1/4] 1/g} .53 | .39 | .58| .65] .53 | .39 | .58] .65] .23] .39 | 45° 0” 
21/2 X 11/2 | 0.87/3/16/0.72| 1/4} 1/3] .46 | .27 | .79) .84| .12] .11 | .41] -35| .08 | 32 19° 38” 
ss 1.14] 1/4]0.94] 1/4] 1/g| .59 | .36 | .79| .86) .16] .14 | .41} .37] .10 | .32 | 19° 25° 
1.40]5/i6/1.16] 1/4} 1/g]} .71 | .44 | .78] .89} .19 | .17 | .40] .39} .12] .32 | 19°06’ 
21/2x2 0.67| 1/g]0.55| 1/4] 1/g| .34 | .19 | .79]} .72) .20 | .13 | .60} .48] .10 | .43 | 31°57’ 
: 1.59/5/16|1.32| 1/4] 1/g] -78 | .46 | .77] .80) .44 | .30 | .58} .55} .23 | .42 | 31° 41’ 
s 2.43| 1/2|2.01| 1/4| 1/g| 1.13 | .69 | .75| .87] .63 | .46 | .56) .62| .35 | .42 | 30° 56’ 
21/2 X 21/2 | 0.75] 1/8|0.62| 1/4] 1/g| 0.37 | .20 | .77] .65) .37 | .20| .77] .65| .15} .50 | 45° 0° 
e 1.78]5/16|1.47] 1/4] 1/g] 0.84 | .48 | .76| .73] .84 | .48 | .76| .73} .35] .49 | 45° 0” 
: 2.73) 1/9|2.26] 1/4| 1/g] 1.22 | .72 | .73] .80) 1.22 | .72 | .73| .80} .53} .48 | 45° 0° 
=} ie 1.44] 1/4]1.19]5/16|3/16] 1.06 | .52 | .94] .97] 0.38 | .25 | .56} .48) .22 | .43 | 23° 22’ 
“8 2.11] 3/g}1.74]5/16|3/16| 1.51 | .76 | .93]/1.03] .53 | .36] .55] .53} .31] .42 | 23° 0” 
is 2.73) 1/9|2.26|5/16|3/16| 1.90 | .99 | .92/1.07) .66) .46 | .54] .58) .40 | .42 | 22° 25’ 
3. X21/e | 1.58] 1/4}1.31]5/16) 1/4] 1.12 | .53 | .92/0.89] .70 | .38 | .73| .64) .35 | .52 | 34° 03" 
- 2.32] 3/3\1.92|5/16| 1/4] 1.60 | .78 | .91] .94] 1.00 | .55 | .72] .69] .51 | .51 | 33° 54’ 
< 3.02] 1/9/2.49|5/16| 1/4} 2.03 |1.01 | .90} .99] 1.26 | .72 | .71] .74| .65 | .51 | 33°37’ 
3 x3 1.33/3/16|1.10/5/16| 1/4] 0.93 |0.42 | .92]} .80] 0.93 | .42 | .92] .80) .38) .59 | 45° 0’ 
O 2.55] 3/g/2.1015/16| 1/4] 1.70 |0.80 | .90| .87/ 1.70 | .80 | .90] .87] .70 | .58 | 45° 0’ 
Ss 4.06] 5/g|3.35|5/16| 1/4| 2.57 11.26 | .88| .97| 2.57 |1.26 | .88) .97) 1.12 | .58 | 45° 0” 
31/gx3 1.89} 1/4]1.57] 3/g| 1/4] 1.84 10.74 |1.08]1.01] 1.28 [0.57 | .90] .76] 0.63 | .63 | 36° 13’ 
a 2.78] 3/g|2.30| 3/g| 1/4} 2.65 |1.09 |1.07/1.06] 1.79 |0.82 | .88] .82) 0.87 | .62 | 35° 37’ 
z 3.63] 1/9/3.00] 3/g| 1/4} 3.38 11.42 |1.06/1.11| 2.27 |1.06 | .87] .86) 1.13 | .61 | 35° 26’ 
31/2 X 31/2 | 2.05] 1/4/1.69] 3/g| 1/4) 1.93 |0.76 |1.07/0.94] 1.93 |0.76 |1.07] .94) 0.80 | .69 | 45° 0’ 
ae 3.48|7/16|2.87| 3/g| 1/4] 3.18 1.28 |1.05|1.02] 3.18 |1.28 |1.05]1.02| 1.32 | .68 | 45° 0” 
3 4.83] 5/g|3.99| 3/3| 1/4] 4.26 |1.77 |1.03|1.09] 4.26 |1.77 |1.03/1.09] 1.81 | .67 | 45° 0” 
4 x3 2.05] 1/4|1.69] 3/g| 1/4] 2.68 ]0.96 |1.26]1.21] 1.29 |0.56 ]0.87/0.72] 0.70 | .64 | 28° 42’ 
£ 3.48)7/16|2.87| 3/3| 1/4) 4.43 |1.63 |1.24)1.29] 2.12 |0.96 |0.86| .79) 1.15 | .63 | 28° 28° 
4 4.83| 5/g|3.99| 3/3] 1/4] 5.95 |2.25 |1.22}1.36] 2.82 |1.32 |0.84] .86/ 1.58) .63 | 28° 0’ 
4 x4 2.35| 1/4|1.94| 3/g| 1/4] 2.94 |1.00 |1.23]1.07] 2.94 |1.00 ]1.23]1.07] 1.21 | .79 | 45° 0” 
a 4.54] 1/9|3.75| 3/g| 1/4] 5.46 [1.93 |1.21]1.17] 5.46 |1.93 ]1.21}1.17] 2.26 | .78 | 45° 0° 
ce 6.58] 3/4|5.44| 3/g| 1/4] 7.57 |2.77 |1.18|1.26] 7.57 |2.77 |1.18]1.26] 3.25 | .77 | 45° 0! 
SS 2.89|5/16|2.39| 3/g|5/16| 6.04 |1.80 |1.59]1.65] 1.64 |0.70 |0.83|0.66] 0.99 | .64 | 19° 44” 
& 3.9917/16|3.30| 3/3|5/16| 8.22 |2.49 |1.58]1.70] 2.21 |0.97 |0.82|0.71| 1.34 | .64 | 19° 34’ 
Ee 556! 5/g/4.60| 3/g/5/16\11.17 [3.47 |1.56|1.78] 2.97 |1.34 |0.80/0.79) 1.85 | .63 | 19° 06" 
5 x4 3.91] 3/3/13. 23|7/16|2/16| 7.91 |2.26 |1.56)1.50} 4.49 |1.50 |1.18)1.01| 2.30 84 | 31° 58 
e 5.14] 1/9/4.25|7/16]9/16|10.23 |2.97 |1.55/1.55| 5.78 |1.97 |1.17}1.06) 2.99 84 | 31°52’ 
= 6.33] 5/g|5.23/7/16|5/16|12.38 |3.64 |1.54/1.60] 6.97 |2.41 |1.15/1.11} 3.64 | .83 | 31° 44! 
By Se 4.36| 3/g|3.60| 1/9] 8/8} 8.37 |2.30 |1.52|1.36| 8.37 |2.30 |1.52/1.36| 3.44 | .98 | 45° 0’ 
as 6.42|9/36|5.30| 1/2| 3/8]12.08 |3.39 |1.51/1.43/12.08 |3.39 |1.51]1.43| 4.97 | .97 | 45° 0 
a 8.39| 3/4|6.93| 1/9] 3/3|15.39 4.41 |1.49/1.51]15.39 /4.41 |1.49/1.51| 6.44 | .96 | 45° 0! 
6 x4 4.36| 3/g|3.60] 1/2] 38/3}13.02 |3.17 |1.90]1.90| 4.63 |1.50 }1.13]0.91) 2.67 86 | 23° 33’ 
se 6.42|9/16|5.30| 1/| 3/8|18.82 |4.69 |1.88]1.98| 6.65 |2.21 |1.12/0.99| 3.86 | .85 | 23° 22! 
ss 8.39] 3/4/6.93| 1/2| 3/3|24.08 |6.11 |1.86|2.06] 8.43 |2.87 |1.10/1.07| 4.98 | .85 | 23° 02’ 
6 xX6 5.27] 3/g/4.35| 1/2| 3/3/14.85 |3.38 |1.85]1.60|14.85 |3.38 |1.85|1.60) 6.07 | 1.18 | 45° 0 
oD 7:78'9/16|6.43| 1/2| 3/3/21.54 |4.99 |1.83\1.68/21.54 |4.99 |1.83)1.68) 8.82 | 1.17 | 45° 0! 
ue 10.20) 3/4'8.43! 1/9! 3/8!27.64 16.52 '1.81]1.76/27.64 16.52 11.8111.76111.43 | 1.16 S508 


*T = moment of inertia; S = section modulus; r = radius of gyration; 7, y = distance from 
extreme fiber to neutral axis. 


. 


STEEL, COPPER AND OTHER WIRES 


Table 1 was calculated on the basis of 483.84 Ib. per cu. ft. for steel wire. Iron wire 
is a trifle lighter. : ° 

The breaking strengths are calculated for 100,000 lb. per sq. in. throughout simply for 
convenience, so that the breaking strength of wires of any strength per square inch may 
be quickly determined by multiplying the values given in the tables by the ratio between 
strength per square inch and 100,000; thus a No. 15 wire with a strength per square inch 
of 150,000 lb. has a breaking strength of: 


407 X 150,000/100,000 = 610.5 lb. per sq. in. 


1. PLOW STEEL WIRE 


The term ‘‘Plow’’ was given in England to steel wire of high quality which was used 
in connection with the construction of wire ropes used for plowing purposes. The term 
has become inseparably linked with a high-grade wire rope, lists of which will be found 
under Wire Rope, p. 6-34. It should not be confused with the quality of plate steel 
used for mold-boards of plows, for which a very ordinary grade is good enough. 

The practice of various manufacturers differs somewhat, but ordinarily plow steel is a 
high-grade open-hearth steel, ranging in carbon from 0.50 to 0.95, depending on the diam- 
eter of finished wire. The lower carbon is used in the smaller, and the higher in the larger 
wire. Phosphorus and sulphur are 0.050 or under; manganese and silicon in varying 
quantities. 

It has been the custom in the industry to classify the different grades of wire according 
to tensile strength in pounds per square inch throughout the general commercial range 
of wire sizes. Plow steel falls within the limits of 224,000 to 246,000 Ib. per sq. in., with 
the lower strengths applying to the coarser sizes and the higher strengths to the finer sizes. 
This wire is used largely for wire ropes, springs, and similar purposes. a 


2. CAST STEEL WIRE 


The term cast steel applied to a steel used in rope manufacture indicates, in general, a 
composition as follows: Carbon, 0.40 to 0.70; phosphorus and sulphur, 0.040 and under; 
manganese and silicon, in varying quantities. Cast steel wire invariably is made in the 
open-hearth furnace and is of lower tensile strength than plow steel. It has been the 
custom in the industry to classify the different grades of wire according to the tensile 
strength in pounds per square inch throughout the general commercial range of wire 
sizes. Cast steel falls within the limits of 179,200 to 201,600 lb. per sq. in., with the 
lower strengths applying to the coarser sizes and the higher strengths to the finer sizes. 
This wire is used largely for wire rope, springs, and similar purposes. 


3. WIRE FOR TELEGRAPH AND TELEPHONE LINES 


SIZES OF GALVANIZED IRON WIRE USED IN TELEGRAPH AND TELE- 
PHONE LINES.—No. 4. Has not been much used until recently; is now used on 
important lines where the multiplex systems are applied. 

No. 6. Used for important circuits between cities. 

No. 8. Medium size for circuits of 400 miles or less. 

No. 9. For similar locations to No. 8, but on somewhat shorter circuits; until recently 
was the size most largely used in this country. 


Nos. 10, 11. For shorter circuits, railway telegraphs, private lines, police and fire- 
alarm lines, ete. 


No. 12. For telephone lines, police and fire-alarm lines, etc. 


No. 14. For telephone lines and short private lines; steel wire is used most generally 
in these sizes. 


The coating of telegraph wire with zinc as a protection against oxidation is now gen- 
erally admitted to be the most efficacious method. 


The grades of line wire are generally known to the trade as ‘Extra Best Best”’ GaBoBS. 
“Best Best’’ (B. B.), and ‘‘Steel.’’ 
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_ , JOINTS IN TELEGRAPH WIRES.—The fewer the joints in a line the better. All 
joints should be carefully made and well soldered over, for a bad joint may cause as much 
resistance to the electric current as several miles of wire. 


Table 1.—Properties of Steel Wire 
(John A. Roebling’s Sons. Co., Trenton, N. J.) 


; Breaking Weight in Pounds 
Steel Wire, Diam., Area, Strain at Feet in 
Gage No. in. sq. in. 100,000 Ib. per Der 2000 Ib 
per sq. in. 1000 ft. mile : 
000 000 0.460 0.166190 16,619 558.4 2948 3,582 
00 000 .430 . 145220 14,522 487.9 2576 4.099 
0000 393 . 121304 12,130 407.6 2152 4,907 
000 .362 - 102922 10,292 345.8 1826 5,783 
00 Sie . 086049 8,605 289.1 1527 6,917 
0 nelly . 074023 7,402 248.7 1313 8,041 
i . 283 062902 6,290 211.4 1116 9,463 
2 . 263 - 054325 5,433 182.5 964 10,957 
3 244 .046760 4,676 ADZis8 &30 12,730 
4 ~22) 039761 3,976 133.6 705 14,970 
5 .207 033654 3,365 13.1 597 17,687 
6 ~ 192 028953 2,895 VES) 514 20,559 
7 ary . 024606 2,461 82.7 437 24,191 
8 . 162 .020612 2,061 69.3 366 28,878 
9 .148 017203 1,720 57.8 305 34,600 
10 rl 3) 014314 1,431 48.1 254 41,584 
11 . 120 011310 1,131 38.0 201 52,631 
12 105 008659 866 PATH 154 68,752 
13 .092 006648 665 PATS 118 89,525 
14 .080 005027 503 16.9 89.2 118,413 
15 072 004072 407 1334 PAPA 146,198 
16 .063 003117 312 10.5 3}5).53 191,022 
17 054 . 002290 229 7.70 49.6 259,909 
18 .047 001735 174 5.83 30.8 343,112 
19 041 - 001320 132 4.44 23.4 450,856 
20 3035 009962 96 3923: Lei 618,620 
21 032 . 000804 80 DEO) ic os) 740,193 
22 028 000616 62 2.07 10.9 966,651 
23 .025 000491 49 1.65 BOT lh Sysvarehverers 
24 .023 .000415 42 1.40 TESTO ene 
25 .020 000314 31 1.06 DSO. Ie Sak sete 
26 .018 000254 25 0.855 450 Wi wee 
27 .017 000227 23 .763 4403: willie eae 
28 016 0002011 20 676 SIRS Mee] UMC oe 
29 015 0001767 18 594 Sa ell arte eats 
30 014 0001539 15 517 DLW Nir Gksreoye asoye 
31 0135 . 0001431 14 431 PEEY ae inde Ae SS 
BZ 013 . 0001327 13 446 Pe alien le base eins 
33 .O11 .0000950 on 319 VSO9 NG Giese eatens 
34 010 . 0000785 Teo 264 13 lalate ears oe 
35 0095 .0000709 feu . 238 D262 ili tanrenntces 
36 .0090 . 0000636 6.4 .214 VE Sie ee a tee 
Table 2.—Strength of Piano Wire 
(American Steel & Wire Co., Cleveland) 
Size, Equiv. | Ultimate Mioaaie | |) S Equiv, | Ultimate "Tensile 
Music Diam., 7 ousie Strength, Music Diam., oosne Strength, 
Wire in Strength, iptser Wire ie Strength, ibe pee 
Gage : Pounds an oe Gage Pounds gq. in. 
12 0.029 237 360,000 20 0.045 509 320,000 
13 .031 268 355,000 21 .047 547 315,000 
14 7033 300 350,000 22 .049 585 310,000 
15 .035 322 345,000 23 “Ooi 623 305,000 
16 .037 366 340,000 24 055 713 300,000 
17 .039 400 335,000 25 059 806 295,000 
18 .041 436 330,000 26 . 063 904 290,000 
19 .043 472 325,000 


Analysis of steel should show phosphorus under 0.045 and sulphur under 0.045. 
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Table 3.—Sizes and Weights of Telegraph and Telephone Wires 


a —————— 
Average Resistance per Mile 


Weight, Approximate Breaking at 68° F., 
lb. per Strength, lb. International Ohms 
en EBB.| BB. | Stel | EBB. | BB. Steel 
153 2028 2271 5.98 7 BUS a. o2 
112 1475 1652 8.22 9.83 11.44 
74 975 1092 12.43 14.87 17.31 
60 785 879 15.44 18.47 21.50 
49 645 722 18.79 22.48 26.16 
39 515 577 23.54 28.16 Every 
32 425 476 28.52 34.12 39.71 
19 247 277 48.98 58.59 68.18 


SPECIFICATIONS.—(Abstracted from the standard specifications of the American 
Steel and Wire Co., and John A. Roebling’s Sons Co.)—The scope of the specifications 
cover the usual requirements of the grades E. B. B., B. B. and Steel. 

Finish.—The rods, before drawing must not contain any joint, weld or splice. The 
galvanizing shall consist of a continuous coating of pure zine, of uniform thickness, so 
applied that it adheres firmly and presents a smooth surface. 


Electrical and Physical Requirements 


Permissible Variation Average Constant for Minimum 
in Mile-ohm-pound Tensile Strength, Actual Breaking 
Grade Constant lb. per sq. in. Weight 
See Note 1 See Note 2 
PBB ee wae 4700-5000 45,500 2.0 
IDs Boas «ae acs 5600-6000 51,000 2.8 
Stéeteens. cece 6500—7000 54,500 3.0 


Note 1.—Mile-ohm-pound constant = actual resistance per mile at 68° F. X actual 
weight, lb. per mile. 

Note 2.—Actual breaking weight = weight per mile X constant in table. 

Variation in Diameter.—Permissible variations in diameter are as follows: Sizes, 
4 to 11, inclusive, B. W. G., variation 0.004 in. either way; sizes 12 to 14 inclusive, B. W.G., 
variation 0.003 in. either way. 

Galvanizing Test.—Samples, after cleaning by gasoline and cotton waste, rinsing 
in clean water and wiped dry with clean cotton waste, shall be immersed in the solution 
to a depth of 4 in. Samples shall be so separated that the solution may act uniformly 
on all immersed portions. The solution shall be a solution of commercial copper sulphate, 
specific gravity 1.186 at 65° F., neutralized by the addition of an excess of chemically pure 
cupric oxide (CuO) which shall collect in the bottom of the containing vessel. Solution 
is to be filtered before use. Not less than 4 oz. of fresh solution is to be used for each 
test of 7 wires, and it must be maintained at a temperature between 62° F. and 68° F. 
during the test. Four immersions of 1 minute each shall be given the samples, which 
are to be washed in clear water of between 62° F. and 68° F. between each immersion and 
then wiped dry with cotton waste. On sizes Nos. 13 and 14 B. W. G., the fourth immer- 
sion shall be of 1/2 minute duration. A bright copper deposit after the fourth immersion 
indicates that the wire represented by the samples is faulty. Copper deposited on zine 
or within 1 inch of the end of a sample, shall not be considered cause for rejection. , 

Coils and Splices—All wire shall be furnished in coils, whose usual inside diameter 
is 211/2in. The approximate length of wire in each coil shall be: 

Nos. 4 and 5, 1/4 mile; Nos. 6 and 7, 1/3 mile; No. 8 and smaller, 1/2 mile. One-half the 
coils of No. 10 wire, and smaller, and each coil of No. 10 and larger may contain one splice. 
The splice may be made by electrical welding or by the ordinary twist joint thoroughly 
galvanized. In handling this wire the greatest care should be observed to avoid kinks 
bends, scratches or cuts. Joints should be made only with McIntire connectors. : 

SELECTION OF WIRE.—On account of its conductivity being about five times that of 
E. B. B. steel wire, and its breaking strength over three times its weight per mile, copper 
may be used of which the section is smaller and the weight less than an equivalent steel 
wire, allowing a greater number of wires to be strung on the poles. Besides this advan- 
tage, the reduction of section materially decreases the electrostatic capacity, while its 
non-magnetic character lessens the self-induction cf the line, both of which features tend 
to increase the possible speed of signaling in telegraphing, and to give greater clearness of 
enunciation over telephone lines, especially those of great length. 
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Steel is not economical as a transmission line material, except where a copper wire 
considerably larger than necessary is required to support, theoretically, an ice load. The 
product of the mile-ohm and the price per pound of wires gives a measure of their relative 
cost, taking into consideration their efficiency as conductors. 

Telephone wires may be either hard-drawn copper or galvanized steel. The copper 
runs from 165 to 64 mils, and the steel from 283 to 83 mils. The ground wire carried on 
top of the poles is usually a 3/s-in. galvanized Siemens-Martin strand. 


4. NON-FERROUS WIRE 


SILICON-BRONZE WIRE has a conductivity of from 40 to 98% that of copper wire, 
and about 4 times that of iron wire. Its tensile strength is nearly that of steel or 28 to 
55 tons per sq. in. of section. The conductivity decreases as the tensile strength increases. 
Wire whose conductivity equals 95% of that of pure copper gives a tensile strength of 
28 tons per sq. in., but when its conductivity is 34% that of pure copper, its strength is 
50 tons per sq. in. It is largely used for telegraph wires and has great resistance to oxidation. 


Table 4.—Properties of Bronze Wire, 68° F. 
(John A. Roebling’s Sons Co., Trenton, N. J.) 


Size, Diameter, Pounds per Ohms per He 
A. W.G. Inches 1000 Feet Mile 1000 Feet Mile ee 
0000 0.460 637 3365 0.123 0.647 11,467 
000 410. S055 2669 155 816 9,120 

00 365 407 2116 195 1.028 7,381 
0 325 318 1678 246 1,298 6,285 

289 252 1331 310 1.635 5,127 
2 258 200 1055 391 2.063 4,170 
3 229 159 837 493 2.600 3,348 
4 204 126 664 621 3. 280 2,662 
5 182 100 526 783 4.135 2,114 
6 162 79 417 988 5.215 1,682 
7 1144 331 1.245 6.575 1,346 
8 128 263 1.570 8. 293 1,072 
9 “114 208 1.980 10. 455 853 
10 +102 165 2.497 13.185 683 
1 091 131 3.149 16.625 543 
12 081 104 3.971 20.965 436 
13 072 82 5.007 26. 425 350 
14 065 64 6.313 33.325 281 
15 057 52 7.961 42.025 225 
16 051 41 10.040 53. 000 181 
17 1045 : 33 12. 660 66. 850 145 

040 : 26 963 116 


Table 5.— Weight of Bare and Insulated Copper Wire, Pounds 
(John A. Roebling’s Sons Co., Trenton, N. J.) 


Weight, Pounds, per 1000 Feet, Solid Weight, Pounds, per Mile, Solid 
Size, Slow Slow 
B.&8. Weatherproof Busine. | Blow Weatherproof Baring a Slow 
Gage Bare | Double | Triple | Weather- | Burn-] Bare | Double | Triple | Weather- | Burn- 
Braid Braid proof ing Braid Braid proof ing 
0000 641 723 767 862 925 | 3384 3817 4050 4550 4890 
000 508 587 629 710 760 | 2687 3098 3320 3750 4020 
00 403 467 502 562 600 | 2127 2467 2650 2970 3170 
0 320 377 407 462 495 1689 1989 2150 2440 2610 
i] 253 294 316 340 365 1335 1553 1670 1800 1930 
2 201 239 260 280 320 1066 1264 1370 1480 1690 
3 159 185 199 230 270 840 977 1050 1220 1425 
4 126 151 164 190 220 665 795 865 1000 1160 
5 100 122 135 155 190 528 646 710 820 1000 
6 80 100 112 127 160 417 529 590 670 845 
8 50 66 75 85 100 264 349 395 450 530 
9 40 54 (Vhs |e ea Bee eon or 206 283 SD Sea raala ot ote: winitaillauavenetors 
10 31 46 53 60 80 169 241 280 315 420 
12 20 30 35 42 55 106 158 185 220 290 
14 12.4 20 25 30 40 66 107 130 160 210 
16 7.8 16 20 24 30 42 83 90 130 160 
18 4.9 12 16 19 24 5) 64 69 100 130 
oral oe ek 2 aise aces eat 16 A Se ee 3 O Suel Mliaterencctterictts reat eoe ete 
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Table 6.—Properties of Calsun Bronze Wire and Everdur Wire 


Weight Calsun Bronze Wire * Everdur Wire 
Amer. ' Minimum | Nominal | Minimum | Nominal 
Wire Diam., Area, Lb. per Feet Tensile |Breaking| Tensile | Breaking 
Gaze Dts BEL ais 1000 ft. per lb. Strength, | Strength,| Strength, | Strength, 
(B. &5.) Ib.persq.in.| Ib.t  |lb.persq.in.| _1b.t 
| 0.2893 |0.06573 243.0 4.116 109,500 7198 120,000 7888 
2 . 2576 -05212 192.6 5.798 114,500 5967 126,600 6598 
3 .2294 04133 152.8 6.546 118,500 4898 130,800 5406 
4 . 2043 . 03278 12122 8.254 121,300 3976 133,500 4376 
5 . 1819 .02599 96.05 10.41 123,300 3204 135,500 3521 
6 . 1620 . 02061 76.18 33 125,000 2577 137,200 2828 
7 . 1443 01635 60.44 16.54 126,500 2069 138,700 2268 
8 .1285 .01297 47.93 20. 86 127,900 1659 140,000 1816 
9 . 1144 01028 31.99 26.32 129,200 1328 141,000 1449 
10 1019 .008155 30.14 33.18 130,300 1063 141,800 1156 
11 .0907 006461 23.88 41.88 131,200 848 142,400 920 
12 . 0808 005128 18.95 52TT 132,000 677 143,000 733 
13 .0720 . 004072 15.05 66.45 132,600 540 143,400 584 
14 0641 003227 11.93 83.84 133,200 430 143,800 464 
15 .0571 .002561 9.464 | 105.7 133,600 342 144,000 369 
16 . 0508 . 002027 7.491 | 133.5 134,000 272 144,309 292 
17 0453 001612 5.957 || 16729 134,250 216 144,600 233 
18 0403 .001276 4.714 | 212.1 134,500 172 144,800 185 
19 0359 001012 S74) 26225 134,750 136 144,900 147 
20 . 0320 . 0008042 2.973 | 336.4 135,000 109 145,000 117 
* Cu, 95.5, Al, 2.5, Sn,.2.00. 
{ Calculated directly from minimum tensile strength and nominal diameter. 
Table 7.—Properties of Hard Drawn Copper Wire at 68° F. 
(American Brass Co., Waterbury, Conn.) 
Elastic : -| ft ; 
- ie Limit gs"/34 | 8 
° = = z S| Bo be 
= 5 eA) & { 
o., - _3/28s| 4 | “lwe gb] @84] 8. 
Dope : 3 e8 |28*| se =| o5 |Se\eeas] 2-3) 38 
Cae te ie e4 so |@'S| SES) SH lou le2.8] He | ae 
aac | 28 & B go |pe=| 8O= | SF |Salkaaw| eh | 28 
0000 0.4600 211,600 |0, 1662 640.5 0.05027|4479. |26.95| 8143. 49.00 |3.75* 
000 . 4096 167,800 | .1318 507.9 .06339|3697. |28.05| 6722. 51.00 | 3.25 * 
00 . 3648 133,100 | .1045 402.8 .07993)3035. |29.04) 5519. 52.80 | 2.80 * 
0 .3249 105,500 | .08289 {319.5 . 1008 }2485. 129.98) 4517. 54.50 | 2.40* 
1 . 2893 83,690 | .06573 |253.3 -1271 |2213. |33.66} 3688. 56.10 | 2.17* 
2 . 2576 66,370 | .05213 |200.9 .- 1603 |1802. (34.56) 3003. 57.60 | 1.98* 
3 2294 52,640 | .04134 |159.3 .2021 |1463. |35.40|) 2439. 59.00 | 1.79 * 
4 . 2043 41,740 | .03278 |126.4 .2548 |1182. (36.06) 1970. 60.10 | 1.247 
5 1819 33,100 | .02600 |100.2 ~3213 | 954.7 |36.72| 1591. 61.20 | 1.187 
“ile . 1650 27,230 | .02138 82.41 .3907 | 795.4 |37.20) 1326. 62.00 | 1.147 
6 . 1620 26,250 | .02062 79.46 4052 | 768.2 |37.26) 1280. 62.10 | 1.144 
7 . 1443 20,820 | .01635 63.02 -5110 | 618.1 |37.80) 1030. 63.00 | 1.097 
fe . 1340 17,960 | .01410 54.35 5924 | 536.5 |38.04| 894.1 63.40 | 1.077 
8 whe85 16,510 | .01297 49.98 . 6443 | 495.6 |38.22| 826.0 63.70 | 1.067 
9 1144 13,090 | .01028 39.63 8124 | 396.7 |38.58) 661.2 64.30 | 1.027 
Ay . 1040 10,820 | .008495 | 32.74 9835 | 330.3 138.88) 550.5 64.80 | 1.007 
10 1019 10,380 | .008155 | 31.43 | 1.024 317.5 38.94) 529.2 64.90 1.00+ 
aly .0920 8,464 | .006648 | 25.62 | 1.257 260.9 |39.24)| 434.8 65.40 | 0.977 
11 .0907 8,234 | .006467 | 24.92 | 1.292 253.8 |39.24| 422.9 65.40 977 
12 .0808 6,530 | .005129 | 19.77 | 1.629 202.2 |39.42| 336.9 65.70 Yep 
Ay . 0800 6,400 | .005027 | 19.37] 1.662 198.1 |39.42) 330.2 65.70 (94+ 
13 .0720 5,178 | .004067 | 15.68 | 2.054 160.8 39.54) 268.0 65.90 927 
ae . 0650 4,225 | .003318 | 12.79 | 2.518 131.8 (39.72) 219.7 66.20 ‘91+ 
14 . 0641 4,107 | .003225 | 12.43 | 2.590 128.1 |39.72| 213.5 66.20 “90 Be 
15 0571 3,257 | .002558 9.858) 3.266 101.5 |39.84| 169.8 66.40 (89+ 
16 0508 2,583 | .002028 7.818) 4.119 81.06)39.96) 135.1 66.60 ‘87+ 
17 . 0453 2,048 | .001609 6.200) 5.193 64.47/40.08) 107.5 66. 80 (864 
18 .0403 1,624 | .001276 4.917) 6.549 51.28/40. 20 85.47) 67.00 85 
19 0359 1,288 | .001012 3.899) 8.258 40.79/40.32 67.99) 67.20 184+ 
20 . 0329 1,022 | .0008023| 3.092)10.41 32.45|40.44 54.08] 67.40 (83+ 


* In 10 in.; +t In 60 in. 
T = telephone wire; not in B. & S. gage. 
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Table 8.—Properties of Stranded Copper Wire 
(John A. Roebling’s Sons Co., Trenton, N. J.) 


Size, Concentric Strands Ropes or Flexibles 
Cir. Mils Area, : Resistance f Resistance 
or sq. in. Diam., Lb. per at 68° F., | Diam., Lb. per at 68° F., 
AW.G. in. 1000 ft. Ohms per in, 1000 ft. Ohms per 
1000 ft. 1000 ft. 
2,000,000 eey {| 1,632 6175 0.00529 1.848 6296 0.00539 
1,750,000 1.374 1.526 5403 . 00604 1.729 5509 . 00616 
1,500,000 1.178 1.412 4631 .00705 1.601 4722 .00719 
1,250,000 0.982 1,289 3859 00846 1. 462 3935 . 00863 
1,000,000 .785 I 052 3088 .01058 1.307 3148 .01079 
950,000 .746 4h. t23 2933 O14 1.274 2991 01135 
900,000 .707 1.094 2779 01175 1.239 2833 01198 
850,000 . 668 1.062 2624 01245 1.204 2676 .01269 
800,000 . 628 1.031 2470 .01322 1.169 2518 01348 
750,000 -589 0.998 2316 01410 e131 2361 . 01438 
700,000 .550 . 964 2161 -O15T1 1,094 2204 .01541 
650,000 Sot 929 2007 -01627 1.053 2046 01659 
600,000 471 . 893 1853 .01763 1,010 1889 -01798 
550,000 - 432 .855 1698 .01923 0.968 1731 .01961 
500,000 oS .813 1544 02116 .922 1574 02157 
459,000 oo By WPA 1389 .02351 . 876 1417 . 02397 
400,000 -314 .728 1235 .02645 .825 1259 02697 
350,000 e275 . 681 1081 . 03022 avi e} 1102 . 03082 
300,000 . 236 . 630 926 . 03526 713 944 .03595 
250,000 9G .575 fi Ales) . 04231 .651 787 . 04314 
653.3 .04999 599 666.1 . 05097 
518.1 . 06304 2B} 528.3 . 06428 
410.9 .07949 .474 418.9 08105 
325.8 . 10024 nALS 332.2 . 10220 
258.4 . 12640 .376 263.5 . 12888 
204.9 . 15939 223) 208.9 . 16251 
162.5 . 20098 .294 165.7 - 20492 
128.9 . 25343 . 262 131.4 . 25840 
10222 31957 234 104.2 - 32584 
ab 05 - 40297 .208 82.64 - 41088 
50.97 . 64075 . 165 51.97 - 65332 
Table 9.— Weight of Stranded Copper Feed Wire 
Sine Weight per 1000 Feet, lb. Weight per Mile, lb. 
A Slow 5 Slow 
We ees Weatherproof eee BOW . Weatherproof Boat a 
A.W.G Bare Double| Triple/Weather-| ?U72- are | Double | Triple |Weather-| ?¥!2 
es Braid | Braid} proof ing Braid Braid proof ing 
2,000,000 6175 6690 ZOQSHN. R «ce cecis 7540 | 32,604 35,323 37,000. | tiene. 39,800 
1,750,000 5403 5894 GHIA snersiehece-c 6700 } 28,529 Ste, 22,200" Nee eK, 35,400 
1,500,000 4631 5098 Do OOn ee cree aie 5830 | 24,453 26,915 28,400" Wet ate es 30,800 
1,250,000 3859 4264 450 BiN ae cscs 4940 | 20,378 22, DUNO e2 5,500) Mericrtees 26,100 
1,000,000 3088 3456 3674 3860 3980 16,302 18,246 19,400 20,400 21,000 
900,000 2779 3127 3332 3520 3640 14,672 16,513 17,600 18,600 19,200 
800,000 2470 2799 2992 3180 3280 13,042 14,779 15,800 16,800 17,300 
750,000 2316 2635 2822 3000 3100 12,227 [pee Ie 14,900 15,850 16,350 


2820 2920 | 11,412 | 13,045 | 14,000 | 14,900 | 15,400 
2350 2460 9,871 11,052 | 11,800 | 12,400 | 13,000 
1990 2080 8,151 9,318 | 10,000 | 10,500 | 11,000 
1820 1900 7,336 8,452 9,100 9,600 | 10,000 
1650 1700 6,521 7,584 8,200 8,700 9,000 
1440 1500 5,706 6,589 7,100 7,600 7,900 
1270 1310 4,891 5,721 6,200 6,700 6,900 
1060 1120 4,076 4,788 5,200 5,600 5,900 

900 960 3,450 3,935 4,220 4,750 5,070 

735 785 2,736 3,190 3,450 3,880 4,150 


700,000 | 2161 | 2471 2650 
600,000 | 1853 | 2093 | 2235 
500,000 | 1544] 1765 | 1894 
450,000 | 1389 | 1601 1724 
400,000 | 1235 | 1436 | 1553 
350,000 | 1081 1248 | 1345 
300,000 926 | 1083 | 1174 
250,000 772 907 985 
0000 653 745 800 

000 518 604 653 


00 411 482 522 583 625 2,169 2,544 2,760 3,080 3,300 
0 326 388 424 480 510 1,720 2,051 1,240 2,530 2,700 
1 258) S02 328 355 380 1,364 1,599 1,735 1,870 2,000 
2 205 246 270 290 335 1,082 1,301 1,425 1,540 1,770 
5) 163 190 206 240 280 858 1,004 1,090 1,270 1,480 
4 129 155 170 195 230 681 820 900 1,030 1,220 
5 102 126 140 160 195 540 668 740 845 1,030 
6 103 165 428 544 610 
8 68 105 269 359 410 
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Table 10.—Properties of Hard-drawn Copper and Bronze Trolley Wires 
(American Brass Co., Waterbury, Conn.) 


Coefficient of linear expansion, 0.000 009 4 per deg. F. Final modulus 
of elasticity, 16,000,000. Density, 0.32117 lb. per cu. in. at 68 deg. F. 
Based on Specifications of A.S.T.M. and A.R.E.A. for hard-drawn cop- 
per and bronze trolley wires, and Anaconda Specifications for Hitenso- 


trolley wire. 


00 A.W.G. 


Size, cir. mils.. 0000 A.W.G. 000 A.W.G. 
Area, cir. iy Ne rice p 211,600] 212,000 | 168,100] 167,300 | 133,200] 137,900 | 105,600 
CORT Mly cya; vote ah os 0.1662} 0.1665 | 0.1320) 0.1314 | 0.1046] 0.1083 | 0.08296 
Lb. per 1000 ft Secsthinre 909.0 | 907.6 | 640.5 | 641.7 | 508.8 | 506.4 | 403.2 | 417.4 | 319.7 
Ce MHC). brane 4800 4792 |} 3382 | 3388 | 2687 2674 | 2129 2204 1688 
Dimension; A; ines et || OLG20) eee et Or07 4 Ponte pte 0.462. | 222s 0.430 PiS..2- (ee 7A eens 
ry Be cece ft RcOLOM Tt at ae cl!) MeO) aatoscterets At (is jl ieee SAD eect sae DIOP Testa. 
2) Coe eM 250 Ah acatep Saeoel Peatee os BC" dl Se g2R! eee See SZOMF Va carer 
— Dees 0.460 | .482 | 0.410] .429 | 0.365 | .388 0.325 
oe Ee eee at OLad lantac eed) OLR) Lhacd seen. DTG toee ans Sigg) I. .5 28: Ufan” | osn akon 
- Reg ee met OOM peas. cob ORLOd — Recryede ats Po See O:20S foe coe O. TSG! Wee seers 


Hard Drawn Copper—Conductivity, 97.16%, LA.C.S. 


Resist., Ohms per mile 


BORE: cn aeceteeas 0.1605 | 0.1877| 0.1880 | 0.2664] 0.2659 | 0.3353) 0.3369 | 0.4230) 0.4087 | 0.5336 
Tensile Strength, lb. per 
BE AIR as atten ce 42,800 | 46,400 | 44,200 | 49,000 | 46,600 {51,000 | 48,500 | 52,800 | 50,200 | 54,500 
Breaking Strength, Ib...| 11,800 | 10,940} 10,410 | 8,143 | 7,759 | 6,734 | 6,373 | 5,524 | 5,437 | 4,521 
Elastic Limit, Ib........ 6,492 | 6,019 5,725 | 4,479 | 4,267 | 3,703 3,505 | 3,038 2,990 | 2,487 
Elong. in 10 in., %..... 4.50 4.50 4.50 3.75 3.75 3.25 3.25 2.80 2.80 2.40 
Medium Strength Bronze—Conductivity, 65%, I.A.C.S. 
Resist., Ohms per mile 
BLIGSoUE Sr erea.e ee 0.2399 | 0.2805) 0.2810 | 0.3981) 0.3974 | 0.5012) 0.5036 | 0.6324) 0.6110 | 0.7976 
Tens. Strength, lb. per 
Bie Use Seas aagstelag 56,200 | 57,800 | 57,800 | 61,000 | 61,000 | 63,000 | 63,000 | 65,000 | 65,000 | 68,000 
Breaking Strength, lb...| 15,500 | 13,630 | 13,610 | 10,140] 10,160 | 8,318 8,278 | 6,801 7,040 5,641 
Elastic Limit, Ib........ 9,300 | 8,180 8,167 | 6,083 | 6,094 | 4,991 4,967 | 4,081 4,224 3,385 
Elong. in 10 in., %..... 4.00 | 4.50 4.00 3.75 c He Le WE oe be Ga ey be 2225, 2.40 
Hitenso ‘““A"—Conductivity, 85%, I.A.C.S. 
Resist., Ohms per mile 
at 68° Bo rset ecanes 0.1835 | 0.2145) 0.2149 | 0.3045) 0.3039 | 0.3832) 0.3851 | 0.4836) 0.4672 | 0.6099 
Tens. Strength, lb. per 
SQuINe. Aine sae coat 57,000 | 58,300 | 58,300 | 61,500 | 61,500 | 64,000 | 64,000 | 66,000 | 66,000 | 68,000 
Breaking Strength, Ib...} 15,720 | 13,750 | 13,730 | 10,220 | 10,240 | 8,450 8,410 | 6,906 7,148 5,641 
Elastic Limit, lb........ 9,432 | 8,250 8,238 | 6,132 6,144 | 5,070 5,046 | 4,143 4,289 3,385 
Elong. in 10 in., %..... 4.00 | 4.50 4.00 3.75 3325 3.25 2-15 ONS (3) 2.25 2.40 
Hitenso “B”—Conducetivity, 80%, I.A.C.S. 
Resist., Ohms per mile 
Buby Les kira viarack « 0.1949 | 0.2279) 0.2283 | 0.3235} 0.3229 | 0.4072) 0.4091 | 0.5138) 0.4964 | 0.6480 
Tens. Strength, lb, per 
MRM seb i Pwikis csie4b 59,500 | 61,500 | 61,500 | 65,000 | 65,000 | 67,000 | 67,000 | 69,000 | 69,000 | 72,000 
Breaking Strength, Ib...] 16,410 | 14,510 | 14,480 | 10,800 | 10,820 | 8,846 8,804 | 7,219 7,473 5,973 
Elastio Limit, Ib........ 9,846 | 8,703 8,690 | 6,481 6,494 | 5,308 5,282 | 4,332 4,484 3,584 
Elong. in 10 in., %..... 4.00 4,50 4.00 | 3.75 3.25 Sin? 6) 2 el Dial eal ae 225 2.40 
High Strength Bronze—Conduetivity, 40%, I.A.C.S. 
Resist., Ohms per mile 
BLIO By. hacatscoes 0.3899 | 0.4559) 0.4566 | 0.6470) 0.6458 | 0.8144] 0.8183 | 1.028 | 0.9928 | 1.296 
Tens. Strength, Ib. per 
(ob Re te en caer 62,500 | 64,800 | 64,800 | 69,000 | 69,000 | 71,000 | 71,000 | 73,000 73,000 | 76,000 
Breaking Strength, Ib...| 17,240 | 15,280 | 15,260 | 11,470] 11,490 | 9,374] 9,329 7,638 | 7,906 6,305 
Elastic Limit, lb........ 10,340 | 9,170) 9,156 | 6,880} 6,893 | 5,624} 5,598 | 4583 | 4,744 3,783 
Elong. in 10 in., %..... 4.00 4.50 4.00 3.75 3.25 3.25 295 2.75 2.25 2.40 
Hitenso “C”—Conductivity, 55%, I.A.C.S. 
Resist., Ohms per mile 
BEIGE? DL Abode ake: 0.2835 | 0.3315) 0.3320 | 0.4705) 0.4697 | 0.5923] 0.5951 | 0.7473] 0.7220 | 0.9426 
Tens. Strength, lb. per 
BQUID sok ea feds dks 65,000 | 68,000 | 68,000 | 72,000 | 72,000 | 74,000 | 74,000 | 76,000 | 76,000 78,000 
Breaking Strength, Ib...| 17,930 | 16,040 | 16,010 | 11,970} 11,990 | 9,770} 9,724 | 7,952] 8,231 6,471 
Elastic Limit, Ib........ 10,760 | 9,623 | 9,608 | 7,179] 7,193 | 5,862} 5,834 | 4,771] 4,938 | 3.882 
i Wise. 4.00 4.50 4.00 3.75 ods 3.25 2.75 2.75 pep I) 2.40 
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Table 11.—Properties of Hard-drawn Aluminum Wire 


. Resistance, 
ieee cine eae fe pres omen Ohms per ie Pounds Feet 
Mils ircular Square 1000 ft. : er Ohm er 
No. Mils Inches at 68° F, | |000 ft. ri es 
0000 460. 212000. | 0.166 0.0804 | 195. 2420. 12400. 
000 410. 168 000. 132 101 | 154, 1520. 9860. 
00 365, 133 000. 105 P1268) wl 957. 7820. 
0 325. 106 000. 0829 161 97.0 602. 6200. 
I 289. 83 700. 0657 .203 76.9 379. 4920. 
2 258. 66 400. 0521 256 61.0 238. 3900. 
3 229. 52 600. 0413 323 48.4 150. 3090. 
4 204. 41 700. 0328 .408 | 38.4 94.2 2450. 
5 182. 33 100. 0260 514 30.4 59.2 1950. 
6 162. 26 300. 0206 5648 whe 24e | B72 1540. 
7 144, 20 800. 0164 817 19.1 23.4 1220. 
8 128. 16 500. 0130 1.03 15.2 14.7 970. 
9 114. 13 100. 0103 1.30 12.0 9.26 770. 
10 102. 10 400. 008 15 1.64 9.55 5.83 610, 
11 91. 8230. 006 47 2.07 7.57 3. 66 484, 
12 81. 6530. 005 13 2.61 6.00 2.30 384 
13 72s 5180. 004 07 3.29 4.76 1.45 304, 
14 64. 4110. 003 23 4.14 3.78 0.911 241. 
15 57. 3260. 002 56 5.22 2.99 573 191. 
16 51. 2580. 002 03 6.59 2.37 .360 152, 
17 45. 2050. 001 61 8.31 1.88 .227 120. 
18 40. 1620. 001 28 10.5 1.49 143 95.5 
19 36. 1290. 001 01 1322 1.18 0897 75.7 
20 32. 1020. 000 802 16.7 0.939 0564 60.0 
21 28.5 810. 000 636 21.0 745 0355 47.6 
22 25.3 642. 000 505 26.5 591 0223 37.8 
23 22.6 509. 000 400 33.4 . 468 0140 - 29.9 
24 20.1 404. 000 317 42.1 371 008 82 23.7 
25 17.9 320. 000 252 53.1 .295 005 55 18.8 
26 15.9 254. 000 200 67.0 234 003 49 14.9 
27 14.2 202. 000 158 84.4 185 002 19 11.8 
28 12.6 160. .000 126 106. 147 001 38 9.39 
29 ee le .0000995 | 134. Ny 000 868 7.45 
30 10.0 101. 0000789 | 169. 0924 000 546 5.91 
31 8.9 79.7| .0000626 | 213. 0733 000 343 4.68 
32 8.0 63.2| .0000496 | 269. 0581 000 216 3.72 
33 Zt 50.1 | .0000394 | 339. 0461 000 136 2.95 
34 6.3 39.8| .0000312 | 428. 0365 000 085 4 2.34 
35 5.6 31.5| .0000248| 540. 0290 000 0537 1.85 
36 5.0 25.0] .0000196 | 681. 0230 000 033 8 1.47 
37 4.5 19.8] .0000156 | 858. 0182 000 0212 1.17 
38 4.0 15.7] .0000123 | 1080. 0145 000 013 4 0.924 
39 3.5 12.5} .000 009 79| 1360. 0115 .000 008 40 733 
40 3.1 9.9 | .000 00777] 1720. 0091 000 005 28 581 


5. WIRE GAGES AND SHEET METAL GAGES 


The two wire gages in most extensive use in the United States are the American Wire 
Gage, also known as the Brown & Sharpe Gage, and the United States Steel Wire Gage 
more commonly called simply Steel Wire Gage. 

Three other wire gages have remained in use but are now almost obsolete. These 
are the Birmingham Wire Gage, the Stubs Steel Wire Gage and the Old English Wire 
Gage. ‘There are also certain special gages, as the drill and screw rod gages and the music 
wire gage. The one most frequently used is the Birmingham Gage sometimes called the 
Stubs Wire Gage. Its use in this country has been practically limited to large telegraph 
and telephone companies and certain departments of the Government. It is used by the 
Treasury Department for use in the collection of duties on imports of wire. ; 

As there are many gages in use differing from each other, and even the thicknesses of a 
certain specified gage, as the Birmingham, are not assumed the same by all manufac- 
turers, orders for sheets and wires should always state the weight per square foot, or the 
thickness in thousandths of an inch. } ; 

THE AMERICAN WIRE GAGE (Brown & Sharpe Gage) is practically the only 
gage used for copper and aluminum wire and, in general, for all wire used in electrical 
- work. Sizes of stranded conductors larger than No. 0000 A.W.G. are specified by the 
cross-section in circular mils. ‘The American Wire Gage also is used for sheets of copper, 


aluminum and other non-ferrous metals. 
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Table 12.—Wire and Sheet Metal Gages 


Ameri- |Steel Wire| Birming- 


can 
Wire 
Gage, 


Old |Music Wire Gage 


. British 
Gage ham English Stubs 
(Wash- |WireGage| Wire | Steel Standard 
bun & | (Stubs | Gage | 'Vite | Wire 
Moen), | Iron), |(London),| G2ge age, 
in. in. in. ar ‘ok 
OIG nase neldasea esas tics. 0.500 
TABI S he ctrtee talieeen oracle cate -464 
TABOD: olNh. to oreretnnrel [ie tersare weyeibidia ayo) ster -432 
3938 054540 0454 6 arc ues -400 
3625 425 45. NR. oe oe 372 
.3310 380 S80" Wie. anes 348 
3065 340 BADE hc doe: 324 
.2830 300 300 227 .309 
.2625 284 284 219 276 
.2437 .259 259 .212 252 
.2253 .238 238 .207 232 
2070 .220 220 .204 212 
1920 .203 203 .201 192 
1770 .180 180 .199 176 
1620 . 165 165 .197 160 
1483 .148 148 .194 144 
1350 134 134 191 128 
1205 120 120 . 188 116 
-1055 109 109 185 104 
0915 .095 095 - 182 092 
-0800 083 083 180 080 
.0720 .072 072 .178 072 
-0625 -065 065 175 Oo4 
.0540 -058 058 172 056 
-0475 .049 049 . 168 048 
0410 -042 040 . 164 040 
-0348 .035 035 161 036 
0317 032 0315 NSF 032 
-0286 .028 0295 -155 028 
.0258 .025 0270 ay ES} 024 
.0230 .022 0250 sti 022 
.0204 -020 0230 148 020 
-0181 018 0205 .146 018 
0173 .016 01875 143 0164 
0162 014 01650 . 139 0148 
0150 .013 01550 . 134 0136 
0140 .012 01375 .127 0124 
0132 010 01225 .120 0116 
0128 009 01125 eUtS: 0108 
0118 .008 01025 112 0100 
0104 .007 00950 -110 0092 
.0095 .005 00900 . 108 0084 
0090 .004 00750 106 0076 
OOBSs jc event 00650 .103 0068 
50080). tevearneare 00575 101 0060 
LOOT oca.ce eet 00500 .099 .0052 
0020). | sete 00450 .097 0048 
SODGG p<. xs) srewrercte Ihe anetactante .095 0044 
TOUGD Gs eae lec Ree 092 .0040 
OGD a ice thet ee oe 088 .0036 
LOOS BY Vaeteet Aaase| arcane pete 085 .0032 
}OO5S- yi Seen rah les soe ee 081 -0028 
ODS 2) si tear tha arti |tcaiecrerrchok 079 0024 
eOO50 I; cepeihushihasensaaste 077 .0020 
LODAS ie sate allt cee wy 075 .0016 
NOOAG s'h: ether licar ety te 072 0012 
Ae We EG fecal Mpc ime 059 010 


* See also Table 14, 


U.S. Standard 
Sheet Metal Gage 


Weight, lb. per 


Ameri- | Roeb- 
can ling. | Thick- 
Stee! |Trenton | ness, 
Wire Tron in., 
Co. Co. |Approx. 
ea Rete 0.5009 
O2004 i aos. 4687 
BDO DAN ane denier 4375 
.095 | 0.007 4062 
.007 | .0075 | .3759 
008 0085 | .3437 
609 | .009 |° .3125 
010 | .010 2812 
-O11 O11 .2656 
012 012 2590 
0i3 013 2344 
014 014 2187 
016 016 2035 
013 | .018 1875 
.020 020 1719 
-022 022 1562 
.024 024 .1495 
026 026 | .1250 
029 028 | .1094 
.031 050 .0937 
033 032 | .0781 
-035 | .034 | .0703 
037 .036 | .0525 
039 | .038 | .0562 
041 -040 | .0500 
045] .042 .0437 
645 044 | .0375 
.047 | .046 | .0344 
049 -048 .0312 
051 051 -0281 
-055.| -.055. | .0250 
-059 | .059 | .021 
-063 | .063 | .0187 
.067 | .067 0172 
071 .071 -0156 
075 | .074 | .0141 
080 | .078 0125 
085 032 0109 
090 | .086 | .010i 
.095 | .090 | .0094 
109 095 .0936 
-106 | .100 | .0078 


sq. ft. 

Tron Steel 
20.0000 | 20.400 
18.7500 | 19.125 
17.5000 | 17.850 
16.2500 | 16.575 
15.0009 | 15.300 
13.7509 | 14.025 
12.5009 | 12.750 
11.2500 | 11.475 
10.6250 | 10.837 
16.0000 | 10.200 
9.3750 | 9.562 
8.7500 | 8.925 
8.1250 | 8.287 
7.5000 | 7.650 
6.8750 | 7.012 
6.2500 | 6.375 
5.6253 | 5.737 
5.0000 | 5.100 
4.3750 | 4.462 
3.7593 | 3.825 
351250" |) 33987, 
2.8125 | 2.869 
2.5000 | 2.550 
2.2500 | 2.295 
2.0000 | 2.040 

1.7500 | 1.785 

1.5090 | 1.530 

1.3759 | 1.402 

1.2500 | 1.275 

1.1250 1.147 

1.0000 | 1.029 
0.8750 | 0.892 

7500 .765 

-6875 701 

-6250 637 

-5625 574 

-5000 510 

4375 446 

-40625 .414 

3750 382 

34375 351 
3125 cot) 
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THE STEEL WIRE GAGE is the same gage which formerly was known by the names 
of Washburn & Moen Gage and the American Steel & Wire Co. Gage. This gage, with 
certain of its sizes rounded off to even thousandths of an inch, is identical with the Roeb- 
ling Gage. It is used for practically all steel wire in the United States. 

While the two gages above are practically standard and have received official although 
not legal sanction, the trend of practice is toward the specifying of all sizes of wire and 
sheet material in decimals of an inch rather than by gage numbers. 

STUBS STEEL WIRE GAGE has a somewhat limited use for tool steel wire and drill 
rods. It should not be confused with the Birmingham Wire Gage which is sometimes 
known as Stubs Iron Wire Gage. 

THE STANDARD WIRE GAGE also known as the New British Standard, the English 
Legal Standard, or the Imperial Wire Gage is the legal standard of Great Britain for all 
wires. It was constructed by so modifying the Birmingham Wire Gage that the differ- 
ences between successive diameters were the same for short lengths. 

MUSIC WIRE GAGE.—Several gages are in use for music wire. Two of the most ex- 
tensively used are given in Table 12. For data on others, see Machinery’s Handbook. 

THE EDISON OR CIRCULAR MIL WIRE GAGE.— The basis of the graduation is the 
sectional area, and the number of the wire corresponds. A wire of 100,000 circular mils 
area is No. 100; a wire of one-half the size will be No. 50; twice the size No. 200. With 
this gage, the number increases with the wire, and the number multiplied by 1000 will give 
the circular mils. The weight per mil-foot of copper wire, 0.000 003 027 05 pound, agrees 
with a specific gravity of 8.889. The ampere capacity which is given was deduced from 
experiments made in the Edison company‘s laboratory, and is based on a rise of tempera- 
ture of 50° F. in the wire. 

The U. S. STANDARD GAGE FOR SHEET AND PLATE IRON AND STEEL.— 
An Act of Congress in 1893 established the Standard Gage for sheet iron and steel. It is 
based on the fact that a cubic foot of iron weighs 480 pounds. 

A sheet of iron 1 ft. square and 1 in. thick weighs 40 lb., or 640 oz., and 1 oz. in weight 

“should be 1/g49 in. thick. The scale has been arranged so that each descriptive number 


Table 13.—Edison, or Circular Mil Gage for Electric Wires 


age ; Diam- : Diam- Gage ; Diam- 
aed Circular eter in Circular eter in Num- Circular eter in 
ee Mils Mils Mils Mils ber Mils Mils 
SS 3,000 54.78 70,000 264.58 190 190,000 435.89 
D 5,000 70.72 75,000 273.87 200 200,000 447.22 
8 8,000 89.45 80,000 282.85 220 220,000 469.05 
12 12,000 109.55 85,000 29153 240 240,000 489.90 
15 15,000 122.48 90,000 300.00 260 260,000 509.91 
20 20,000 141.43 95,000 308. 23 280 280,000 529.16 
25 25,000 158.12 100,000 316.23 300 300,000 547.73 
30 30,000 We fes4l 110,000 331.67 320 320,000 565.69 
35 35,000 187,09 120,000 346.42 340 340,000 583.10 
40 40,000 200.00 130,000 360.56 360 360,000 600.00 
45 45,000 212.14 140,000 DEA a ND ost eeneae il lerokedsuss oickor-ual aves cole coset ee 
50 50,000 223.61 150,000 SEI 230) fb - Sitwtes itneretsceMpucher salle. eae te eck, eibce 
55 55,000 234.55 160,000 AQO MOO. | Varro ne ee [eRe cro.ces nll taretege seers 
60,000 244.95 170,000 AVDES 2M tarde creiceactehost oro At eleesscieieoe 
65,000 254.96 180,000 CDA TeOY CAM Peccutches Ate | Stee cD Cee CR CECE AERC 


Table 14.—Stubs Steel Wire Gage 
(For Nos. 1 to 50 see Table 12) 


No. 
le 
16) 
N 
M 
L 
K 
J 
I 
H 
G 
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represents a certain number of ounces in weight and an equal number of 640ths of an inch 
in thickness. . 

The law enacts that on and after July 1, 1893, the new gage shall be used in determining 
duties and taxes levied on sheet and plate iron and steel; and that in its application a 
variation of 2 1/2% either way may be allowed. 

The U. S. Standard Gage for Sheet and Plate Iron is a weight gage, not a thickness gage, 
and is based on the following assumptions: 


Tron Steel 
Specific’ gravity... ....s0--+ Wee 7.854 
Weight per cubic foot......... 480. 489 .6 
Weight per cubic inch......... 0.2778 0.2833 


It applies to iron only, and for steel the thickness would vary as 480/489.6. 


Table 15.—Twist Drill and Steel Wire Gage 
(Manufacturers’ Standard) 


No. 

i 

2 

3 

Za 

5 

6 

7 

8 

9 

10 

WW 

12 

13 

ROPES, CHAINS AND WIRE ROPE 
1. ROPE 
Table 1.— Weight and Strength of Three-strand Manila Rope* 
(Columbian Rope Co., Auburn, N. Y.,) 

‘ . Approx. . . Approx. 

Size, in, Weight, Length Strength, lb. Size, in. Weight, tang Strength, lb. 
, . . per |in I lb. | Break- | Work- 5 Ib. per | in I Ib. c- - 
Diam.|Circum. foot ing ing Circum. ped: a — 
a6 | 8/— | 0.015 | 66-7” 450| 90 | 1546| 4 | 0.480 | 2-17 | 15 

Wa 3/4 | .020 | 50’-0” 600} 120 | 11/2 | 41/2 | .600 | 1-8" sen pe 
Sig ied "029 | 34-6” | 1,000] 200 | 18g] 5 1744 | 4" | 22/500 | 4,500 
8g | 11/3 | .041 | 24-57] 1,350} 230 | 13/4 | 51/2 | 1895} 1-1" | 26,500 | 5300 
7/16 | 13/4 | «.0525| 19-07 | 1.750] 330 | 2 7 1.08 | 0-117] 31,000 | 6,200 
16/30) 138/g | .0625| 16-0" | 2.2501 450 | 21/g| 61/2 | 1.25 | 91/9” | 36,000 | 7200 
Yo | 11 | .0750| 137-4" | 2,650| 530 | 21/4 | 7 1.46 | 8” 41,000 | 8.200 
9/16 | 18/4 | .104| 9-77 | 3,450] 690 | 21/2 | 71/2 | 1.67 | 7 46,500 | 9,300 
5s | 2 "133 | 7-67| 4400 | 880 | 25/| 8 1.91 | 61/4” | 52,000 | 10,400 
3/4 | 21/4 | .167| 6-0" | 5,400 | 1080 | 27/3 | 81/2 | 2.15 | 55/@”| 58,000 | 11,600 
13/16) 21/2 | .195| 5-2" | 6,500] 1300 | 3 9 2.42 | 5” 64,000 | 12,800 
W/g | 28/4 | .225| 4-5” | 7,700 | 1540 | 31/g | 91/2 | 2.69 | 41/9” | 71,000 | 14,200 
| 3 ‘270 | 3-9 | 9,000 | 1800 '| 31/4 | 10 2.99 | 4" 77,000 | 15,400 
11/16 | 31/4 | .313| 3-2} 10,500 | 2100 | 31/2] 11 | 3.67 | 31/¢” | 91,000 | 18.200 
1/g | 31/2 | 1360} 2-9 | 12,000 | 2400 | 33/4] 12 | 4.36 | 23/4” | 105,000 | 21,000 
11/4 | 33/4 | .418| 2-5" | 13,500 | 2700 : : 


* Four strand rope weighs about 5% more than 3-st: x i i 
eam Th hor oleae % strand rope; the tensile strength is about the 


STRESS DUE TO LENGTH OF VERTICAL ROPE.—In a ver i 
of the rope itself adds a considerable amount to the stress in the ve to ee 
load that the rope can safely carry. The weight of the rope, asa whale, can be aininieea 
by making it up of a series of ropes of constantly decreasing diameters, the smallest ro 
being at the lower end. Table 2 shows the length of rope, hanging ‘vertical that will 
develop the maximum stress in the rope. The figures are based on the values of Table 1. 
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Table 2.—Length of Vertical Rope Required to Develop Maximum Stress 


: Length in feet ; Length in feet Length in f 
ry to Develop Circum- to Develop Circum- bo Develaee 
oe? Maximum Stress ference, Maximum Stress ference, Maximum Stress 
" Breaking | Working Breaking | Working oe Breaking | Working 
8/4 3000 600 3340 666 7 2800 560 
1 3440 688 3120 624 8 2720 542 
11/9 3520 701 3090 618 9 2625 535 
2 3300 664 2895 579 10 2570 514 
21/9 3315 663 2980 596 11 2480 496 
3 3315 663 2870 574 12 2410 482 


Le ee 


MANILA ROPE FOR HOISTING OR TRANSMISSION.—Rope for hoisting or 
power transmission is subject to severe usage. Ordinary rope chafes and grinds to pow- 
der in the center, while the exterior may look as though it was little worn. In bending a 
rope over a sheave, the strands and the yarns of these strands slide a small distance upon 
each other, causing friction, and wearing the rope internally. This condition can be alle- 
viated by proper lubrication of the rope. The selection of the lubricant depends on the 
use of the rope. For indoor use, the lubricant should be one that will not dry out the 
rope, nor rub off easily. For outdoor use, a graphite lubricant of fine flake graphite 
should be worked into the yarns while the rope is being made, so that each fiber 
is impregnated. 

In manufacturing rope, the fibers are first spun into a yarn, this yarn being twisted in 
a direction called “right hand.’’ From 20 to 80 of these yarns, depending on the size 
of the rope, then are put together and twisted in the opposite direction, or “‘left hand,” 
into astrand. ‘Three of these strands, for a 3-strand, or four for a 4-strand rope, are then 
twisted together, the twist being again in the “‘right hand” direction. When the strand 
is twisted, it untwists each of the threads, and when the three strands are twisted together 

~ into rope, it untwists the strands, but again twists up the threads. It is this opposite 
twist that keeps the rope in its proper form. A weight hung on the end of a rope tends 
to untwist the rope, and make it longer. In untwisting, the threads twist up, and the 
weight will revolve until the strain of the untwisting strands just equals the strain of the 
threads being twisted tighter. In making a rope it is impossible to make these strains 
exactly balance each other. It is this fact that makes it necessary to take out the ‘‘ turns” 
in a new rope, that is, untwist it when it is put to work. The proper twist that should be 
put in the threads has been ascertained approximately by experience. 

The amount of work that the rope will do varies greatly. It depends not only on the 
quality of the fiber and the method of laying up the rope, but also on weather when the 
rope is used, the blocks or sheaves over which it is run, and the strain in proportion to 
the strain put upon the rope. The principal wear comes in practice from defective or 
badly set sheaves, from excess of load and exposure to storms. 

Loads put on the rope should not exceed those given in the tables, for the most eco- 
nomical wear. Indications of excessive load will be the twist coming out of the rope, or 
one of the strands slipping out of its proper position. A certain amount of twist comes 
out in use in the first day or two, but the rope then should remain substantially the same. 
If it does not, the load is too great for the durability of the rope. Wear of the rope on 
the outside, while it is good on the inside, indicates chafing in running over pulleys or 
sheaves. If the blocks are very small, it will increase the sliding of the strands and 
threads, and result in a more rapid internal wear. For further information on rope for 
power transmission, see p. 24-48. 

TECHNICAL TERMS RELATING TO CORDAGE most frequently used are: 

Yarn.—Fibers twisted together. Yarns are laid up left-handed into strands. 

Thread.—Two or more small yarns twisted together. 

String.—The same as a thread but of a little larger yarns. 

Strand.—Two or more large yarns twisted together. Strands are laid up right-handed 
into rope. 

Cord.—Several threads twisted together. 

Rope.—Several strands twisted together. 

Hawser.—A rope of three strands. Hawsers are laid up left-handed into a cable. 

Shroud-laid.—A rope of four strands. 

Cable.—Three hawsers twisted together. 

A rope is: 

Laid by twisting strands together in making the rope. 

Spliced by joining to another rope by interweaving the strands. ae 

Whipped.—By winding a string around the end to prevent untwisting. 
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Served.—When covered by winding a yarn continuously and tightly around it. 

Parceled.—By wrapping with canvas. : 

Seized.—When two parts are bound together by a yarn, thread or string. 

Payed.— When painted, tarred or greased to resist wet. 

Haul.—To pull on a rope. 

Taut.—Drawn tight or strained. é 

SPLICING OF ROPE.—The splice in a transmission rope is not only the weakest part 
of the rope but is the first part to fail when the rope is worn out. If the rope is larger at 
the splice, the projecting part will wear on the pulleys and the rope fail from the cutting 
off of the strands. The following directions are given for splicing a 4-strand rope: 

Tie a piece of twine, 9 and 10, around the rope to 
be spliced, about 6 ft. from each end, and unlay the 
strands of each end back to the twine. Butt the 
ropes together and twist each corresponding pair 
of strands loosely to prevent them being tangled. 
q (See Fig. 1.) The twine 10 is now cut, and the 
{ strand 8 unlaid and strand 7 carefully laid in its 
place for a distance of 41/9 ft. from the junction. 
The strand 6 is next unlaid about 11/2 ft. and 
strand 5 laid in its place. The ends of the cores 
are now cut off so they just meet. Unlay strand 1 
a distance of 41/2 ft., laying strand 2 in its place. 
Unlay strand 3 about 11/2 ft., laying in strand 4. 

Cut all the strands off to a length of about 20 in. for convenience in manipulation. 
The rope now assumes the form shown in Fig. 2 with the meeting points of the strands 
three feet apart. 

Each pair of strands is successively subjected to the following operation: 

From the point of meeting of the strands 8 and 7, unlay each one three turns; split 
both the strand 8 and the strand 7 in halves as far back as they are now unlaid and ‘‘ whip”’ 
the end of each half strand with a small piece of 
twine. 

The half of the strand 7 is now laid in three 
turns and the half of 8 also laid in three turns. 
The half strands now meet and are tied in a 
simple knot, 11, Fig. 3, making the rope at this Fic. 2 
point its original size. 

The rope is now opened with a marlin spike and the half strand of 7 worked around 
the half strand of 8 by passing the end of the half strand 7 through the rope, as shown, 
drawn taut, and again worked around this half strand until it reaches the half strand 13 
that was not laidin. This half strand 13 is now split, and the half strand 7 drawn through 
the opening thus made, and then tucked under the two adjacent strands, as shown in 
Fig. 4. The other half of the strand 8 is now wound around the other half strand 7 in 
the same manner. After each pair of strands has been treated in this manner, the ends 
are cut off at 12, leaving them about 4 in. long. After a few days wear they will draw 
into the body of the rope or wear off. 


KNOTS.—The principle of a knot is that no two parts, which would move in the same 
direction if the rope were to slip, should lay alongside of and touching each other. (See Fig. 5.) 

The Bowline is one of the most useful knots; it will not slip, and after being stressed 
is easily untied. Commence by making a bight in the rope; then put the end through the 
bight and under the standing part as shown in G; then pass the end again through the 
bight, and haul tight. 

The Square or Reef Knot must not be mistaken for the “granny”’ knot that slips under 
a stress. Knots H, A, and M are easily untied after being under stress. The knot M is 


useful when the rope passes through an eye and is held by the knot, as it will not slip and 
is easily untied after being stressed. 


given to them are: 


IlI—9 


. Bight of a rope. 
. Simple or overhand knot. 


Figure 8 knot. 
Double knot. 


. Boat knot. 
. Bowline, first step. 
. Bowline, second step. 


Bowline completed. 
Square or reef knot. 


Sheet bend or weaver’s knot. 


Sheet bend with a toggle. 
Carrick bend. 


. Stevedore knot completed. 


Stevedore knot commenced. 
Slip knot. 
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The timber hitch S looks as though it would give way, but it will not; the greater the 
stress the tighter it will hold. The wall knot looks complicated, but is easily made by 
proceeding as follows: Form a bight with strand 1 and pass strand 2 around the end of it, 
and strand 3 around the end of 2 and then through the bight of 1 asshown at Z. Haul the 
ends taut; the appearance is as shown at AA. The end of the strand 1 is now laid over 
the center of the knot, strand 2 laid over 1, and strand 3 over 2; the end of 3 is passed 
through the bight of 1 as shown at BB. Haul all the strands taut as shown at CC. 

Varieties of Knots.—A great number of knots have been devised of which a few only 
are illustrated; those selected are the most frequently used. 
before being drawn taut, in order to show the position of the parts. 


. Flemish loop. 

. Chain knot with toggle. 
. Half-hitch. 

. Timber-hitch. 

. Clove-hitch. 

. Rolling-hitch. 


Timber-hitch and half-hitch. 


. Blackwall-hitch. 
. Fisherman’s bend. 


Round turn and half-hitch. 


. Wall knot commenced. 
A. Wall knot completed. 
. Wall knot crown commenced. 


CC. 


Wall knot crown completed. 
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Varieties of Knots 


In Fig. 5, they are shown 
The names usually 
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EFFICIENCY OF KNOTS as a percentage of the full strength of the rope, and the 
factor of safety when used with the stresses given below are as follows: 


Kind of Knot. Efficiency, % Factor of Safety 
Hye splice over an iron thimble..............--+..- 90 6.3 
Shor tiSPHce 1 GS LOPE ss sles ac \eteue o tele ere ehelerel eterere ints 80 5.6 
Timber hitch, round turn, half-hitch............... 65 4.5 
Bowline sup knot, clove Mitch! 2: 7. ste stele vies ole 60 4.2 
Square knot, weaver’s knot, sheet bend............. 50 SL 
Mlemisty loop; overhand knotty. 7220. t. scene aa o A5 spel 
Full strength of dry rope, average of four tests...... 100 at 
Diameter of rope, in....... 1 11/3 11/4 1 3/3 1 1/2 15/3 13/4 


Working stress, lb......... 1000 1250 1500 1900 2200 2600 3000 


: 2. CHAINS 


CLASSES OF CHAIN.—Crane Chain, for slings, hoists, steam shovels, and marine 
uses, and where an all-iron chain is desired. 

Proof Coil, for railroad cars, construction and forestry work. 

The A.S.T.M. standard specifications (A56—30) for iron and steel chain provide: 

Crane Chain shall be made from wrought iron free from any admixture of iron scrap or 
steel, and lap fire welded. 

Proof Coil may be made from open-hearth steel or all reworked steel and iron scrap. 
It may be made by fire- or electric welding. Chemical requirements are: Wrought-iron 
crane chain, Mn (max.), 0.10% steel proof coil, P (max.), 0.05%, S (max.), 0.05%. 

Physical Properties and Tests.——AIl chain shall be subjected to the proof test load, 
shown in Table 3 for the respective size chain, without showing any defects. Test speci- 
mens, of not less than 2 ft., cut from the finished chain, shall conform to the minimum 
requirements for the break test loads specified in Table 4. The elongation, determined 
in a gage length of from 12 to 18 in. to the nearest link, shall not be less than 15% for both 
crane and proof coil chain. 

Standard Weights and Dimensions.—The nominal length of 100 links, the nominal 
weight per 100 ft., and the nominal dimensions of links are specified in Table 4, with a 
permissible variation for length and weight of chain of + 4%. The length is determined 
by measuring to the inside of the end links, and after the proof test, and with a load not 
exceeding 10% of the proof test load specified in Table 3 to take up slack. The diameter 

‘of the bar in all chain is not to be less than the nominal size in the body and welds. The 
diameter of the weld shall not exceed the diameter of the bar by more than 25%. 

CAUSES OF CHAIN FAILURE.—1. Brittle Failure caused by cold-working of the 
metal surface. The metal fractures with no elongation, or with less elongation than in 
the ordinary tensile failure mentioned under (6). This type of fracture usually is caused 
by a brittle surface skin developed on the metal by impacts received in service. Brittle 


Table 3.—Proof and Break Test Loads 


(A.S.T.M. Specification A56-30) 
ee ee a 8 ee 


on Proof Test Load, lb. Break Test Load, Ib. Safe Working Load, lb. 
Chain Crane Chain,| Proof Coil, | Crane Chain, | Proof Coil, | Crane Chain,| Proof Coil 
Bar, in, Wrought Iron} Iron or Steel | Wrought Iron | Iron or Steel |Wrought Iron| Iron or Steel 
Ve 1,767 1,700 3,535 3,400 1,060 850 
5/16 2,760 2,650 5,520 5,300 1,655 1,325 
3/3 3,975 3,850 7,950 7,700 2,335 1,925 
7/16 5,415 5,250 10,830 10,500 3,250 2,625 
Vp 7,072 6,850 14,145 13,700 4,240 3,425 
9/16 8,947 8,650 17,895 17,300 5,370 4.325 
5/3 11,047 10,700 22,095 21,400 6,630 5,350 
3/4 15,900 15,350 31,800 30,700 9,540 7,675 
7/g 21,622 20,900 43,245 41,800 12,960 10,450 
1 28,275 27,350 56,550 54,700 16,950 13,675 
11/g 33,400 JK Ie As... samen’ Mace! 20,040 é 
11/4 46,250 ube oc 65,00. Nw tee he 4,750 Aull Ee eae 
13/g 49900 | Pe. ccs 6.600. Pune coe) B09Vh We a beng 
11/y 56,950 eee £18,700: "Pay eee 456000 Oi) p28 
15/s 69,350" |) Meer 139,500 ° 1a 4m800) *) he 
13/4 84,800. Geen 461.600! oh nee 4gS00 | eee 
17/3 07750: ul aie 185,500) Di eae 556500) Mile Mae eae 
2 105:500.ndliemy Rae Pct ee 63:300be Ain .osee aa 
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Table 4.—Nominal Weights and Dimensions of Chain 
(A.S.T.M. Specification A56-30) 


F] ane : 
= = Ss g Nominal Nominal Nominal Dimensions of Link, in. 
z § 8 A Length of Weight per 
< Q| a es 100 Links, in.| 100 ft., lb. Crane Chain Proof Coil 
22 |e ——_——_ 
4 ‘3 £ 4 Crane! Proof Outside Inside Outside Inside 
; : 
SO|<ae Chain| Coil : : ember ciate ; 
Fa \Length|Width |Length| Width|Length|Width |Length| Width 
1/4 78 70 | 1 27/g4] 1 55/e4 | 7/16 | 1 9/16 | 1 4/ | 1 
16 /2, 
5/16 115 | 105 | 1 11/36} 13/36 | 1 W/o | 1 51/64] 13/16 | 17/64] 1/2 
3/8 166 | 158 | 1 29/39) 17/16 | 13/32 | 5/g | 23/g4 | 17/16 | 115/64] 5/8 
7/16 220 | 210 | 25/32 | 15/g | 17/s2 | 11/46] 25/16 | 1 11/16] 18/8 3/4 


275 | 265 | 218/32) 113/16] 111/39) 3/4 | 29/16} 17/g | 1 i/o | 13 
350 | 335 | 23/4 | 115/16) 19/16] 3/4 | 215/16) 21/36 | 13/4 vs 
430 | 410 |3 23/16 | 11/16} 7/8 | 33/16 | 25/16 | 17/g 11 

615 | 580 | 37/16 | 29/16 | 17/g | 1 3 11/16) 211/36) 21/g | 1 1/g 
820 | 780 | 4/16 | 31/16 | 21/4 | 11/4 | 45/16 | 38/16 | 21/2 | 13/8 
1045 | 1000 | 45/g | 37/16 | 29/16 | 13/8 | 4 18/j6| 39/16 | 28/4 | 11/2 


STG a0" DBE oes 1 bay leararaeae 5:8) 16)'| 315/16) 2/9 |eleb/ genes] Seer ewsars ollmeene 
Wah 1 1-9/s0' |) 306.) ee. 1600}. cass SOI alee OF Tel Sey Gal eae illacvarce nlite stele welliareencete | caiareie 
Sy deed A it hy TR} oe Daal A Pa VOSO oa se OMe ti 4 Wine SiO Ag ME ay ee ete crc cll iovarsuoncl ce ee lees teres 
W/o NAY /g9) 387 ess 23354. e es LS TE aig WI SiR reh bead dR, coe altc ore ener'es| seit oe tearacoure 
15/g j1 21/39} 425 ]...... 2740) | ee Dae a SiG Wea et hci Beer «.s «ilbecrcieccsll eveenein le. crc ee 
13/4 |125/g9! 475 |...... SPO) looks SHAMGi a 13/16h ASA Welw Neel. rere cll ere aie mille ctecae le ee crace 


2 /ae b29/50)).. S25) [oe <r BESO PE t 25: CA GO LTG Al S/d Balad yO lca cts ollieoete-< ||), casee cil ehes @ es 
perartevee LODE ng ese Je 6 11/36) 5 3/4 ican (oy Atiepicl |S cae erie (ate 


failures show a more or less crystalline fracture, especially where the brittleness is present 

_in an extreme degree. Im service, fractures caused by cold-working the surface occur 
most frequently in the sides or near the shoulder of the link. Where the surface harden- 
ing is extreme, the fracture extends directly across the metal of the link in an approxi- 
mately plane surface. Brittle failures usually are found in chain which has failed under 
the impact of suddenly-applied loads. 

2. Failure in the Weld covers any failure involving partial or total separation of the 
welded surfaces. In old chain, welded surfaces often show signs of progressive deteriora- 
tion and oxidation. 

38. Failure Due to Repeated Severe Bending or Deformation of the Links is similar to 
that produced in a bar by repeated bending back and forth. This is common in long-link 
chains, as conveyor chains. The fractured surface usually is crystalline both in wrought 
iron and steel. 

4, Fatigue Failure produced by many repetitions of stress exceeding the fatigue limit 
of the metal. In fatigue tests on chain links, the fracture usually occurs at about the 
quarter point of the link. The fracture extends directly across the side of the link. 
Fatigue failure occurs in chain in machines or appliances used for repeated liftings of a 
given load, but is not common in crane chains and sling chains. There is no elongation 
of the metal. The fractured surface is usually plane and crystalline. 

5. Brittle Failure Caused by Defects in the Metal.—Occasional types of brittle frac- 
ture are caused by defects in the original iron or steel. Such failures are comparatively 
rare. The proof test by the manufacturer detects brittleness from this cause, and the 
links are removed. Brittle fractures, due to overheating during welding, are rare. 

6. Ordinary Tensile Failure, accompanied by full elongation of the metal of the links, 
usually occurs in new chain of good quality when the chain is required to carry a load 
greater than its ultimate tensile strength. The metal of the links elongates greatly and 
the chain ‘‘pulls stiff’? before final failure. The fracture usually occurs in the sides of 
the links near the welded end. The metal ‘‘necks down” and pulls apart as in an ordinary 
tension test. The fractured surfaces are generally silky in the case of steel, or fibrous in 
the case of wrought iron. 

USE OF CHAIN.—The diameter of a sheave or winding drum used with a short link 
chain should be from 25 to 30 times the diameter of the stock used for the link, to minimize 
the bending stresses in the chain as it passes over the sheave or drum. Where the appli- 
cation requires a longer link the chain manufacturer should be consulted as to the proper 
size of drum or sheave. Sheaves and drums used should be grooved to receive the chain. 
These grooves should be of such shape and size as to allow the chain to work smoothly 
without twisting. Chain should not be wound on sheaves, shafts, or drums without 


proper grooves. iv . 
Splicing of Broken Chain.—A dangerous practice, which should be prohibited, is that 
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Table 5.—Safé Working Loads, Pounds, for Iron Sling Chains 
(Chain Institute Standard, 1931) 


Double Sling Chains 


Size of Single 


Chain, Sling Angle a of Chains. See Fig. 6 

in. Chain 20° 15° 10° 5° 
3/3 2,700 4,700 3,800 1,850 1,450 940 470 
7/16 3,450 5,900 4,900 2,350 1,750 1,200 600 
1/g 4,500 7,800 6,350 3,100 2,300 1,570 780 
5/g 6,900 12,000 9,750 4,700 3,550 2,400 1,200 
3/4 10,100 17,500 14,000 6,900 5,200 3,500 1,750 
7/8 14,000 24,000 19,500 9,600 7,250 4,900 2,400 
1 18,600 32,000 26,000 12,700 9,650 6,500 3,200 
1 1/g 23,400 40,000 33,000 16,000 12,000 8,000 4,000 
11/4 28,800 50,000 40,500 19,700 15,000 10,000 5,000 
1 3/g 34,500 60,000 49,000 23,500 17,800 12,000 | 6,000 
1 1/2 40,800 70,000 57,500 28,000 21,000 14,000 7,000 
1 5/g 46,500 80,000 66,000 31,800 24,000 16,000 8,000 
52,500 91,000 36,000 27,000 18,000 9,100 
66,600 115,000 45,600 34,500 23,000 11,500 


of splicing a broken chain by inserting a bolt between two links, 
with the head of the bolt and the nut sustaining the load, or of 
passing one link through another and inserting a bolt or nail to 
hold it. 

Kinked, Knotted, or Twisted Chain.—A lift never should be 
made with a kink, knot, or twist in the chain. The chain should 
be perfectly straight. Twisting and dragging chain over pipe 
; : and other materials injures the chain. 

Fic 6. Pee Chain Safe Loads.—Some plants stamp on a metal tag attached to 
ere each chain the safe vertical load which may be lifted with that 
chain. A better way is to stamp the safe load or a reference number for the chain load 
on the ring or hook. Stamp marks should not be placed on chain links as they may form 
points of weakness in the surface of the links when they are in cold worked condition, 
. which may start a crack. Some 
ome Link Coupling Link oe chain users weld to the ring or con- 
necting link of the chain a flat link 
on which the safe load or number 
may be marked. This flat link 
=a does not form a part of the chain 
: = to which the load is applied. A 
29 Peat: Ghaped Linc. arab Gioak IE greater load can be lifted safely 
E — : : 5 ‘ : 
t with a given size of chain or sling 
ae as when the chain or all of the legs of 
G the sling are in a vertical position. 
Fra. 7. Dimensions of Single Sling Chains Safe working loads for iron sling 
chains are given in Table 5. 

IRON SPECIFICATIONS.—Grade A Iron Chain shall be made from all-puddled iron, 

free from any admixture of iron or steel scrap. The original muck bars shall be twice 


Sling Hook 
Length as required 


Table 6.—Single Sling Chain Dimensions, Inches (Fig. 7) 
(Chain Institute Standard, 1931) 


Pear-shaped End Links Sling Hooks Grab Hooks 
Cc D E F iG H i 
3/g 3/4 4 3 im | BS 7 11 
7/16 3/4 4 3 6 43/5 | 2 it 
I/p 7/8 4 3 6 | 51/2] 11/3 | 118/36) 4 
5/8 1 1/g 5 4 8 61/o} 11/4 | 21/g 
3/4 13/3 6 4 8 | 81/2] 13/4 
7/3 1 1/g 6 6 11 10 1/g} 2 
1 13/4 7 6 12 | 101/g| 2 3 
11/3 1 7/g 8 7 13, | 12 2 3)3/ 40 ae 
11/4 2g | 9 7 | a Ad ed TOT Re MIS RRS lle 
10 8 | 15° 1158/61 38/— | 4io hae eee 
12 8 | 16 | 1638/7) 216 5. Ihe) 
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Table 7.—Double Sling Chain Dimensions, Inches (Fig. 8) 
(Chain Institute Standard, 1931) 


Chain |Coupling Rings Pear-shaped End Links Sling Hooks 
Size Links A 


& 
& 
qe 


ROBNINADS AWW 


piled and rerolled. All bars shall be the full length of the pile. The physical properties 
of the iron shall be such, when made into chain, as to conform to the breaking loads and 
elongation called for by specifications A56-30 for iron crane chain. (See p. 6-31.) 

Grade B Iron Chain shall be 
rolled from a box pile, top, bottom, 
and sides of which shall have been 
rolled from muck bar, and the 
filler, which consists of muck bar, 
shall be the full length of the pile. 
The physical properties shall be as 
specified for Grade A chain. Couphne Tink 
_~ LUBRICATION.—To lessen [/e—_ 4 pan 
wear of the chain links when wound ——— 2 48s requir, 
on a drum and passed over sheaves, hee Ge gues tek hy Sohal Mey i —c—-| 
they should be lubricated at fre- zy 
quent and regular intervals with €& cy "Pear Shaped Link 
grease or heavy oil mixed with | ‘ 2 
graphite. When lubricating, the 
chain should be slack and the oil 
brushed well in between the ends Fri¢. 8. Dimensions of Double Sling Chains 
of the links. Grease and oil should 
not be used in places such as foundries where grit and sand particles are present, re- 
sulting in severe abrasive action. Sling chains should not be lubricated, as the lubricant 
would be transferred to the bodies of men handling the chain, introducing a hazard. The 
lubricant may also increase the slipping hazard. 

STORAGE.—When chains are not in use they should be kept in a place suitable for 
storage. They should not be exposed to corrosive fumes or liquids. 

RINGS, HOOKS, AND END LINKS.—When hooks, rings, or special end links are 
used with chain in sustaining loads, care should be taken to select the attachments of the 
type, grade, and size suitable for service with the size of chain used. Specifications for 
sling hooks, grab hooks, end rings, and pear-shaped end links given in Tables 6 and 7 are 
approved by the Chain Institute. It is recommended that they be followed. Forged 
steel hooks always are preferable, and especially for lifting heavy loads. Cast steel hooks 
frequently contain such defects as blow holes which cannot be detected by inspection. 
Hooks of very large capacity frequently are made of laminated steel plate. 

METHOD OF EXAMINATION.—It is important that all hoisting 
chains be examined at frequent and regular intervals. The examination 
should include inspection of the links for stretch, wear, gouge marks, 
open welds, and especially a careful inspection of the surface to ascertain 
the need of annealing or normalizing, as indicated by the peened, hammered, 
or polished surface of the links. The examination should be made by a 
person conversant with the defects and flaws liable to be found, and who 
has the knowledge and authority to decide when the chain should be re- 
moved from service for repair, annealing, normalizing, or replacement. 

BENT HOOKS.—Hooks which have become bent, due to overloads, TreLoueniety 
should not be straightened and put back into service. When a hook once is asayake 
bent the stress in the metal so tends to weaken it that its strength afterward 
is doubtful. Fig. 9 shows a safety hook on which the locking pawl prevents loads from 
becoming unhooked, and the point of the hook from fouling. 


Coupling Link 
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STUD LINK CHAIN.—Stud link chain, or studded chain, is used only as an anchor 
chain, and operates over a windlass. It should be made in accordance with the rules of 
the American Bureau of Shipping. 


3. WIRE ROPE 


The following notes and tables are compiled from data furnished by the American 
Steel & Wire Co., Cleveland. For further information see catalogs of the American Steel 
& Wire Co., John A. Roebling’s Sons Co., and A. Leschens & Sons Co. 

Wire ropes, which have almost entirely superseded chains and manila rope for haulage 
and hoisting purposes, are made with a varying number of wires to the strand, and a 
varying number of strands to the rope, according to the service in which they are to be 
used and the degree of flexibility required. Five grades of rope are usually manufactured, 
as regards the material used, viz.: Iron, cast steel, mild plow steel, plow-steel, and special 
grades called ‘‘Monitor,”’ “Blue center” plow steel, etc. Haulage rope, for mines, docks, 
etc., usually consists of 6 strands of 7 wires each laid around a hemp core. Hoisting rope, 
fore levators, mines, coal and ore hoists, conveyors, derricks, steam shovels, dredges, log- 
ging, etc., consists of 6 strands of 19 wires each, with a single hemp core. A more flexible 
rope, for crane service, etc., consists of 6 strands of 37 wires each wound around a single 
hemp core. 

In general, the flexibility of the rope is increased by increasing the number of wires 
in the strands. The most flexible standard rope made consists of 6 61-wire strands and 
one hemp core. Other varieties comprise flattened strand ropes for haulage, hoisting, 
and transmission, non-spinning rope for the suspension of loads at the end of a single line, 
steel clad rope for severe conditions of service, guy and rigging ropes, and hawsers for 
towing or mooring. 

BREAKING STRENGTH OF WIRE ROPE.—The various manufacturers have 
adopted standard figures for the strength of all sizes and qualities of wirerope. Formerly 
it was the custom to test the individual wires and to consider their combined strength as 
the strength of the rope asa whole. These strengths were greater than the actual strength 
obtained by breaking the finished rope. The figures given in the tables herewith represent 
actual breaks of the various ropes, and range from 95 to 80% or less of the combined 
strength of the single wires, depending on the construction. 

LAY OF WIRE ROPE.—Regular lay of wire rope comprises wires in the strands laid 
to the left, the strands being laid to the right, known as right-lay rope; or wires laid to the 
right, and strands laid to the left, known as left-lay rope. Standard rope is made regular 
lay, right lay. In Lang lay rope the wires in the strands and the strands themselves are 
laid in the rope in the same direction, either right or left. 

Lang lay rope is somewhat more flexible than ordinary rope, and as tne wires are laid 
more axially in the rope, longer surfaces are exposed to wear, and the endurance thereby is 
increased. Lang lay rope is used only to a limited extent in the U. S., largely where the 
ropes drag or are subjected to much friction. As Lang lay rope untwists more readily than 
regular lay, care must be exercised in its use. It is not as good an all-around rope as 
regular lay. : 

SHEAVES AND DRUMS.—Drums and sheaves of the largest practicable diameter 
are recommended in all wire rope installations. See Table 8. If possible, drums should 
be lagged, and where feasible, a grooved drum on hoists is more desirable than a flat drum. 
The grooves should give ample clearance between successive windings; thus a drum for 
3/4-in. rope should have the grooves at least 7/s-in. apart on centers. The grooves should 
be made smooth in order not to cut the rope, and they should be of slightly larger radius 
than the rope in order to avoid wedging or pinching it. See Table 9. Overwinding, that 
is, the winding of the rope in more than one layer, is to be avoided, if possible, by making 
the drum large enough to take all the rope in a single layer. Overwinding will rapidly 


Table 8.—Diameter of Sheaves and Drums for Wire Rope 


Diam. of Sheave = (Diam. of Rope X C) 
eS 


i Values of C 
Type of Rope 
yP a Average Recommended Minimum 
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Table 9.—Proper Clearances for Sheave Grooves 
(John A, Roebling’s Sons Co., Trenton, N. J.) 


Minimum Minimum Minimum Minimum 

Clearance, in, Clearance, in. Clearance, in. Clearance, in. 
d d | 3 b A} 

aS ° b oo” ° b > o b =) Oo b 

aoa | Sew > | Sew Seales a: |s 

Sa la" Fl ag | Se |e" 2] ao | Ba |eae es [ate 

=e 2oe|/ ee] RS [ese] os | w 2 | eee Bs |e 68 

qa (e¢| 3 | 3 |e83| 83] 28 less a2 |gt= 

BA |/Ssa| ae | 50 |Sea| Ba | BA |S8E FA ZEEE 

a Q 4 Z Q Z aa a ea 

1/4 1/64 V/39 11/8 

5/16 1/64 1/39 1/39 11/4 7/8 

3/g 1/32 1/16 1/39 1 3/3 

7/16 1/39 1/16 1/39 11/2 

1/2 1/39 1/16 15/8 


destroy the rope, and the extra cost of the larger drum will be more than compensated 
by the greater life of the rope. The best possible alignment of sheaves and drums should 
be made to avoid undue wear on the sides of the sheaves and the rope. In general, the 
lead sheaves over which the rope runs from the drum should be aligned with the center 
of the drum, or if the drum is not entirely filled, with the center of the portion on which 
the rope is wound. The distance between the drum and lead sheave should be such as to 
cause an angle not exceeding 1° 30’ between the line from the center of the sheave to the 
center of the drum, and the line from the center of the sheave to the outer side of the 
drum. When the sheaves become worn, they should be replaced or the grooves turned 
before they are used with a new wire rope, otherwise the rope will not work properly. 
When changing an old rope for a new one, the sheaves should be examined, and if scored 
or cut from the old rope, they should be turned, relined or renewed, so that the new rope 
will not receive undue wear. For many purposes, particularly mine service, the grooves 
can advantageously be lined with well-seasoned, hardwood blocks set on end, which can 
be renewed when worn. Large sheaves, running at high velocity, should be lined with 
leather set on end, or with india-rubber. This is the practice for power transmission 
between distant points, where the’rope frequently runs at a velocity of 4000 feet per 
minute. 

. REVERSE BENDING.—Reverse bending, that is, bending the wire rope first in one 
direction over sheaves and then in the opposite direction, is to be avoided wherever pos- 
sible. This practice will wear out a rope more quickly than any other known method. A 
little care in design usually will eliminate all situations which call for reverse bending, 
and it is even desirable to change existing constructions if necessary to remove this condi- 
tion. The expense of rope renewals will more than equal the cost of change, as a rule. 

HANDLING WIRE ROPE.—Wire rope must not be coiled or uncoiled like hemp rope. 
When received in a coil it should be rolled on the ground like a hoop and straightened out 
before being put on the sheaves. If on a reel, it should be mounted on a spindle or a 
flat turntable and properly unwound. MKinking or untwisting must be avoided. 

PROTECTION AND LUBRICATION OF WIRE ROPE.—Wire rope should be pro- 
tected by a suitable lubricant, both externally and internally, to prevent rust and keep it 
pliable. The lubricant should be suited to the conditions under which the rope is used. 
It should not contain acids or other corrosive agents, and should readily penetrate the 
strands. It should be self spreading, adhesive, and water repelling. The higher the speed 
of the rope, the lower should be the viscosity of the lubricant. For stationary ropes for 
low speed work, as on shovels, cranes, or derricks, a heavy petroleum oil or grease, viscosity 
approximately 1000 sec. at 210° F., applied hot, is advised. or heavy haulage, as slope 
and logging ropes, a lubricant of viscosity of 500 to 800 sec. at 210° F. should be used. 
For high speed hoisting, as in mine hoists, a lubricant of viscosity of 400 to 500 sec. at 
100° F. is recommended, with automatic lubrication. In all cases, the viscosity should 
be such that the lubricant will cover the rope, penetrate thoroughly, withstand pressure, 
but yet not so thin as to run off the rope. Crude oils should not be used. New lubricants 
only should be applied. Lubricants should be applied hot, as the penetration thereby is 
increased, and when cooled the lubricant exists as a plastic filler to lubricate the wires 
and to exclude moisture. The lubricant is best applied by passing the rope through a 
bath of heated oil. Placing a drum of heated oil over the rope and allowing the oil to 
flow on the rope is wasteful of oil. When hand lubrication is necessary a piece of sheep- 
skin with the wool coat on the inside is recommended as a wiper, the wool being saturated 
with oil, and held around the rope as it passes through the wiper. While in storage, wire 
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rope should be kept dry and protected from the weather, acid, and acid fumes. When a 
used rope is stored, it should be thoroughly cleaned before oiling and then treated as a 
new rope. For special cases, the manufacturers of wire rope should be consulted as to 
the type and method of lubrication. 

EXPOSURE TO HEAT.—Where wire rope is exposed to intense heat, as in foundry 
or steel mill service, a soft iron often is substituted for the hemp core. Asbestos also 
sometimes is used, but it is not recommended. 


Varieties and Uses of Wire Rope 


GALVANIZED WIRE ROPE is used for ‘‘standing” service, where no bending is 
required, as guys, ship’s rigging, towing and mooring lines, etc. It is not adapted to 
hoisting service, as the galvanized coating is abraded and worn away by the sheaves, thus 
promoting corrosion. The more commonly used types of galvanized wire rope are 
described below. 

Galvanized Standing and Guy Ropes are made both of iron and cast steel wire. The 
iron rope comprises 6 strands, 7 wires to the strand, with a hemp core. The cast steel 
rope comprises 6 strands with either 7 or 19 wires to the strand and a hemp core. Both 
types also are made with a wire strand center, which increases the breaking strength 
about 7.5%. These ropes also are known as yacht rigging rope. See Table 10. 


Table 10.—Galvanized Wire Standing and Guy Rope 
Also known as Yacht Rigging Rope 
6 Strands, 7 Wires per Strand, 1 Hemp Core 


Iron Cast Steel Tron Cast Steel 
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* § strands, 7 wires per strand. 


Table 11.—Galvanized Steel Bridge Strand 


Diameter, in, 11/4 1 1/g ] 
Weight per Eitiss Ubi <.s:ccate. chefs cl ie Ie 3.90 3.38 2.82 2.01 
Area, BQ. IM cece cee eee ee nen enees 1.105 0.956 0.798 
Minimum ultimate strength, Ib.......... 223,000 194,000 161,000 


Minimum modulus of elasticity up to 50% of ultimate strength, 24,000,000. 


Table 12.—Galvanized Plow Steel Bridge Cable 
6 Strands, 7, 19, or 37 Wires to the Strand 


Approx. Approx. 


; Breaking Approx. i 
Diameter, Circum- Weight Strength, | Diameter, Cae ao 
in, ference, per ft., Tons in. ference, Tons ‘ 
in. lb. (2000 lb.) in, lb. (2000 lb.) 
ar 93/3 15.75 360 17/ 57 
23/4 8 5/g 13.25 310 13/4 ans 336 124 
25/3 8 1/4 12.10 283 15/g 51/g 4.62 106 
2V/p 77/3 11,00 256 11/9 43/4 3.80 90 
23/g 71/p 9.90 232 13/3 43/3 3.30 15 
21/4 71/g 8.85 208 11/4 37/3 2.70 62 
2g 65/g 7.90 185 11/g 31/ 2.20 54 
2 64 7.00 164 1 1.75 42 
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Galvanized Steel Strand is made with 7 or 19 steel wires twisted into a single strand. 
The standard grade is used for guys for smokestacks and poles and for supporting trolley 
wires and operating railroad signals. The Siemens-Martin high strength, and extra high 
strength grades combine high strength with toughness and light weight. They are used 
to guy electric railway, telegraph and telephone poles, to support trolley and messenger 
wires, and for purposes where high strength is required. See Table 13. 4 


Table 13.—Galvanized Steel Strand 
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Table 14.—Airplane Strand and Cord 


7-Wire and 19-Wire | “Guard 7 Wire | 7strand, 7-Wire | 7-Strand, 19-Wire 
Diam., SE Breaking = Sone. Breaking ee Breaking oe Breaking 
in. Ib. per Strength, tga Strength, Ib. per Strength, Ib. ey Strength, 
1000 ft. Ib. 1000 ft. Ib. 1000 ft. Ib. 1000 ft. Ib. 
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TRANSMISSION OR HAULAGE ROPE.— Usually made of 6 7-wire strands and one 
hemp core, in all five grades. It is made of large wires and is the least flexible of any 
standard rope. Cast steel rope is particularly adapted to mine haulage work, including 
tail rope and endless haulage systems, gravity hoists, and coal and ore dock haulage, roads, 
operating small grip cars, etc. The sizes 3/g to 5/g in. inclusive, are used for sand lines in 
oil wells, and from 5/g to 1 in. for oil-well drilling. In general, it can be used for severe 
service, and where the flexibility required is a minimum. The plow-steel rope is advised 
for situations similar to those for which the cast steel ropes are used, but where it is 
hecessary to secure increased strength, without altering the working conditions. The 
wires are harder and capable of standing greater wear than any of the foregoing ropes. 
Monitor plow-steel rope is the strongest and stiffest of all and is used for work demanding 
the greatest strength and lightest rope possible. Sheaves for this rope should, if possible, 
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be somewhat larger than for other grades. For working loads, strength, etc., of these 
ropes, see Tables 15 and 16. 

Standard Hoisting Rope-—Composed of 6 19-wire strands and a hemp core; made in 
the following grades: Iron, cast steel, mild plow steel, plow steel and Monitor plow steel. 
The wires are smaller than those in transmission ropes of the same size, and the rope is 
more flexible. It will not stand as much abrasion as transmission rope. The hemp- 
center rope is very pliable and will wind on moderate size drums and sheaves without 
injury. If possible, drums and sheaves should be larger than shown in Table 8. The 
cast steel, mild plow steel, plow steel and Monitor plow steel ropes are adapted to mine 
hoisting, logging, quarrying, elevators, derricks, hay presses, dredges, cableways, inclined 
planes, coal hoists, conveyors, ballast unloaders, skip hoists, and similar applications. 
See Table 16. 

Extra Flexible Hoisting Rope.—Consists of 8 19-wire strands and one hemp core. 
The greater flexibility permits its use on smaller sheaves and drums, such as usually are 
found on derricks. It is not advisable to use it where there is much overwinding, as it 
will flatten much more quickly than the 6 X 19 standard rope. It is made in the five 
grades of iron, cast steel, mild plow steel, plow steel, and Monitor plow steel. Its uses 
are the same as those of standard hoisting rope. See Table 17. 

Special Flexible Hoisting Rope.—Consists of 6 37-wire strands and one hemp core. 
It is extremely flexible, and is especially adapted to high-speed service on cranes, or where 
sheaves are small. It is made in the grades cast steel, mild plow steel, plow steel, and 
Monitor plow steel. It will not stand as much abrasion as the 6 X 19 rope, but it is par- 
ticularly efficient, as over 50% of the wires are in the inner layers and are protected from 
abrasion. The cast steel ropes are used for general hoisting work where the sheaves are 
small, while the plow steel varieties are recommended for crane service. The Monitor 
plow steel rope is largely used on dredges for both main and spud ropes. See Table 18. 
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Table 15.—Transmission or Haulage Rope 
6 Strands, 7 Wires per Strand, 1 Hemp Core 
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Table 16.—Standard Hoisting Rope 
6 Strands, 19 Wires per Strand, 1 Hemp Core 
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Table 17.—Extra Flexible Hoisting Rope 
8 Strands, 19 Wires per Strand, 1 Hemp Core 
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Table 18.—Special Flexible Steel Hoisting Rope 
6 Strands, 37 Wires per Strand, 1 Hemp Core 
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Table 19.—Flattened Strand Haulage or Transmission Rope 
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FLATTENED STRAND ROPE.—Flattened strand ropes are used where an increased 
wearing surface is desired above that obtained with a round strand rope. The wearing 
surface in contact with sheave or drum is from 100 to 150% greater than in round-strand 
ropes. 

Dr ittened sicand Haulage or Transmission Rope is made in three types, each with a 
hemp core. Type C has 5 9-wire strands, the center wire being of elliptical cross-section ; 
type D has 6 8-wire strands, the center wire being of triangular cross-section; type E has 
5 11-wire strands, the three center wires being of smaller diameter than the others and laid 
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alongside of each other in the’same plane. These ropes also are made with a wire strand 
or wire rope center, which increases the breaking strength about 7.5%. See Table 19. 


Flattened-strand Hoisting Rope is made in two types each with a hemp core. Type A 
consists of 5 strands, 28 wires per strand, the center wire being of elliptical cross-section, 
and the inner layer of surrounding wires being of smaller diameter than the outer. Type 
B consists of 6 strands, 25 wires per strand, the center wire being of triangular cross- 
section, and the inner layer of surrounding wires being of smaller diameter than the outer 
layer. Type A sometimes is used on elevators and on some types of coal handling equip- 
ment. It is not adapted to general hoisting, especially when used for heavy service over 
flat sheaves or drums, or where overwinding occurs. Type B is a very rigid rope that 
holds its shape well under stress. It easily can be passed over sheaves of moderate size. 
Both types are made in the iron, cast steel, mild plow steel, plow steel and Monitor plow 
steel grades. When made with a steel rope or steel strand center, the breaking strength 
is increased about 7.5%. See Table 20. 


Non-spinning Hoisting Rope.—Comprises 18 7-wire strands and one hemp core, 6 
strands, Lang lay, being laid around the core to the left, and 12 strands, regular lay being 
laid to the right around them. A free object suspended from the end of a rope of this 
character will not rotate and endanger the lives of persons below it. Furthermore, the 
attention required to handle and guide the load is decreased. This rope is recommended 
for back haul or single-line derricks, and for shaft sinking and mine hoisting, where the 
bucket swings without guides. This rope works best where it does not overwind on the 


Table 20.—Flattened Strand Hoisting Rope 
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Table 21.—Non-spinning Hoisting Rope 
18 Strands, 7 Wires per Strand, 1 Hemp Core 
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drum. The best fastening is an open or closed socket, but the wire rope makers recom- 
mend that fastenings be attached at the factory. This rope should not be as heavily 
loaded as ordinary hoisting rope. It is made in the grades of cast steel, mild plow steel, 
plow-steel, and Monitor plow-steel. See Table 21. 

ELEVATOR ROPE.—Table 22 gives the characteristics of elevator hoisting rope, both 
standard and Seale construction. Seale construction consists of a single center wire, sur- 
rounded by a circle of wires of the same diameter, with a circle of smaller filler wires inter- 
posed between the center and outer wires. 

MARLIN-CLAD ROPE.—This is a round strand rope, each strand being given an 
external serving of tarred marlin. (See Table 23). It is particularly adapted for ship 
rigging, cargo hoists, power transmission (see page 24-53), grain shovels, etc. It is con- 
siderably stronger than manila rope of equal diameter, a 1-in. plow-steel marlin-clad rope 
having a strength of 26,400 lb., while that of a 1-in. manila rope is 7500 lb. Marlin-clad 
rope weighs approximately 30% less than manila rope of the same strength. 

Mazlin-clad Hawser Rope consists of 5 separate ropes around a hemp core. Each 
rope comprises 5 strands, 7 wires per strand and one hemp core, covered with an external 
serving of tarred marlin. It is made in plow steel, mild plow steel and cast steel grades. 
See Table 24. 

STEEL-CLAD HOISTING ROPE.— The regular grades of hoisting ropes, as well as 
the special flexible, are made, if desired, with a flat strip of steel wound spirally around 
each strand. These strips give additional wearing surface without sacrificing the flex- 


Table 22.—Elevator Rope 
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Table 23.—Marlin-clad Hoisting Rope 
Each strand served with Tarred Marlin 


5 19-wire Strands, 1 Hemp Core. 
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ibility. When the flat winding is worn through, a complete rope remains with unim- 
paired strength. These ropes are designed for severe conditions of service, and an addi- 
tional service of 50 to 100% over that of the unprotected rope frequently is obtained. 
Tables 15 to 18 may be used for the strength of steel-clad rope, by referring to the diameter 
of the rope, as it would be were no wrapping applied. The standard steel-clad hoisting 
rope is made in sizes (diam. of bare rope) of 1/2to 2in. See Table 16. The special flexible 
steel-clad rope is made in sizes (diam. of bare rope) of 7/g to 21/4in. See Table 18. The 
steel wrapping is not considered as adding any strength to the rope but merely serving 
to increase its life. This rope is made in two grades of plow steel and Monitor plow steel. 

FLAT ROPE.—Flat rope consists of a number of “‘flat-rope’’ strands, twisted alter- 
nately right and left, placed side by side and sewed with soft Swedish iron or steel wire, 
to form a flat rope of the desired width and thickness. The soft sewing wires wear much 
quicker than the rope wire, and have to be replaced from time to time, at which time worn 
strands can also be renewed. Flat rope is used principally for hoisting heavy loads out 
of deep shafts, it requiring a reel but little larger than the width of the rope, whereas 
round rope necessitates the use of a large drum. Its use is recommended where saving 
of machinery space is an object. It does not twist or spin in the shaft. It is also used for 
operating spouts on coal and ore docks, and for raising and lowering emergency gates on 
canals and similar machinery. For details of methods of fastening it to drums, the 
manufacturers should be consulted. Drums and sheaves should be as large as possible. 
A rule for the diameter of the drum is D = ct, where D is diameter of drum at bottom, in., 
t = thickness of rope, in., and c = 100 for drums and 160 for sheaves. Sheaves should 
be crowned at the center and have deep flanges to guide the rope. See Table 25. 

TOWING AND RUNNING ROPES are made of 6 12-, 24-, or 37-wire strands with 
a hemp core in each strand. See Table 26. They are lighter than hemp hawsers of equal 
strength and are flexible enough to work around the same bitts as hemp rope of equivalent 
strength. The following is a comparison of hawsers of equal strength: 


Tarred White 4-in. Galv. Studded 

Russian Manila Steel Link 

Hemp Hawser Hawser Chain 
Weight per fathom, Ib............ 39 18 13 68 
Gireumference, in... ....e.esee0e 13 10 4 1 1/g diam. 


TRACK STRAND FOR AERIAL TRAMWAYS.—Composed of several successive 
layers of wires wrapped around a single wire core, the number of wires varying with the 
diameter of the cable. The cableis made in 
plow steel and cast steel grades. See Table 27. 

LOCKED WIRE CABLE.—Locked wire 
§ cable and locked coil track cable, of the gen- 
eral form shown in Fig. 10, are used as track 

Fre, 10. Locked Wire Gable cables for aerial tramways. They differ only 

in the number and size of wires used, and 

both are made of cast steel. The locked wire cable is the more flexible of the two. 
These cables are smoother than the track cable described above. See Table 28. 


Table 25.—Steel Flat Rope 


é re Breaking ; 4 Breaking ‘ Breaking 
A = Strength, | = Strength, s =, Strength, 
é 4 Pe Tons of 4 3 Tons oe : ag Tons 
Bie = (2000 1b.) | 8 | 8 3 (20001b) | #| 8 } = (2000 Ib.) 
Sy | ee Z| 4 5 g/d 8 
ig 3 ef Cast | Plow | ‘© is] = Cast | Plow | © B=} : Cast | Plow 
ra is Bs Steel | Steel a E = Steel | Steel fa = = Steel | Steel 
1/4 | 13/2] 0.69 | 14.0 | 16.9 | 8/g | 5 3.03 | 63.8} 78.1} 5/g| 5 5.04 | 104.8] 129.4 
1/4 | 2 0.88 | 18.0 | 21.7 | 3/g | 51/2| 3.42 | 72.2| 88.5] 5/g | 51/o| 5.59 | 116.4] 143.8 
Wq | 21/o| 1.15 | 22.0 | 26.5 | 3/3 | 6 3.63 | 76.5| 93.7] 5/g| 6 6.14 | 128.1) 158.0 
1/4 | 3 1.34 | 26.0 | 31.3 1/2 | 21/2] 2.13 |, 45.8] 56.4 5/3 | 7 17.23" |) 1513) 187.0 
es 2 Lu 24.0 | 29.2 | Io | 3 2.47 | 53.41 65.8] 9/8 | 8 8.32 | 174.6) 216.0 

16 | 21/o| 1. 30.0 | 36.5 | 1/2 | 31/g| 2.82 | 61.0) 75.2) 8/4 | 5 6.50 | 134.2] 166,0 
5/16 | 3 1.75 | 36.0 | 43.8 | Y/o|-4 3.16 | 68.6] 84.6] 3/4 | 6 7.31 | 150.9] 186.8 

2.03 | 42.0 | 51.2] 1/2 | 41/2| 3.82 | 76.2) 94.0] 3/417 3.13 | 167.7| 207.5 
2.29 | 48.0 | 58.5°| 1/o | 5 4.16 | 91.5] 112.8] 8/4 | 8 9.70 | 184.5] 228.3 
1.25 | 25.5 | 31,2 | /2 | 51/2) 4.50 | 99.1) 122.2777, 15 | 7 50 | 157.0] 192.7 
1.64 | 34.0] 41.6] 2} | 4.85 | 106.7) 131.6) 7/16 | 8°56 | 179.4] 220.2 
1.84 | 38.3 | 46.8 |V/2|7 | 5.85 | 122.0] 150.4) 7217 | 963 | 201.9] 247.8 
2031 46,7 |05%.2 31/2| 3.40 | 69.9| 86.3] 7/318 |10.69 | 224.3] 275.3 
2.44 | 51.0 | 62.4 3. 95a py Bilis5t OBE Glos cliches cate eae ; 
2.83 | 59.5 4.50 | 93.1| 115.0 i en Re ee 


Diameter, in. 


Diameter, in. 


NNW 
a 
OFS 


DAAC 2|No. of Wires 


Circumference, in. 


* For deep sea and lake towing. 


Approximate 
Circum- 
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Table 26.—Galvanized Steel Hawser, Towing and Running Rope 
6 Strands and 1 Hemp Core 


37-wire Strand* 
Special Plow Steel 
One Hemp Core 


24-wire Strandt 
7 Hemp Cores 


12-wire Strandt 
7 Hemp Cores 


Approx. 
Breaking 
Strength, 
Tons 
(2000 lb.) 


173, 
164. 
156. 
140. 
132. 
125. 
ied 
103. 
96. 
89. 
83. 
71 
65. 
60. 
49. 
44. 
40. 


Wt. per 
foot, 
Ib. 


.74 
ek) 
85 
00 
59 
20 
82 
.09 
yf 
41 
09 
49 
20 
93 
.42 
s19 
96 
ys) 
55 


8 
8 
Te 
7 6 
6. 
6. 
5% 
5. 
4 
4. 
4, 
Bi 
3. 
Zs 
2 
2 
Ie 
1 
1 
Up: 
Ue 
0. 
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Approx. Breaking 


Approx. Breaking 


Strength, Strength, 
Tons (2000 lb.) Tons (2000 Ib.) 
Cast Plow Cast Plow 
Steel Steel Tron Steel Steel 
Ds .0 Ali BAT callie aencteree 66.6 81.3 
by .0 a0 ASL! Peers cotore 62.7 76.9 
5. .6 .0 ee? Male 5 sro 59.0 V2, 
4. We 85) = GP Rl eee Dla, 63.4 
4. SPA BPs See 2ua |e acters 48.3 59.3 
3 Me) ae 99 Ile ces ees 45.0 5503. 
ah .6 AS) Die Thy. s\Viavesstens, cihths 41.8 51.5 
= .6 a6) BeOS Seats 35.8 44.3 
Z; 4 Ae: Bn betes cbevaseuats « 33.0 40.7 
Ds .4 .6 Ue | eee 30.2 37.4 
7 Ie ot .4 [ROG drk oo cies 25 31.0 
Ls a. Su Lig: RO te | Aaa re 22.8 28.1 
it, ay, .0 SO SP A cicle ie usrenese 20.5 25.3 
1 sal £7) DUO theses vw ysiiatens 18.3 22.6 
1. al, 3 ie 8.1 16.3 20.0 
di. A .0 Or 6.3 12.5 15.4 
0. .8 Lu 5.46 10.8 13.3: 
.6 .4 4.7 9.26 Wee 
59) .6 3.435 6.46 if) 
Dae 5.26 6.43 
ey) 2.18 4.23 5.4 
1,69 eyes) 4.01 
.67 1.26 2.47 3.01 
0 if 2abs 
}Hawser and mooring lines. {Running rope. 
Table 27.—Track Strand for Aerial Tramways 
. Breaking q n * Breaking A a . Breaking 
BS! Strength, “| £ | s= | | Strength, . | & |B=| Strength, 
5} (20001b.) Tons} S | © | © 25 | (20001b.) Tons} § | & | 33] (2000Ib.) Tons 
pw Fe a Fa ai (me la iat deer eee s 7s OS) Es eee eee 
cr Cast Plow E e a8 Cast Plow g 2 aS Cast | Plow 
| Steel | Steel | & | 2 |e | Steel | Steel | A |S |e Steel | Steel 
1272} 285.0 | 335.0 | 15/g] 61 | 536 | 124.0 | 146.0 | 7/g 19 | 155} 37.6] 44.4 
1019} 233.0 | 266.0 | 11/o| 37 | 455 | 108.4 | 127.5 | 3/4 LO = 27eOr aoe 
928) 204.0 | 240.0 | 13/g| 37 | 379 88.8 | 105.0 | 5/g 19 ZO |) LORE Noes 
813) 185.6) 2t8.0rt Wty24 37%) 310 71.8 84.6 | 9/16 | 19 63 IanO" |S s0 
711] 161.0 | 189.0 |] 11/g} 37 | 258 60.0 70.7 | 1/o 19 49) 1276S: 
621] 145.8 | 171.041 NOMMEIO Bal 4 0h2el S804 ae Celts nlp taal eee 


4 Approximate Approximate A 2 g Approximate Approximate 

- Weight Breaking oe) ose Weight Breaking 

g per foot, Strength, 8 & g S per foot, Strength, 

q lb. Tons (2000 lb.) g 6 © a lb. Tons (2000 lb.) 

& Locked| Locked! Locked] Locked! ic) a5 8 Locked} Locked, Locked Locked 
Coil Wire Coil Wire fa) a Coil Wire | Coil Wire 


.65 
00 


12 

10 
8 
a: 
6 
5 
4 
3 


195 
158 
138 
125 
108 

93 

78 


i 
3 
oo 


16 
50 
OF 


54 
42 
32 
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* Wire Rope Fittings 

Wire Rope Splices and Fittings. (See also page 23-10.)—Three types of splices are 
used with wire rope—the end-to-end, the endless, and the thimble splice. The first two 
may be either long or short splices. The end-to-end splice is used to attach one rope to 
another by interlocking the strands, as shown on page 6-46. Ropes of similar con- 
struction can be so spliced, but a right lay rope cannot be spliced into a left lay rope. In 
making a splice a certain amount of rope is used up. The additional length to be allowed 
for a splice is shown in Table 29. 

The endless splice is made in the same manner as the end-to-end splice. 

The thimble splice is the forming of a loop in the end of a rope and then interlocking 
the strands, the loop usually containing a thimble or other fitting. Dimensions of thim- 
bles are given in Table 30. 

Shackles are used to connect ropes whose ends are equipped with thimble sockets, 
turnbuckles, etc. See Table 31. Select the size of shackle whose strength is equal to 
that of the rope to be used with it. 


Table 29.—Length of Wire Rope to be Allowed for Splices 


Diameter of rope, in............ 1/4-3/g 1/9-5/g 3/4-7/3 I-11/g_ 1: Y/4-1 8/g 11/2 
Allowance, Short Splice, ft....... 15 20 24 28 32 36 
= Long Splice, ft....... 30 40 50 60 70 80 
4 Thimble Splice, ft.... 1 11/9 2 3 31/9 4 
Table 30.—Dimensions and Weight of Galvanized Wire Rope Thimbles 
4 Standard Thimbles Heavy Thimbles for Plow Steel Standard Cast 
4 |for Iron and Cast Steel Ropes,| and Monitor Steel Ropes and Steel Hawser 
g Guys and Stationary Ropes Material Handling Ropes Thimbles 
S q Soules d ch ile : i ij 
feed a=) lg ce} é _ “|g a F 8 He = é 
eet nd) Bees 2 2 = ih ee ae fie = Tones =~ | ea ye fe) 
3o | 32 oe (a8 3 = Sa | cai es eos) Souiee ee 
ell weieb |Pesiae| ao a so |S a oes S Ee2l\ a8 | 33 P| 
8il/So/]/ me |ybg 5 eo | mo |ya eg ) 332/35 | ho = 
£1) S38) §& |eue 3 ee ree sie “3 25S] Sm | 3m 3 
A = 3 so = = 3° Is oF = BAF] io) 3 2) = 
V/4 1 V4 1/16 0.034 7/8 Sha) Ste’ ollie apalatartal ite tore tetlane lita recot ckumetere 
i] 3/4 1056) b.  ) Rife if 2/nghe © SS pS sheleiciiters wore tempera tal farereretenetane 
16/76) 3081 Wl Beef QUART ee SD ee bere ete ale rere 
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90,200 
92,040 
94,100 
103,800 
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=e 


Ww, = 7 = = Se 
Shackle Thimble Open Socket Closed Socket 


Fia. 11. Wire Rope Fastenings 


Clips are fastenings usually used to form a thimble loop where the use of the rope is 
temporary. The U-bolt of the clip should rest on the short end of the rope so that the 
flat bears on the tension side of the loop. Otherwise the rope will be injured by the clip 
putting a crimp in the tension side. Not less than 2, and preferably 4 or 6 clips should 
be used, especially on the larger diameters of rope. 

Clamps are temporary fastenings, usually used to form loops without thimbles. From 
2 to 6 clamps should be used for each end fastening, 
and alternate clips and clamps are preferable. 

Turnbuckles are necessary where slack in rope 
is to be taken up or a uniform tension maintained. oo S==) 
The turnbuckles should always be equal in strength Fie. 12 Tu buck 
to that of the rope used with them. See Table 32 aha abe tara eee he 
for dimensions and strength. Where a greater take-up is required than that given in 
the table, two or more turnbuckles should be used. Turnbuckles are usually made with 
the styles of ends shown in Fig. 12. 

Sockets are the strongest type of rope fastening. Dimensions of closed and open 
sockets are shown in Table 33. Bridge sockets of both open and closed type are also 


Table 32.—Standard Turnbuckles 
Solid Eye Stub 


Clevis Stub 


Diameter : Outside Thick- : Width 
of Screw s os Diameter ness Diameter Between 
; : trength, Diameter rE fE of Pin, ieee 

a Ib.* optyertin'|| soe) mcg? in. ERD 
buckle, Ib. in. in. in. 
3/g 4,000 1.00 i sess oe tee eae 7/16 5/3 
1/2 7,500 a5 EVP ow || Ga Galle cane, gin 9/16 3/4 
5/g 12,000 3.25 Vee Meme eos. Bette 3/4 7/3 
3/4 18,000 5.50 11/4 17/g 3/4 7/8 I 
7/3 25,000 8.00 15/16 21/8 1/3 I 11/g 
1 33,000 11.00 11/2 2 9/16 1 1 1/g 11/4 
11/g 41,500 18.00 1 11/y6 2 3/4 11/3 1 1/g 11/4 
11/4 53,500 2325 17/3 3 11/4 1 3/g 11/2 
11/9 78,000 SACS Om |e 2/4 31/9 11/2 1 5/g 13/4 
13/4 105,000 57.75 25/g 41/4 1 38/4 2 2 
2 138,000 79.00 3 43/4 2 21/4 21/4 
21/4 181,000 132.50 33/4 6 13/16 TSU (See Ai RES 9 ee 
21/o 223,000 140.00 33/4 6 13/16 VAAN ES sel (NAN etre 9 re 
* The recommended working load = 1/5 approximate breaking strength. 
Table 33.—Sockets 
Open Sockets Closed Sockets 
4 oO. 
= d|. 4 5 E 2 s cal 34 
elie Sosy Ls erecta Bus Egor|eee a Es 
es | 323|/ 3% eA | ssa] S| 3h a 6 "a 
ge | Ba] os Ha lee | 88 | 68 | BE BS 
Am | SR | 64 peel eo? | 2 | 6th 89 ca 
1/4-5, 2 4 5/16 1 9/16 0.9 41/4 1 13/16 0. 
ics 2 45/8 13/4 iT. 45/3 21/16 0.8 
12-916 | 21/2 | 5 9/16 2 2.3 5 1/2 25/16 1,6 
5/3 3 6 3/4 21/2 3.8 6 3/g 2 9/16 3.0 
3/4 31/2 | 715/16 3 6.0 | 75/8 3 1/16 4.5 
7/3 91/4 31/9 10.0 | 87/g 35/3 7.0 
! 41/2 | 10 9/16 4 1555 0 
11/3 11 13/16 41/2 22.0 4 
11/4 5 1/2 | 138/16 5 32.0 0 
13/g 5 1/o | 133/16 5 32.0 a 
11/, 15 1/g 6 46.0 i 
1 5/g 61/o | 16 1/4 61/2 55.0 is 
13/4 71a | 181/4 7 82.0 5 
17/3 71/2 | 18 1/4 7 82.0 i 
2-21/g | 81/2 | 21 1/9 9 120.0 - 
21/4-2 3/g| 9 23 1/2 10 120.0 : 
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made for bridge cables and locked tramway and cableway strand. For dimensions, see 
catalog of American Steel & Wire Co. Sockets develop the full strength of the rope, and 
are stronger than any rope that may be inserted in them. See below for directions for 
attaching sockets. 

ATTACHING SOCKETS TO WIRE ROPE.—The rope should be seized at the end 
before cutting off and also at a distance equal to the length of the socket basket from the 
end, the first seizing being remoyed after the rope is cut off. The seizing in large ropes 
should be several inches long and securely wrapped with a special seizing iron to prevent 
untwisting of the lay of the rope, with consequent unequal tension on the strands after 
the socket is applied. ‘The hemp center is cut out, back to the seizing and the wires 
broomed out straight, 7.e., untwisted, not necessarily straightened. The wires should be 
cleaned with benzine, naphtha or gasoline, and then dipped for 30 seconds in a bath of 
commercial muriatic acid. They should next be dipped in boiling water containing a 
small amount of soda to neutralize the acid, and then inserted in the basket of the socket. 
The socket should line up with the axis of the rope. After sealing its base with clay, putty 
or similar substance, the socket is filled with molten zinc, at a temperature not exceeding 
875° F. If socketing is properly done, one or more strands of the rope will break before 
the socket fails. See also Bureau of Mines Bulletin No. 75, page 124. 


Splicing Wire Rope. 


TO SPLICE A WIRE ROPE.—The tools required will be a small marline spike, cutting 
nippers, and either clamps or a small hemp-rope sling with which to wrap around and 
untwist the rope. Ifa bench-vise is accessible it will be found convenient. In splicing 
a rope, a certain length is used up in making the splice. See Table 29. 

Having measured, carefully, the length the rope should be after splicing, and marked 
the points M and M’, Fig. 13, unlay the strands from each end E and E’ to M and M’ 
and cut off the center at M and M’, and then: 

(1) Interlock the six unlaid strands of each end alternatel 

y and draw them t 
so that the points M and M’ meet, as in Fig. 14. trae: 

(2) Unlay a strand from one end, and following the unlay closely, lay into the seam 
or groove it opens the strand opposite it belonging to the other end of the rope, until 
within a length equal to three or four times the length of one lay of the rope, and cut the 
other strand to about the same length from the point of meeting as at A, Fig. 15. 

(3) Unlay the adjacent strand in the opposite direction, and following the unlay 
closely, lay in its place the corresponding opposite strand, cutting the ends as described 
before at B, Fig. 15. 

There are yp four strands laid in place terminating at A and B, with the eight 
remaining at MM’, as in Fig. 15. It will be well after laying each pai bf t: i 
them temporarily at the points A and B. : ra iia oy gent 

Pursue the same course with the remaining four pai j i 

pairs of opposite strands, stoppin, 
each pair about eight or ten turns of the rope short of the precedi i ee a 
ce ee preceding pair, and cutting the 

We now have all the strands laid in their pro i i i 

t per places with their respective ends 
aie aoe other, as in ‘ibe eh ea methods of rope-splicing are identical to this point: 

eir variety consists in the method of tucking the ends. The one gi i 
most generally practiced. miteyr ti or 

Clamp the rope firmly in a vise at a point to the left of A, Fi 

; , Fig. 16, and by a hand-el 
applied near A, open up the rope by untwisting sufficiently to cut the core at A. "The 
core is seized with the nippers, and drawn out slowly. The core is followed closely by 
the strand, which is crowded in the place of the core, until it is all laid in. Cut the core 
where the strand ends, and push the end back into its place. Remove the clamps and let 
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the rope close together around it. Draw out the core in the opposite direction and lay the 
other strand in the center of the rope, in the same manner. Repeat the operation at the 
five remaining points and hammer the rope lightly at the points where the ends pass each 
other at A, A’, B, B’, etc., with small wooden mallets, and the splice is complete, as shown 
in Fig. 17. Ifa clamp and vise are not obtainable, two rope slings and short wooden levers 
may be used to untwist and open up the rope. 

A rope spliced as above will be nearly as strong as the original rope and smooth every- 
where. After running a few days, the splice, if well made, cannot be found except by 
close examination. The above instructions have been adopted by the leading rope 
manufacturers of the U. S, 
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Table 1.—Weight of 100 Cone Head Rivets, in Pounds 
(Champion Rivet Co., Cleveland) 


eens Rivet Diameter, in. 

Head, in. 5/8 3/4 7/3 1 1 1/g 11/4 1 3/g 
11/9 22.76 SDAOO WO circ: acts oles se chemi chetiae tenets sfortians ai or. lleaiane s weecetlavosiene ¢ optne 
15/g 23.84 SORA MATS piwet cP. oe oto Peete catere Meee eke aay serail) ee eae breil esol anetewe 
1 3/4 24.92 AMON MET CEO en Nate A. Me Sct in niepen eaten eer crecere helPeccait a ae eXols.c leno Cie eke ons 
17/g 25.99 SIDS DI) = SN 8k pa niedheteeacaes A laee Acti dae Aietewal | Arche feraceey S|, CSE nen Se acny CAST a es 
2 27.07 471s 58.30 ADD ama err Ree Paras tote AN ca yenenaycs tes ope ra-sinitrome neater c 
21/g 28.15 42.69 Sj es iss OL SA wea ercetets clehertossile a toare. ccperete ene tovele-c aves 
21/4 Zao 44.23 61.40 OF RA Time Werte cre oleate Aap rosk ete «| ccerevelelere aterave 
23/g 30.30 45.76 63.45 CHASE MUL ai ABE Bis 2 | Eee, a) ae 
21/2 31.38 47.30 65.50 89.74 121.70 1595 1 200.35 
25/3 32.46 48.84 67.55 92.37 125.08 163.29 205.40 
23/4 33554 50.38 69.60 95.00 128.46 167. 46 210.44 
27/8 34.61 51.91 71.65 97.64 131.84 171.64 215.48 
3 35.69 53.45 73.70 | 100.27 is5e22 175.81 220.52 
31/g 36.77 54.99 WSiahD 103.90 138.60 179.98 225.57 
31/4 37.85 56.53 77.80 105.53 141.98 184.16 230.61 
33/3 38.92 58.06 79.85 108.17 145.36 188. 33 235.65 
31/9 39.96 59.60 81.90 110.80 148.74 192.51 240.69 
35/3 41.08 61.14 83.95 113,43 52. 12 196.68 245.74 
33/4 42.16 62.68 86.00 116.07 155.50 200. 86 250.78 
37/8 43,23 64.21 88.05 118.70 158.88 205.03 255.82 
4 44.3] 65.75 90.10 121.33 162.26 209.20 260. 86 
41/g 45.39 67.29 92.15 123.97 165.64 213.38 265.90 
41/4 46.47 68. 83 94.20 126.60 169.01 MTA 3s) 270.95 
43/g 47.54 70.36 96.25 129.23 172.40 IN Af} 275.99 
41/9 48.60 71.90 98.30 131.86 175.78 225.90 281.03 
45/3 49.70 73.44 100.35 134.50 179.16 230,07 286.08 
43/4 50.78 74.98 102.40 ie vaeice) 182.54 234.25 291.12 
47/3 51.85 76.51 104.45 139.76 185.92 238.42 296.16 
5 YU} 78.05 106.50 142.40 189.30 242.60 301.20 
5i/g 54.01 79.59 108.55 145.03 192.68 247.87 306.25 
51/4 55.09 81.13 110.60 147. 66 196.06 250.94 311.29 
5 3/g 56.16 82.66 122.65 150.29 199.44 PAS MAA 316.33 
51/2 57.24 84.20 114.70 152.93 202.82 259.29 SYA EY / 
55/g 58.32 85.74 116.75 155.56 206.20 263.47 326.42 
5 3/4 59.40 87.28 118.80 158.19 209.58 267.64 331.46 
57/8 60.47 88.81 120.85 160. 83 212.96 271.81 336.50 
6 61.55 90.35 122.90 163.46 216.34 275.99 341.54 
61/4 63.71 93.43 127.00 168.73 223.10 284.34 351.63 
61/9 65.86 96.50 131.10 174.00 229.86 292.68 361.71 
63/4 68.02 99.58 135,20 179.26 236. 62 301.03 371.80 
7 ZOWZ 102.65 13595 30 184.53 243, 38 309. 38 381.88 

htt 
era 9.83 16.55 24,50 37.08 54.10 75.63 99.50 
Heads 
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Table 2.—Weight, in Pounds, of 100 Button Head Rivets 
(Champion Rivet Co., Cleveland) 


Length p J : 
Winder Rivet Diameter, in. 
en EEE 1 | 1 | 134 | 13% | 11% | 18% 


| | | | ee 


sueW0 TPT ALLN LER ea ee earn Fema: Henan Dieta! Reree rs 
Ge 8.58 | 15254 | 24.63 [oo oc. lone wees foc ene fe eee ap eins ie cocina are cena 


1 CYA [tie pge Cel ey A Ah ja Xoat fel fey (Gl Pere corel oeitieen =| eee Ae BRCM ABEIE SS cw asc 
{Ue | 11235.) 19.65} 30.78) 43.98 | 59.63 |... ash nos face n ner afoe comme opens enaae 
11/2 | 12.73°| 21.80 | 33.85 | 48.08 | 64.89 | 86.66 |........[.....2.-[es sees [essence 
18/g | 14.12 | 23.96 | 36.93 | 52.18] 70.16] 93.42 ]........|...0200-[eeceeeeefoseeeecs 
2 15.50 | 26.11 | 40.00 | 56.28 | 75.42] 100.18 | 132.59 | 167.18 | 206.35 | 253.64 
21/4 | 16.89 | 28.27 | 43.08 | 60.38 | 80.69 | 106.94 | 140.94 | 177.27 | 218.36 | 267.75 
21/o | 18.27 | 30.42 | 46.15 | 64.48 | 85.96 | 113.70 | 149.28 | 187.35 | 230.38 | 281.86 
23/4 | 19.66 | 32.58 | 49.23 | 68.58 | 91.22 | 120.46 | 157.63 | 197.44 | 242.39 | 295.97 


3 21.04 | 34.73 | 52.30 72.68 96.49 | 127.22 | 165.98 | 207.52 | 254.41 | 310.08 


31/4 | 22.43 | 36.89 | 55.38 76.78 | 101.75 | 133.98 | 174.33 | 217.61 | 266.42 | 324.19 
31/o | 23.81 | 39.04 | 58.45 80.88 | 107.02 | 140.74 | 182.68 | 227.69 | 278.44 | 338.31 
33/4 | 25.20 | 41.20 | 61.53 84.98 | 112.29 | 147.50 | 191.03 | 237.78 | 290.45 | 352.41 
4 26.58 | 43.35 | 64.60 89.08 | 117.55 | 154.26 | 199.37 | 247.86 | 302.47 | 366.52 
41/4 | 27.97 | 45.51 | 67.68 93.18 | 122.82 | 161.02 | 207.72 | 257.95 | 314.48 | 380.63 
41/g | 29.35 | 47.66 | 70.75 97.28 | 128.08 | 167.78 | 216.07 | 268.03 | 326.50 | 394.74 
43/4 | 30.74 | 49.82 | 73.83 | 101.38 | 133.35 174.54 | 224.42 | 278.12 | 338.51 | 408.86 
5 32.12 | 51.97 | 76.90 | 105.48 | 138.62 | 181.30 | 232.77 | 288.20 | 350.52 | 422.96 
5 Ve | 34.89 | 56.28 | 83.05 | 113.68 | 149.15 | 194.82 249.46 | 308.37 | 374.56 | 451.18 
6 37.66 | 60.59 | 89.20 | 121.88 | 159.68 | 208.34 | 266.16 | 328.54 | 398.59 | 479.40 
61/2 | 40.43 | 64.90 | 95.35 | 130.08 j 170.22 | 221.86 282.85 | 348.71 | 422.61 | 507.62 
il 43.20 | 69.21 |101.50 | 138.28 | 180.75 | 235.38 | 299.55 | 368.88 | 446.64 | 535.84 
71g | 45.97 | 73.52 |107.65 | 146.48 | 191.28 | 248.90 | 316.25 389.05 | 470.67 | 564.06 
8 48.74 | 77.83 |113.80 | 154.68 | 201.81 | 262.42 | 332.96 | 409.22 | 494.70 | 592.28 
81/e | 51.51 | 82.14 |119.95 | 162.88 | 212.34 | 275.94 | 349.66 | 429.39 | 518.73 | 620.50 
9 54,28 | 86.45 1126.10 | 171.08 | 222.88 | 289.46 | 366.35 | 449.56 | 542.76 | 648.72 
91/o | 57.05 | 90.76 |132.25 | 179.28 | 233.41 | 302.98 | 383.05 | 469.73 566.79 | 676.94 
10 59.82 | 95.07 |138.40 | 187.48 | 243.92 | 316.50 | 399.74 | 489.90 | 590.82 | 705.16 
10 1/p | 62.59 | 99.38 1144.55 | 195.68 | 254.45 | 330.02 | 416.44 | 510.07 | 614.85 | 733.38 
11 65.36 |103.69 |150.70 | 203.88 | 264.98 | 343.54 | 433.14 | 530.24 | 638.88 | 761.60 
12 70.90 }112.31 |163.00 | 220.28 | 286.05 | 370.58 | 466.53 | 570.58 | 686.94 | 818.04 
13 76.44 |120.93 |175.30 | 236.68 | 307.11 | 397.62 | 499.92 | 610.92 | 735.00 | 874.48 
14 81.98 |129.55 |187.60 | 253.08 | 328.18 | 424.66 | 533.31 | 651.26 | 783.06 | 920.92 
15 87.52 |138.17 |199.90 | 269.48 | 349.23 | 451.70 | 566.73 | 691.60 | 831.12 | 987.36 

Weight 

of 100 4.42 8.87 | 15.40 23.48 33.30 46.10 65.80 86.50 | 110.23 | 140.76 
Heads 


Table 3.—Approximate Weight, in Pounds, of 1000 Small Round or Button Head Rivets 
(Townsend Co., New Brighton, Pa.) 


Length Length 


episkacn, Rivet Diameter, in. * of Shank: Rivet Diameter, in. * 

in. 7/16 | 3/3 | 5/16 | 1/4 1/g in. 7/16 | 3/8 5/16 | Va | 3/16 | V8 
TT ee. | ee ae ae 24 ee 0.87 13/g | 86.14] 60.30] 39.84/24. 171/12.79| 5.45 
Dee hy gets MEE «aliens $55 edecmteoae tenets 1,09 11/2 91.41} 64.17| 42.53/25. 88)13.76) 5.89 
Sige lemon eas ls cee cles 3.66] 1.31 15/g | 96.67] 68.03) 45.21|27.60/14.72| 6.32 
DA lteatiecas.s]| ection |liazesoy< 4. low 1 3/4 101.94) 71.90) 47.90)29.32/15.68] 6.76 
b/ie, Nee een 4.621 1.74] 17/g |107.20] 75.77] 50.58/31.04116.64] 7.19 
BBA) Pees» 5, 1.96 2 112,46) 79.63) 53.27|32.75|17.60| 7.53 
1/9 6. 2.40 21/4 122.99) 87.36) 58.64/36.18/19.52| 8-50 
5/g ve 2.83 21/2 133.51) 95.09} 64.02/39, 62/21.45) 9.38 
3/4 he Sed 23/4 144.04)102, 82) 69.39/43, 05/23. 37/10.25 
7/8 8. 3.70 3 154.56)110.55) 74,76)46, 49/25. 29)11.12 
1 Ds 4.14 31/9 175.61|126.01} 85. 13629714 eee 
11/s 10.87] 4.58] 4 196. 66|141. 47] 96. 

11/4 tds DO 5 238.76|172.39|117.74|73.97|40.67|...... 


* These rivets are also made in gages from No. 1 to No. 16, inclusive. 
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Table 4.—Dimensions of Aluminum Structural Rivets (Fig.1) 
General proportions: @ = 1.75d; b = 0.75 d;c = 0,885 d;f =0.50d;g =1.81d 


Dimen- a ‘ 
camel Diameter, in. 

in. W/4 5/16 3/3 7/16 1/9 5/8 3/4 7/3 | 11/8 11/4 
Tei os 0.438 | 0.547 | 0.656 | 0.766 | 0.875 | 1.094 | 1.313 | 1.531 1.750 | 1.969 | 2.188 
Oat 0.188 | 0.234 | 0.281 | 0.328 | 0.375 | 0.469 | 0.563 | 0.656 | 0.750 | 0.844 | 0.938 
CHK x01 0.221 | 0.277 | 0.332 | 0.387 | 0.442 | 0.553 | 0.664 | 0.774 | 0.885 | 0.995 | 1.106 
vie Bears 0.156 | 0.188 | 0.219 | 0.250 | 0.313 0.563 | 0.625 
Fc exbtccoe : 0.566 | 0.679 0.905 


L = 
i LU ieGe 


' 
ae 
tH 
aoe ATS Flat Head Soancersnak Button Head Pan Head Truss or Wagon Belt 
Head sunk Box Head 
Fia. 1 Fic. 2 Fic. 3 


Table 5——Dimensions of Small Rivets (See Fig. 2) 
(American Standards Assoc. Standard B18a, 1927) 


Body Diam., D, in. Head Diam., A, in. Head Height, dH, in. 


Nominal | Max. | Min. Csk. |Button| Pan | Truss} Flat | Csk. |Button| Pan | Truss 
3/39 0.096 |0.090 |0.190 |0.176 |0.166 |0.163 |0.238 |0.032 |0.040 |0.071 |0.054 |0.032 
1/g 5a) > (at oe Wd PLO We 2IM ee oA Sime O42a| 055a1 8 O94al) s072)|* 042 
5/39 <8.) eae -289 |) .273 |) 268 |. 7390") 052'| 2066 | 2117 | 1089 | .052 
3/16 SLR WE sh Ree PS4GneeS27 |. Sele 2.408 | 062) 2079 1. 1400 (107 | 062 
7/32 Ba A a fe 407 easo> | 2578. | 550) 1.073) .094 | 2165. | .126) 2.073 
1/4 253 | .244 St05) |e 4a0mEe seo O25 4) .083i| e106.) 2188: |) 143) 083 
9/39 =28). |) 27S ED20) |) 2492 4 482 | 7031 "°.094 1) 2119) 210] .061 | 1094 
5/16 2oNT, ||. 6305 EN PITOU e955.) AOU OA el SS) 234) 78 1) 104 
11/39 .348 | .336 POS 3a) OOO Mes oo ||| a855e|) EA | 460) e257 1 196. Stl 4 


.380 | .365 BOO#N|) aGr00)) 2644 P9538 S125 | 2159 2280 2215) ||-.125 
443 | .428 BOOS ML Oo ne90) IO9Sm| sb 460) 6 NS6ul . 5280 250: 1) 5 146 

Notes:—Length of all types of rivets made as ordered. Radius of head of button head rivets 
r = 0.885 D. Radii of head of pan head rivets, rj = 0.314 D; re = 0.85 D; rz = 3.43 D. Radius of 
head of truss rivets, r = 2.512 D. Rivets are to be made of open-hearth steel of 45,000 to 55,000 lb. per 
sq. in. tensile strength; yield point of 0.5 & tensile strength; minimum elongation in 8 in., 1,500,000 + 
tensile strength; manganese 0.30 to 0.50%; phosphorus < 0.04%; sulphur < 0.05%; rivets to test 
between Nos. 20 and 26 scleroscope (Shore). 


Table 6.—Coopers’ Rivets (See Fig. 3) 
(American Standards Assoc. Standard B18g, 1928) 


Si Diameter, in. Length, in. si Diameter, in. Length, in. 
Na | Body| Head} Tip |Body|Over-|Head|Chamfer] > | Body] Head] Tip | Body|Over-|Head|Chamfer 
5 Dt A d Palle Ey E F OM A d i jall, L| H E 

1 Ib. 0.109/0.245|0.098/0.187/0.219/0.032} 0.043 6 lb. |0.203/0.456/0. 182/0.406)0.466/0.060) 0.08! 
Ulf? .127| .285) .114) .218] .256} .038]  .050 fap Os 238] .535| .214) .500) .571} .071 .095 
2 cH .141| .317] .126] .250} .292) .042)  .056 Lo .250| .562] .225} .531] .606} .075) .100 
7a . 148] .333) .133) .281) .325) .044)  .059 Age E2D9 D820 233|| Oo) 2608 2077) > ¥103 
3 ee .156} .351] .140] .312) .358) .046)  .062 14 “ .271} .609] .243) .562|} .643) .081 108 
4 & .165]} .371] .148) .343| .392} .049| .066 Cy .281| .632| .252| .593] .677| .084| .112 


* Size No. is trade name or weight of 1000 rivets. { Tolerances are the same as for Tinners’ rivets. 


See Table 8. 
Table 7.— Beit Rivets (See Fig. 3) 
(American Standards Assoc. Standard B18g, 1928) 


2 Diameter, in. Length, in. Si Diameter, in. Length, in. 
sd Body {| Head Tip | Overall| Head | Cham- No Body 7 | Head Tip | Overall| Head | Cham- 
peal oD A d L He ber, BAT | D A d L H | fer, E 
7 | 0.180 | 0.504 | 0.162 | From | 0.054 | 0.072} 11 | 0.120 | 0.336 | 0.108 | From | 0.036 | 0.048 
8 165 -462 148 |3/g”to} .049 | .066] 12 .109 | .305 098 |3/g”to}| .032] .043 
9 148 414 183 eat .044 .059 | 13 .095 .266 | .085 | 3/4’ .028 | .038 
10 .134 375 .120 |by 1/3’) .040 | .053 by 1/8” 
incre- incre- 
ments ments 


* Stubs Iron Wire Gage No. of stock used in body. j{ Body diameter tolerances are as follows: 
+0.002, —0.004. © 
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’ Table 8.—Tinners’ Rivets 
(American Standards Assoc. Standard B18g, 1928) Dimensions in Inches 


Head 


Body 


Size 


Size 

No* Diam.| Thick.| Diam.+| Length] No.*| Diam.| Thick.} Diam.{| Length 

Boz. |0.207/0.027 | 0.089 | 0.16 {21/9 lb.| 0.333 | 0.044 10 Ib.| 0.535 | 0.071 | 0.238 | 0.47 

Wee 73pi COB be 105} «< 19 [3,- | 1-200 fn 050 FO 25024) 20771 =. 259sheepe 

Wed. 249) .033)) 111 20° f4, “b+ 396: 5052 14 “| .639] .085| .284] .52 

Ufo e292) 039))) 2130) | 925, 16. | 12456.) 060 16 “| .675] .090} .300 | .53 
Cea 32m) O83.) 144 .27 {8 «1 504| .067 


* Size No. is the trade name or weight of 1000 rivets. + Body diameter tolerances are as follows: 
8 oz.-2 1/2 lb., +0.002, —0.004; 3-10 lb., + 0.003, —0.006; 12-16 Ib., + 0.004, — 0.008. 


Table 9.—Standard Rivet Burrs 
(Reed and Prince Co., Worcester, Mass.) 


Outside Thickness, No. in : Outside Thickness, No. in 

in. 1 Ib. Size | Diam., in. in. 1 Ib. 

3/g in 7/8 0.072 100 No. 6 1/2 0.058 371 
11/39 in 3/4 .072 140 3/16 in. 1/9 058 362 
5/16 in 3/4 .072 134 No. 7 1/9 049 424 
9/39 in 11/16 065 176 5/39 in. VW/o .042 488 
No. 3 11/16 .065 172 No. 9 7/16 .042 632 
W/4 in 5/3 .065 210 No. 10 13/39 .035 870 
: ‘ .065 229 1/g in. 13/39 .035 855 

.058 289 


Table 10.—Dimensions and Weights of Wrought and Light Steel Washers 


Standard Wrought 


Light Steel 


Standard Wrought Washers 


Washi Washi 
Out- | Size | Size aes A —_— 

side of of iihielcness D- 

Diam.,| Hole,| Bolt, Prox. | Gage 

; z a No. = 

in. in. in. No. 
th Gage | per 
: No. |100 lb 


Thickness 


Gage 


uN NSIS SI SI CO CO 


No. 


Ap- 
prox. 
No. 
per 
100 Ib. 
473 
364 
275 
256 
220 
197 
174 
160 
122 
106 


i Re ; 3 Approx. : . ‘ A 
Outside Size of | Size of | Thick- rs Outside Size of | Size of | Thick- PProx. 
Diam., Hole, Bolt, ness, Weight, Diam., Hole Bolt ness Weight, 

in, in in in Ib Bee i fac in, ba Ib. per 
3 : : 1000 Pes. in. 1000 Pes. 
3/3 5/39 No. 6 3/64 1,2 11/16 1735 
7/16 8/ig | No.8 | 3/64 1.6 | 13/16 22.0 
1/9 7/39, 3/16 1/16 3.0 15/16 26.5 
5/3 9/39 W/4 1/16 4.5 1 3/g 28.0 
11/16 11/39 5/16 1/16 5.3 11/2 43.3 
13/16 18/39 3/3 1/16 7.0 1 3/4 60.0 
15 5/39 7/16 1/16 0.0 5 
Table 12.—Dimensions and Weights of Malleable Iron Washers 
(St. Louis Malleable Casting Co., St. Louis, Mo.) 
Size of Bolt,in..| 3/g | 12 | 5/3 | 3/4 | 7/g | 1 11/g | 11/4 | 13/g | 1 Ye | 13/4 [ 2 
Standard Pattern 
Diam., in......| 21/2] 21/2) 28/4] 3 EET a ee en ey 
: : /2 2 | # / 2 6 6 71, 
Thickness, in...| 1/4 | Ta | 5/16} 7/16 7/16 1/2 1/9 5/8 9/16 3/4 3/4 ie 
Wt. per!00, lb..} 18 17 26 371/g| 54 76 108 136 155 182 225 410 
| Light Pattern 
Diem, Sere ass 2 2). | 2ilfs os 31/9 4 41/ 5 
: " / 2 3 V/2 
Thickness, in...| 8/16 | 1/4 | 5/16 | 3/s 3/s | 7/16 Ve | %/16 | 9/16 
Wt. per!00,1lb..} 9 12 |211/9| 28 48 58 1/9 85 125 146 
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Table 14.\_Length and Number of Cut Nails to the Pound 


° 
3 fe) 20 = S 
= q iG g | 5 4 a 2 
Size et g FI a 3 o @ 3 2 35 
o 8 on o & aS | a q Ba 
=) ‘S) S) 2 ei 6) fea ae 


Table 15.Number of Nails in Keg of 150 Pounds 


Length, | in. | 5/16 in. | 2/3 in. Tengthy | iain. | Sein. | 3/ain. | 7/gin. | 1/2 in. 
3 a al RIOR eA: To 7 161 662 482 445 306 
3/1 | 2t600.-.) ©1208 1h coe €. eared 635 455 384 256 
4 (E50. Ulm 4138 wee PI Cla ee ie 573 424 300 240 
Ais | VabA | 100A ee Tne hen Sera eee 391 270 222 
5 1380 | 930 | 742 nae, Sek a Sg eee a 249 203 
6 1292 | 9868 | 570 42. ~ hates WIEN ne ce. [aca ae 236 180 


Table 16.—Approximate Number of Boat Spikes in Keg of 200 Pounds 
(American Steel & Wire Co., Cleveland) 


Seine Length, in. 

Square 4 5 6 7 8 9 10 | 12 14 
B/G Militar laters exeiltarereupiovesepeltwrehere notes iercceneren sree 214 190 ZO. Weiteice se 144 122 
Vf TL etsra eis /aveuo\lletssenareceve) eta tereketens oleers era arity 324 286 258 244 220 192 
B/G E Ml lictare aie eyavellloxebohe (erssdigl hareteteceren 480 eke | tories ne 378% Wafeaves tes lice ae Syeieree 
3/8 1114 930 816 690 622 532 GP An  Beoacicks 434 ee 
5/16 858 776 FOG. [is otesie.eleneme eee 
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STRENGTH OF MATERIALS 
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SIMPLE STRESSES 


Combined Mlemenitary Stresses. ers «icter> cists « ahoictclebetsl haat s) « we me 2 © wate 
Allowable stress and: Pactor of Satety:. s2sca<0< Sassi Ao ccwe eee s ee slsias 
FUOPOALOC SELESBs ote crepe rer Pas oiaraicrn & iste es Sarees ate PISA o ysl sue. aim We oo erates 
Mere VaOLeL) y NAIC LONG 1512400 aretaleie) alec aictaiecotetpenetabele olen 21 sas, aa), state = 


PDOOry. Ol, EF LOZUNG cgsretate hear «ars + areveleke wie] eter eee ae erate Ae, oe = cheareeede te 
Beanistof Unitorm Cross-section... a soccer ee oe oe «eee sce isons 
Beamsiot Uniform: Strengths ey cic ace aie re aarti 21 eepstersioieion 
Curved Beams: 5 Sth crs. 5 arse eqasersiatee aaxcueet tet tener eat eksacnclans ey ae carereas 


Cylinders 
Plates 
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Wooden Columns coarse ctvarenetretie wile cherries ee Pee Sins 1c 
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STRENGTH OF MATERIALS 


By Edward R. Kent 
Revised by Jasper O. Draffin 


SIMPLE STRESSES 


1. DEFINITIONS 


STRESS OR TOTAL STRESS is the resultant internal force that resists change in 
the size or shape of a body acted on by external forces. If the external forces acting on 
the body increase to the extent that the maximum stress that can be developed is unable 
to balance the external forces, the body will break or rupture. Stresses are measured in 
the same units as the forces which produce them, ¢.e., pounds, tons, ete. 

UNIT STRESS is the stress per unit of area. Its value 
P Le at any point of a section is the stress on an elementary 


part of the area, including the point, divided by the ele- 

mentary area, and generally varies from point to point of 

A A the section. When the stress P is uniformly distributed 
s m Sin 


Over an area A, the unit stress S at any point of the area 
is P/A. Unit stresses are expressed in pounds per square 
nm TTS inch, tons per square foot, kilograms per square centimeter, 


etc. 

TENSILE STRESS OR TENSION is the internal force 
that resists the action of external forces tending to in- 
crease the length of a body. Tension is developed in a bar 
when the external forces P act on it in the directions away 

p P from its ends. See Fig. 1. The tendency is to separate 
Fic. 1 Fra. 2 the bar into two parts A and B. To maintain equilibrium 
each part is acted on at section mn by tensile stresses, s. 
The resultant of s is equal and opposite in direction to the resultant of the forces, P. 
If the forces acting on one end of the bar total 1000 lb. then the stress on the section mn 
equals 1000 lb. 

7 COMPRESSIVE STRESS OR COMPRESSION is the internal force that resists 
the action of external forces tending to decrease the length of a body. Compression is 
developed in a bar when external forces P act on it in the directions toward its ends. 
In Fig. 2, the tendency of the external forces P is to shorten the bar by pushing any two 
parts, as A and B, closer together. As long as equilibrium is maintained, the resultant 
of the compressive stresses acting on either part at section mn is equal and opposite in 
direction to the resultant of the external forces acting at the end of the part considered. 
SHEARING STRESS OR SHEAR is the internal force acting along a plane between 
adjacent parts of a body, when two equal forces, parallel to the plane 
considered, act on each part in opposite directions. The shear resists the 
tendency of one part to slide over the other part. In Fig. 3, the project- 
ing part of the cantilever beam A is acted on by external vertical forces 
due to the weight of A and any loads that it carries. The resultant P of 
these forces is equal, parallel to, and opposite in general direction to the 
upward pressure or reaction R which acts on the part of the beam em- 
bedded in the wall. There exists, therefore, a tendency of the parts to 
assume the relative positions shown in Fig. 3. An internal force, or shear, 
acting along the cross-section mn resists the tendency of A to slide ver- 
tically downward. As long as equilibrium is maintained, if P equals 
1000 lb., R also equals 1000 lb., and the shear acting on the section will be equal to 1000 lb. 
SIMPLE STRESS.—Tension, compression, and shear are considered singly and in 
combination in engineering practice. When one of these is considered singly, the case is 


one of simple stress. ‘ ; ; 
NORMAL STRESS is a stress that acts in a direction perpendicular to the section 


considered. 
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AXIAL STRESS is the stress existing in a straight homogeneous bar when the resultant 
of the applied loads coincides with the axis of the bar. The stress is distributed uniformly 
over any section normal to the axis of the bar. 

AXIAL TENSION exists in a vertical bar supported only at its upper end. If the 
resultant of the applied load does not coincide with the axis of the bar, the stress is not 
uniform over the cross-section of the bar. A bar held in an inclined position, even though 
subjected to axial force applied at its ends, is not in simple axial tension, since the weight 
of the bar itself is an external force acting on it at an angle to its axis, and the stress is not 
uniform over a cross-section of the bar. 

AXIAL COMPRESSION exists in a pier or prism of length not over 6 to 8 times the 
least side or diameter, when the resultant of the load supported acts through the centers 
of gravity of the end sections. When the length is greater than 6 or 8 times the least 
side or diameter, the pier is regarded as a column in which some bending has taken place. 
The stresses then are not uniformly distributed over a cross-section and the case is not 
one of simple axial compression. 

DEFORMATION is the amount of the change in the shape of a body caused by the 
application of external forces. When the external forces cause tension, the deformation 
is the amount that the body is increased in length (elongation); when they cause com- 
pression, it is the amount that the body is decreased in length (shortening); when they 
cause shear, it is the amount that one part of the body slips over the adjacent part 
(detrusion). Deformations are measured by the same units of length used in measuring 
the linear dimensions of the body. 

Unit Deformation, or deformation per unit of length, is the total amount of deformation 
divided by the original length of the body before the load causing the deformation was 
applied. Unit deformation is designated by e. 

Ultimate unit deformation is the unit deforma- 
tion measured after the body has ruptured, expressed 
as a percentage of original length. 

HOOKE’S LAW states that a body acted on by 
external forces will deform in proportion to the stress 
developed, so long as the unit stress does not exceed 
a certain value, which varies for the different ma- 
terials. This value is the proportional limit. 

PROPORTIONAL LIMIT is that unit stress at 
which unit deformation begins to increase at a faster 
rate than does unit stress; or it is the highest unit 
stress at which stress is proportional to deformation. 

0 Unit Deformation ‘ Jt is determined by noting, on a stress-deformation 
Fia, 4 diagram, the unit stress at which the curve departs 
from a straight line. 

ELASTIC LIMIT is the maximum unit stress to which a material may be subjected 
and still be able to return to its original form upon the removal of the stress. When 
stressed beyond the elastic limit, a body will return to its original form only partially 
and thereby acquires a permanent deformation or “ set.’ 


The determination of the elastic limit logically involves the application and release of a series 
of increasing loads until a set is observed after the release of a load. This procedure is very slow; 
and, since for many metals, there seems to be no significant difference between the elastic limit so 
determined and the proportional limit, the latter often is accepted as equivalent to the elastic limit 
and frequently is called the proportional-elastic limit. There is, however, no fundamental relation 
between the elastic limit and the proportional limit. In many of the older tests, particularly with 
timber, the proportional limit was incorrectly reported as the elastic limit. 


Johnson’s Apparent Elastic Limit——TIn view of the difficulty of determining precisely 
for some materials the proportional limit, J. B. Johnson proposed as the ‘ apparent 
elastic limit,’’ the point on the stress-deformation diagram at which the rate of deforma- 
tion is 50% greater than at the original. It is determined by drawing OA, Fig. 4, with a 
slope with respect to the vertical axis 50% greater than the straight-line part of the curve: 
the unit stress at which a parallel O’ A’ to this line is tangent to the curve (point B, Fig. 4) 
is the apparent elastic limit. 

YIELD POINT is the unit stress at which deformation first increases markedly with- 
out any increase in the applied load. The yield point is always above the proportional 
limit and true elastic limit. 


Ductile metals have a well-defined yield point which is practically the same value as the pro- 
portional limit. For this reason, and because of the method of commercial testing, the yield point 
of ductile metals sometimes is reported as the elastic limit, or as the commercial elastic limit. 
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A.8.T.M. Standards, 1933, ES-33, speci i % 
: J 5 ‘ , specify that the term yield point, shall not b i i 
Ae ; , E t L joint, not be used in connect: 
hae material whose stress-deformation curve in the region of yield is smooth and of gradual pe 
Bi YIELD STRENGTH is the unit stress at which a material exhibits a specified limiting 
re aa set.) Et is a measure of the useful limit of materials, particularly of those 
Ww. ea ire Cree in the region of yield is smooth and of gradual curvature 
: (tensile or compressive strength), is the hi i 5 
a material can sustain before eerie re ice n 
4 eae ee OF RUPTURE, or breaking strength, is the unit stress at which a 
- erial breaks or ruptures. It is observed in tests on steel to be slightly less than the 
u ere strength, because of the large reduction in area before rupture. 
oe TRESS-DEFORMATION DIAGRAM.—tThe relation between unit stress and unit 
- ave ss shown by a stress-deformation diagram, in which ordinates to a curve 
epresent unit stresses, and abscissas represent the resulting unit defo ti 
values of unit stress to the point of rupture. ‘ a oo 
F 1ge 0: shows a typical tension stress-deformation curve for medium steel. The pro- 
portional limit is at a, the yield point is at b, the point of ultimate stress is at c, and the 
point of rupture is at the end of the curve. The form of the curve obtained from a test 
ii vary ee to the material tested, and will be different for compression than for 
ension. or some materials, like cast iron, concrete, and frequently, timb 
the curve is a straight line. sins SU 
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Fic. 5. Stress-Deformation Diagram. 


MODULUS OF ELASTICITY in tension or compression is the constant which 
expresses the ratio of unit stress to unit deformation for all values of unit stress not 
exceeding the proportional limit of a material. The terms coefficient of elasticity and 
Young’s modulus sometimes are used to express this ratio. 


The deformation caused by any unit stress not exceeding the proportional limit may be com- 
puted if the modulus of elasticity is known. If a bar of length J and cross-sectional area A be 
acted on by an axial load P to produce a total deformation e, the unit stress is P/A, and the unit 
deformation is e/l. Let H = modulus of elasticity, s = unit stress, and e = unit deformation; 


then 
a Unit stress Ay Sele P/A us Pl 1] 
Unit deformation € e/l Fee ae eee 
Pl 1 
oe Ey eae UR ee ag 8 ee en er cee 
or oe ye tetas [2] 


This formula can be used only for unit stresses not greater than the proportional limit, because 
for higher unit stresses the ratio s/eis not constant. The modulus of elasticity Z is a measure ot the 
stiffness of a body, or of its ability to resist deformation within the proportional limit of the material. 
The greater the modulus of elasticity the less will be the deformation for any unit stress not exceed- 
ing the proportional limit. 


For any given material, the modulus of elasticity often is the same in tension or compression. 
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Average values for steel and’ wrought iron are respectively 30,000,000 lb. per sd. in, and 
25,000,000 Ib. per sq.in. See p. 1-05 and Sections 4 and 5 for values for other materials. Axial 
stresses always are implied when the unqualified term ‘‘ modulus of elasticity’ is used. 


Modulus of Elasticity in Shear—The expression for the modulus of elasticity in shear 
is similar to that for tension or compression; the deformation, however, is in a direction 
lying in the plane of shear of the body. The modulus of elasticity in shear also is called 
the modulus of rigidity. 


Let Es, = shearing modulus of elasticity, s; = unit shearing stress, és = total lateral deformae 
tion or detrusion due to the shear, and es = unit detrusion. Then 


2; Unit shearing stress Paey = P/A = Pl [3] 
g Unit detrusion €3 €3/1 esA 
ao ae [4] 
or eg Fy Paige Pig yet oR 9 


For metals, the shearing modulus of elasticity is approximately 0.4 times the tensile modulus 
of elasticity. 


POISSON’S RATIO is the ratio of lateral unit deformation to linear unit deforma- 
tion, within the elastic limit. It also is known as the factor of lateral contraction. See 
Fig. 6. 


It has been established by experiment that the lateral unit deformation is proportional to the 
linear elongation or shortening. Let \ = Poisson’s ratio; d, dj = respectively, diameter of bar 
before and after elongation or shortening; 1,1; = respectively, length of bar before and after elonga- 
tion or shortening; e = longitudinal unit elongation or shortening, as the case may be. Then 


Wor tension) Jag. odes ese. b= GP age i ka) Se a. ee eel 
For compression......... i= Stl apa (ha hdd eee 2 
Average values of Poisson’s ratio for the usual materials of construction are: 
Material.<........ Steel Wrought Iron Cast Iron Brass Concrete 
Poisson’s ratio..... 0.333 0.333 0.25 0.333 0.10 


ELASTICITY is the property of a material that enables it to deform and return to its 
original shape upon the removal of the load. 

DUCTILITY AND MALLEABILITY often are used synonymously. Specifically, 
ductility is the ability of a material to sustain large permanent deformations in tension, 
as drawing into a wire; malleability is the ability to sustain large permanent deformations 
in compression, as beating or rolling into thin sheets. 

PLASTICITY is that quality of a material that permits of its being molded. 

A material is plastic if the smallest load produces a permanent deformation. A per- 
fectly plastic material is non-elastic, and has no ultimate strength in the ordinary meaning 
of that term. Lead is a plastic material; a prism tested in compression will deform 
permanently under a small load, and will continue to deform as the load is increased, until 
it flattens to a thin sheet. Wrought iron and steel are plastic when stressed beyond the 
elastic limit in compression. When stressed 
beyond the elastic limit in tension, they are 
partly elastic and partly plastic, the degree 
of plasticity increasing as the ultimate 
strength is approached. 

BRITTLENESS is that property of a 
material that permits it to be only slightly 
deformed without rupture. 

Brittleness is relative, no material being per- 
fectly brittle, that is, capable of no deformation 
before rupture. Many materials are brittle to a 
greater or less degree, glass being one of the most 
brittle of materials. Brittle materials have rela- 
tively short stress-deformation curves. Of the 
common structural materials, cast iron, brick, and stone are brittle in comparison with steel. 

BRITTLENESS AND PLASTICITY are opposite terms. Materials which have a high degree of 
plasticity have no brittleness, and they rupture with considerable reduction of area, The reduction 
of area at rupture may be considered the measure of the plasticity or brittleness of a material, a 


large reduction of area indicating a high degree of: plasticity, and little or no reduction of area 
indicating a high degree of brittleness. 


TOUGHNESS is the ability to withstand high unit stress together with great unit 
deformation, without complete fracture. The area OAGH , or OJ K, under the curve of 
the stress-deformation diagram, Fig. 7, is a measure of the toughness of the material. 
The distinction between ductility and toughness is that ductility deals only with the ability 


WORK AND RESILIENCE 7-07 


to deform, whereas toughness considers both the ability to deform and the stress developed 
during deformation. 

STIFFNESS is the ability to resist deformation under stress. The modulus of 
elasticity is the criterion of the stiffness of a material. 

HARDNESS is the ability to resist very small indentations, abrasion, and plastic 
deformation. There is no single measure of hard- 
ness, as it is not a single property but is a com- 
bination of several properties. 

CREEP OR FLOW OF METALS is a phase of 
plastic or inelastic action. Some solids, as asphalt 
or paraffin, flow appreciably at room temperatures 
under extremely small stresses; zinc, lead and tin 
show signs of creep at room temperature under 
moderate stresses. At sufficiently high tempera- 
tures, practically all metals creep under stresses 
which vary with temperature, the higher the 
temperature the lower being the stress at which 
creep takes place. The deformation due to creep 
continues to increase indefinitely and becomes 

Unit Oatormetion of extreme importance in members subjected to 
Breas high temperatures, as parts in turbines, boilers, 
superheaters, etc. 

Creep Limit is the maximum unit stress under which unit distortion will not exceed 
a specified value during a given period of time at a specified temperature. A value much 
used in tests, and which has been suggested as a standard for comparing materials, is the 
maximum unit stress at which creep does not exceed 1% in 100,000 hours. 

TYPES OF FRACTURE.—A bar of brittle material, as cast iron will rupture in a 
tension test, in a clean sharp fracture with very little reduction of cross-sectional area 
and very little elongation. See Fig. 8a. In a ductile material, as structural steel, the 
reduction of area and elongation are greater. See Fig. 8b. In compression, a prism of 
brittle material will break by shearing along oblique planes; the greater the brittleness 
of the material, the more nearly will these planes parallel the direction of the applied 
force. Figs. 9a, 6, and c, arranged in-order of brittleness, illustrate the type of fracture in 
prisms of brick, concrete, and timber. Fig. 9d represents the deformation of a prism of 
plastic material, as lead, which flattens out under load without failure. 


Unit Stress 


2. WORK AND RESILIENCE 


EXTERNAL WORK.—Let P = axial load, lb., on a bar, producing an internal stress 
not exceeding the elastic limit; +s = unit stress produced by P, lb. per sq. in.; A = cross- 


sectional area, sq. in.; 1 = length of bar, in.; e = deformation, in.; H = modulus of 


elasticity; W = external work performed on bar, in.-lb. = 1/2 Pe. Then 
W = 1/2 As (sl/E) = 1/2 (s?/E) Al ee el 


The factor (1/2 s2/E) is the work required per unit volume, 
the volume being Al; it is represented on the stress- 
deformation diagram by the area ODE or area OBC, Fig.7, 


» in which DE and BC are ordinates representing the unit 


stresses considered. 
RESILIENCE is the stress energy which may be 


recovered from a deformed body when the load causing a a 
a b 


Brick Concrete 


: 
Timber Lead 
c d 


the stress is removed. Within the proportional limit, 
the resilience is equal to the external work performed in 
deforming the bar, and may be determined by formula [7]. 
When s is equal to the proportional limit, the factor 
(1/2 s?/E) is the modulus of resilience, i.e., the measure of 
capacity of a unit volume of material to store stress Fic. 8 Fic. 9 
energy up to the proportional limit. Average values 
of the modulus of resilience under tensile stress are given in Table 1. 

The total resilience of a bar is the product of its volume and the modulus of resilience. 
The above formulas for work performed on a bar, and its resilience, do not apply if the 


- unit stress is greater than the proportional limit. 


Work Required for Rupture.—Since beyond the proportional limit the deformations 
are not proportional to the stresses, 1/2 P does not express the mean value of the force 
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Table 1. Average Values of Tensile Modulus of Resilience and Toughness 


Modulus of Relative toughness (area 
Material resilience, under curve of stress-de- 
in.-lb. per cu. in. | formation diagram) 
Grey: CASE ATOD 6 iio 0 sicisiesleiee oielels cie'e olepis sar tieinere 12 70 
Miallcable Castiiron. sis s:cic osc 0901010 ces cincie.viv wes 17.4 3,800 
IW ROUPHE AVON.) fata ciersrcralei cl Helelbi die bin ee\ale Mis olele.wiste:s 11.6 11,000 
(LOW=CRTDOR BCC <0) <:«cisyarcloreiaie) siatie\e! swt «alasahny> o/s’ vieis. ole 15.0 15,700 
Medium-carbon: steel oi. j..6.< sie s10:5 6.00 4:66 of8 sae aleterere 34.0 16,300 
ELIZ N-CALDONBLCEL.... o ctecsccisy<i0is]s sisse o's ain, 010'e winie' 4 0's)0)¢ 94.0 5,000 
INT= CE SteNl HOt-rGMed) oo eres ortho. wre vorajete: orejwiataiinie exaiipinie 94.0 44,000 
Vanadium steel, 0.98% C, 0.2% V, heat-treated.... 260.0 22,000 
Duralumin; VP SDs seis ieee dave ssicle tela ccdietes wale es, ole 45.0 10,000 
Rolled! bronze, Je acician atoete Slee Mavejers aes shawcle alee 57.0 15,500 
Rollediibrassgzassveecrace ceetarcitins.« nace saad +e osten oe 40.0 10,000 
ORNS soe tee eivie b udande ns eee eRe 2 Meas + Siem repens se 25" 13* 


* Bending. 


acting. Formula [7], therefore, does not express the work required for deformation 
after the proportional limit of the material has 
been passed, and cannot express the work required 
for rupture. The work per unit volume required 
to produce deformations beyond the proportional 
limit or for rupture may, however, be de- 
termined from the stress-deformation diagram, 
as it is measured by the area included between 
the axis of abscissas, and the stress-deformation 
curve up to the deformation in question, as 
OAGH or OJK, Fig. 7. This area, however, does 
not represent the resilience, since part of the 
work done on the bar is present in the form of heat and cannot be recovered. 


Fre. 10 


3. COMBINED ELEMENTARY STRESSES 


SHEAR DUE TO AXIAL STRESS.—An axial load on a bar causes normal stress on 
the cross-sections, and both normal and shearing stress on inclined sections. In Fig. 10, 
the component P; of axial stress P, acting parallel to 
the plane mn causes shear on section mn. Component ai F 
P. acting perpendicular to mn causes normal stress - 
on it. Shear will be zero if mn is at 0 or 90° to the A B 
axis. It will be maximum when mn is at 45°, and 
have the value ss max.= 1/2 (P/A), A being the area 
of the bar. 

COMBINED AXIAL STRESSES.— Assuming 
tensile stresses to be positive and compression stresses 
negative, the normal stress on a section due to several 
applied axial loads is equal to the algebraic sum of 
the normal stresses caused by each load. 

Exampitn.—lIf axial loads Py, P2, P3, and P, cause unit 
stress on the cross-section of bar equal to — 20,000, 
+ 12,500, —6000, and +8000 lb. per sq. in., respectively, 
the normal axial unit stress is — 5500 Ib. persq.in. A nega- 
tive sign indicates that the combined stress is compression. 

SHEAR DUE TO NORMAL STRESSES AT RIGHT ANGLES.—When two forces 

35 act on a body in directions at right angles to each other, 

causing unit stresses s; and se (tensile stress considered posi- 

tive and compressive stress negative) on planes normal to 
the direction of the applied forces, the maximum unit shearing 
stress 18 Ssmax.= 4/2 (s1 — s2). It acts along each of the two 


Fig, 11 


s s 
I + planes that make an angle of 45° with the planes normal to 
the direction of the applied forces. 
se? TENSILE OR COMPRESSIVE STRESS DUE TO 
Fic. 12 SHEAR.—In a body subjected to shear (e.g., a, bar in torsion) 


the balancing couples ssd and s’sd act on a particle of unit 
cimensions, Tig. 11. Since, for equilibrium, the two couples must be equal, Sm Se 


These stresses will result in a maximum tensile force, P; = V 2s,2, normal to the plane 


- 
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AC and perpendicular to the paper, and a maximum unit tensile stress normal to this 


plane, eS V2 837/ V2 = ss. Similarly, normal to the plane through BD and perpen- 
dicular to the paper, there is a maximum unit compressive stress sc = ss. These stresses 
are particularly important in brittle materials, which when subjected to torsion, usually 
fail in tension with a helical fracture. 

DEFORMATION DUE TO NORMAL STRESSES AT RIGHT ANGLES.—Let 3, 
and s2 be unit tensile stresses, acting on an element, at 90 deg. to each other, as shown in 
Fig. 12. Let \ = Poisson’s ratio, and E = modulus of elasticity. The two stresses will 
produce unit elongations of ¢, = si/E and e = s2/E, respectively, in the direction of the 
stresses. They will produce at the same time unit lateral contractions of Ae1, and eq, 
respectively, in directions at right angles to the stresses. The resultant unit elongation 
in the direction of s; will be e: — Xe2; in the direction of s2 it will be e. — Ae. If stress 
$2 Were compression and stress s; tension, the resultant elongation in the direction of S81 
would be «: + deo; resultant contraction in the direction of s. would be e: + de. 

Hence, the resultant deformation is reduced if both stresses are alike, and increased 
if the stresses are unlike. By experiment, s = eZ, and for a uniaxial stress this accords 
with the definition that s = P/A; but if the resultant unit deformation due to biaxial 
loading is multiplied by FE, the resulting unit 
stress in the direction of either applied load 
will not be the same as that obtained by s = 
P/A. The liability of the member to fail thus 
may be measured by the stress based on the 
external loads or by the deformation of the 
material. If both stresses are tension or com- 
pression, it is on the side of safety to neglect 
the effect of the lateral stresses and to use the 
stress based on the external loads, or s = Fic. 13 
P/A. If the lateral stresses are of opposite 


‘sign from the longitudinal stresses, and increase the longitudinal deformation, the effect 


of increased deformation may need to be considered. See Seely, Resistance of Materials, 
2nd Ed. (John Wiley & Sons), pp. 234-239. 

COMBINED TENSION OR COMPRESSION AND SHEAR.—A particle subjected 
to tensile or compressive, as well as shearing stresses, will contain a plane mn, normal to 
which the unit tensile or compressive stress will be a maximum, and two planes, each at 
an angle of 45 deg. to mn, on which the shearing stress will be a maximum. In Fig. 13, 
the particle is subjected to a unit shearing stress of ss, and a unit tensile stress of sz, normal 


to plane mn. Then 


came = (G2) EMG Gyno pee ee) en oy EI 
The plane mn is at an angle 4; with the direction s;, and tan 26; = — 2Qs5/sz. With the 


same combination of stresses, the maximum unit compressive or minimum unit tensile 


_ stress, at 90 deg. to s¢ max., iS 


Sind TSommaxn= (81/2) ees? a (87/2)2 os ws sw 19] 
The maximum unit shearing stress under this combination of stresses is 
Ssmax. = V 852 + (s:/2)? a a ee ee et 3 0) 


and the angle 0, of the two planes pq, 90 deg. apart, on which the stress acts, is given by 


tan 203 = sz/(2ss). : : 5 : , : 
If the stresses are shear and compression, Fig. 14, maximum unit compressive stress 1s 


Sc max. = (8¢/2) sp Wag se (Sc/2)? . s [11] 
The angle @, of the plane to which the 
maximum unit compressive stress is normal is 
given by tan 20, = 2s3/s,. Maximum unit 
shearing stress is 


Ss max. = V 33° = (s¢/2)? oe Ris [12] 
and the angle 0, of the plane on which it acts 
is given by tan 20, =— s,/(2 ss). Maximum 


unit tensile stress for this combination of 
stresses is 

Simax, — Semin. — (8o/2) a V 852 ar (8c/2)” Cee SES Se [13] 
EFFECT OF NOTCHES AND HOLES IN MEMBERS UNDER SIMPLE STRESS. 


P/A assumes that the stress is uniformly distributed over the cross- 


—Formula s = } istribut 
This is not true if there is any discontinuity in the cross-section, 


section of the member. 
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as an increase or decrease int area. In Fig. 15a, a plate of width b having a small hole of 
radius 7, is subjected to an axial pull P. The unit stress si, at any distance x from the 
center line, is given by the formula (Timoshenko and Lessells, Applied Elasticity, p. 9), 
a1 = (8/2){2 + (r2/a) + 3(rt/2}. 2 . . . . . DI 
where s = unit stress, based on the load P and the area A, using the full width b. Where 
radius r does not exceed b/12, stress s1 = 3s. : 
For an elliptical hole of major axis 2a and minor axis 2b, Vig. 15b, the maximum unit 
stress is s1 = s(1 + 2a/b). Notches of small radius on opposite sides of a tension speci- 
men produce stresses approximately twice as great as the average stress; an example of 
this is the common briquette used in testing cement, in 
P which the maximum tensile unit stress at the sidesis 1.75 times 
average stress (Coker, Proc. Inter. Soc. Test. Mat., 1913). 
STRESS DUE TO TEMPERATURE.—Let / = length 
of a bar; A = its sectional area; c = coefficient of linear 
expansion for one degree, ¢ = rise or fall in temperature, 


aed deg.; EH = modulus of elasticity; \ = change of length due 
a} to the rise or fall ¢; if the bar is free to expand or con- 
tract, A = ctl. 

If the bar is held so as to prevent its expansion or con- 
traction, the stress produced by the change of temperature 
= §S = ActH. The following are average values of the 
coefficients of linear expansion for a change in temperature 
of one degree Fahrenheit: 

Hor brick ANG BtONG «<< aise siere ere c = 0.0000050 
P P BOP €86b SOM sce s 945-6 iso oe sherec oa c = 0.0000056 
(a) (b) For wrought iron and steel....... c = 0.0000065 


Eiesi6 The stress due to temperature should be added to or 
subtracted from the stress caused by other external forces, according as it acts to increase 
or to relieve the existing stress. 


Exampie.—Compute the stress caused in a steel bar 1 in. square in area, by a change of tempera- 
ture of 100° F. Solution — S = ActE = 1 X 0.0000065 X 100 X 30,000,000 = 19,500 lb. Sup- 
pose the bar is under tension of 19,500 lb. between rigid abutments before the change in temperature 
takes place, a cooling of 100° F. will double the tension, and a heating of 100° will reduce the 
tension to zero, 


4. ALLOWABLE STRESS AND FACTOR OF SAFETY 


ALLOWABLE UNIT STRESS, also called allowable working unit stress, allowable 
stress, or working stress, is the maximum unit stress to which it is considered safe to 
subject a member in service. The term allowable stress is preferable to working stress, 
since the latter often is used to indicate the actual stress in a material when in service. 
Allowable unit stresses for different materials for various conditions of service are specified 
by different authorities on the basis of test or experience. In general, for ductile materials, 
allowable stress is considerably less than the yield point. 

FACTOR OF SAFETY is the ratio of ultimate strength of the material to allowable 
stress. The term was originated for determining allowable stress. The ultimate strength 
of a given material divided by an arbitrary factor of safety, dependent on material and 
the use to which it is to be put, gives the allowable stress. In present design practice, it 
is customary to use allowable stress as specified by recognized authorities or building 
codes rather than an arbitrary factor of safety. One reason for this is that the factor of 
safety is misleading, in that it implies a greater degree of safety than actually exists. 
For example, a factor of safety of 4 does not mean that a member can carry a load four 
times as great as that for which it was designed. It also should be clearly understood 
that, even though each part of a machine is designed with the same factor of safety, the 
machine as a whole does not have that factor of safety. When one part is stressed 
beyond the proportional limit, or particularly the yield point, the load or stress distribu- 
tion may be completely changed throughout the entire machine or structure, and its 
ability to function thus may be changed, even though no part has ruptured. 

While no definite rules can be given, if a factor of safety is to be used, the following 
circumstances should be taken into account in its selection: 

1, When the ultimate strength of the material is known within narrow limits as for structural 
steel for which tests of samples have been made, when the load is entirely a steady one of a known 


amount and there is no reason to fear the deterioration of the metal by corrosion, the lowest fact 
that should be adopted is 3. ; ae 
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2. When the circumstances of 1 are modified by a i i i i 
floors of warehouses, the factor should be not less a ee es ene 

3. When the whole load, or nearly the whole, is apt to be alternately put on and taken off 
as In suspension rods of floors of bridges, the factor should be 5 or 6. ‘ 

; 4. When the stresses are reversed in direction from tension to compression, as in some bridge 
diagonals and parts of machines, the factor should be not less than 6. 

5. When the piece is subjected to repeated shocks, the factor should be not less than 10. 

; 6. When the piece is subjected to deterioration from corrosion the section should be sufficiently 
increased to allow for a definite amount of corrosion before the piece will be so far weakened by it 
as to require removal. 

7. When the strength of the material or the amount of the load or both are uncertain the 
factor should be increased by an allow- : 
ance sufficient to cover the amount of 
the uncertainty. 

8. When the strains are of a 
complex character and of uncertain 
amount, such as those in the crank- 
shaft of a reversing engine, a very high 
factor is necessary, possibly. even as 
high as 40. 

9. If the property loss caused by 
failure of the part may be large or if 
loss of life may result, as in a derrick 
hoisting materials over a crowded : 


street, the factor should be large. 100 1000 10,000 100,000 
No. of Thousands of Cycles to Cause Rupture 


Table 2, from Merriman, Me- Fie. 16 
chanics of Materials, gives aver- wre 
age values of factors of safety for different conditions. The factors given by different 
authorities for some materials show wide differences. 


Unit Stress, |b persq In, 


Endurance Stress Curve 


65. REPEATED STRESS 


PARTS SUBJECTED TO REPEATED STRESS.—Where parts of a structure or 
machine are subjected to varying or repeated loads, the ordinary methods of computing 
stresses and of determining the strength of materials under static load conditions are not 
satisfactory. In general, in excess of one-half to ten million repetitions of loading are 
necessary before the parts come under this classification. Such parts are crank-shafts, 
shafts carrying rotating parts, as in motors and generators, turbine blades, valve parts, 
piston rods in steam engines, floor beams in elevated railroads, etc. 

CHARACTER OF FAILURE.—Under repeated loadings, failures take place suddenly 
and without warning. The mechanism of fatigue failure under repeated stress appears 
to be that exceedingly small particles of metal are stressed beyond the elastic limit. As 
_~ the stress is repeated, a tiny crack, sometimes called a fatigue crack, is formed and progresses 
until failure occurs. This action is referred to as a progressive failure. Therefore, where 
the load is repeated, anything which causes a concentration of stress is a source of 
weakness. 

DETERMINATION OF ENDURANCE LIMIT.—The highest unit stress s at which 
a material can be subjected to a very large number of repetitions of loading N without 
evidence of failure, is the endurance limit. This usually is found for any given metal by 
constructing an s-N diagram for that particular metal, from data obtained by tests. 
A piece of metal is so loaded as to produce a given stress, the load being repeated until 
failure occurs. Other specimens then are tested at different values of the unit stress, 
until enough points have been obtained to plot a curve. This curve will incline steeply 
at the higher stresses and gradually flatten out at the lower stresses until it approaches a 
horizontal line. The unit stress at which the curve becomes horizontal is the endurance 
limit. See Fig. 16. The most common test is that of reversed bending by the rotating 
beam method, since this specimen is the most easily made and the testing machines are 
the least costly. Tests also are made in direct tension, direct shear, direct compression, 
reversed torsion, and in various combination of these. 


Table 2.—Average Values of Factor of Safety 


5 Steady | Variable 
Material Shocks Material eke stress | sHocks 
‘Cast irons Jat s<.s'-'-2 20 _|/ Hard steel......... 8 15 
Wrought iron...... 10 SUCTTNN DOD sxarersy s. bore elexet = 8 10 15 
Structural steel..... 10 Brick and stone... . 15 25 40 
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VALUES OF ENDURANCE LIMIT.—Moore and Kommers, and Moore and Jasper 
(Bull. 124 and 126, Engg. Exp. Sta., Univ. of Il., 1921, 1923) reach a number of conclusions 
concerning wrought ferrous metals, A summary of the more important of these follows: 


1. It is considered as well established that for wrought ferrous metals there is an endurance 
limit stress below which they will withstand an indefinite number of repetitions of stress. 

2. In reversed bending, a fairly definite relation exists between the endurance limit, the ultimate 
tensile strength, and the Brinell hardness number. The endurance limit is about 50% of the ulti- 
mate tensile strength, with values ranging between 40% and 60%. The endurance limit is between 
200 and 250 times the Brinell hardness number. 

3. No relation exists between endurance limit and impact test or repeated-impact test results. 

4. The endurance limit in reversed torsion (shear) varies from 48 to 60% of the endurance limit 
in reversed bending. ‘ 

5. The endurance limit in reversed axial stress (tension to compression) varies from 56 to 70%! 
of the endurance limit under reversed bending with nearly all the values 60% or above. The 
reason for this low value is that practically all axial loads are slightly eccentric and cause bending. 
Irwin (Proc. A.S.T.M., vol. xxv, Pt. Il, p. 53, 1925), with a specially designed machine, found the 
reversed axial stress to be practically the same as that in reversed bending. 


A report of Research Committee on Fatigue of Metals (Proc. A.S.T.M., vol. xxx, 
Pt. I, p. 259, 1930) gives a concise statement of the state of knowledge at that date, which 
corroborates the above conclusions with the following changes or additions: 


1. No general relation exists between yield point or proportional limit and endurance limit. 

2. For cast ferrous metals the endurance limit is about 40% of the tensile strength. 

3. Fornon-ferrous metals no definite relation exists between endurance limit and tensile strength, 
the values varying between 18 and 50%. 

4. For cast ferrous metals endurance limit is about 26% of the modutus of rupture. 

5. For wrought ferrous metals the endurance limit is about 250 times the Brinell number for 
numbers under 400. For Brinell numbers exceeding 400, the relation does not hold. For cast 
ferrous metals and for non-ferrous metals sufficient data are not available to permit judging the 
degree of correlation. 


Table 3 gives the endurance limit and other properties of a number of ferrous metals. 
Table 6 gives similar information for non-ferrous metals. The values of the endurance 
limit for heat-treated steels vary according to the treatment, ranging from 29,300 to 
68,000 lb. per sq. in. for a 0.49% carbon steel, from 50,000 to 108,000 lb. per sq. in. for a 


Table 3.—Properties of Ferrous Metals Tested under Repeated Stress 
(Bull, Engg. Exp. Sta., Univ. of Ill., Nos. 124, 136, 142, 152, 156, 164, 165) 
Endur- Endur- = 
Yield |Ultimate} ance Yield ance Yield 
Point, |Strength,| Limit, | Point, | Limit | Po™t | Brinen 
Tension,| Tension,|Reversed| Shear, |Reversed Com- Hardness 
Ib. per | Ib. per |Bending,| Ib. per | Torsion, | PT&SS!°2) Number 


sq. in. sq.in. | lb. per | sq.in. | lb. per = Der 
sq. in. sq. in. BO. 
Steel 

O18% C hot-rolled.. .... wen<s0 40,300 61,500 28,000. |)... .a:cwselieuneude eee eee “ 
0.37% C normalized... ........- 34,900 71,900 33,000 22,500 16,000 38,100 132 
0257.75) O'porbivis.s nese eee 87,300 | 102,600 57,000 60,200 32,500 84,500 209 
O/52% C normalised... ...... 6.6 47,600 98,000 42,000 34,600 22,000 51,000 193 
OFS 297) GC 'sorbition gece ae tatoos 84,300 | 111,400 55,009 52,200 31,500 87,400 227 
O93% C) pearlitio: Mica erete 33,400 84,100 30,500 22,500 16,300 29,700 162 
029387). C. sorbitios., 6 oan veniaies oe 67,600 | 115,000 56,000 42,000 29,000 72,700 227 
1.20% C normalized........... 60,700 | 116,900 50,000 39,700 24,500 57,900 224 
PO ete BOEDIGLO ¢.cche.c cereale es 130,100 | 179,900 92,000 80,600 48,000 | 111,500 369 
GVGLO PS IDOUAL A; «:spehe canals cubis 62,0001) 115;900!]| 55:000 jh. a ee SVAN Bsa ek sc 239 
Stainless steel ............000+- 36,300 | 112,200 48/000 en. cnc 26/000) la eaee 208 
Cold-drawn screw stock........ 55,200") 86,8001) AtOOOsioe re cn oleracea: eae 
Mu-steel, 0.94%'Mn, 0.34% CG) boo = ool 8 oa) Gee Sai eta ene War 

D057 NIL Area hire o sieve 42, 100)).:83, 4000} 37,000 ster crete ere eet eee 154 
Mn-steel, 0.94% Mn, 0.34% C, 

0.037%, Ni, sorbitios. «1... «0. 63,750 97,500 48,0005) oie gevetc,syall kro oebee ree eeene 198 
0.35% C, 1.17% Mn, cast...... 39,000 80,800 32,0000). on acclal nce eased eee 179 
0.25% C, 0:68% Mn, cast...... 26,700} 67,200 | 27,000 1)... cL. ee | een 

Cast and Wrought Iron 
Q,0297 1G, Anricokss.ce kee taca 19,000 42,400 26,000 13, 
Wrought iron, longitudinal sec- oe ite ie 

LO) BBE Git SOM en erect contain: 24,000'| “46;900) | 23000) |cerccre - 5 | ieee nl eee ee 105 
Cast-iron pipe, 1/9 in. thick.....]........ 26,200 V2; 000) |x ctercssvssancilece ieee 96,000 162 
Cast iron, (in, thick: 0 at eee oe ener: SUR) MOSEL lee bs Seana o.ceiee. 111,000 148 
Castiron, 3:U/oian, thickten oan sian ie 25,300 9) O00i. Sacer. |e eae 85,000 132 
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Table 4.—Effect of Defects on Endurance of Rolled or Forged Ferrous Metals 


ac Reduction Percentage Reduction 
Type of Defect | Basedon a Standard |  Tvpeof Defect | jz Endurance Limit, 
Specimen Specimen 
Groove, 9.85-in. radius. . 0 Notch, 1/9-in, wide, 
Groove, I-in. radius..... 0 square shoulders..... | 51 
Groove, 1/4-in. radius... . 8 Notch 90 sa\sen ae 60 


Table 5.—Endurance Ratios for Ferrous Metals under Different Stress Conditions 


Ratio, Ult. Tens. Str. + Endurance Limit, % 


Character of Stress 


Wrought metals Cast steel Cast iron, gray 
Reversed bending 40-55 42 33-46 
HVE VEIBEGMNOTSLON chs a'eialetoe vies hicueterstsisis./tie1 0s 21 = 37 ew | SMe crave eto) eI Sonera 
Axan tension, #erO tO. MAXIMUM, es cece!) we cwas. lo «eae 49 
Axial compression, zero to amaximum......|  —..... Fae pile? Ghee one, 59 
Axial tension to axial compression.......... 2A=40% BPC DEP crac ee | ee eee 


* With precise loading devices this value has been found to be practically the same as in reversed 
bending, but such refinement in loading cannot be obtained in practice. 


1.20% carbon steel, and from 54,000 to 120,000 Ib. per sq. in. for a 3.50% nickel steel. 

Table 5 summarizes the endurance ratios (ratio of ultimate tensile strength to endurance 
limit) for different types of stress. Moore and Kommers (Fatigue of Metals, McGraw- 
Hill, 1927, p. 147) state that the ratio of endurance limits in reversed torsion and reversed 
bending averages: Plain carbon steels, 0.55; alloy steels, 0.58; non-ferrous metals, 0.52. 

EFFECT OF SCRATCHES AND DEFECTS ON ENDURANCE LIMIT OF 
ROLLED OR FORGED FERROUS METALS.—The beginning of rupture under 
-repeated stress is supposed to be at a point of discontinuity in the material. The same 
principle applies to a discontinuity on the outer surface where, in bending or torsion, the 
stress is greatest. The presence of scratches, sharp corners, or grooves reduces the endur- 
ance limit an appreciable amount. Moore and Kommers (Bull. Engg. Exp. Sta., Univ. 
of Ill., No. 124) obtained the following reductions in the endurance limit, using steel of 
0.02% C and 0.49% C, with results the same for each steel. The experiments were 
made on bars 0.40 in. diam., turned down to 0.275 in. diam. at bottom of the notch. 

Surface finish has an appreciable effect on endurance limit. The standard finish 
used in the experiments of Moore and Kommers was obtained by polishing a smooth 
turned specimen with No. 0 and 00 emery cloth. Unpolished smooth-turned specimens 
had an endurance limit 8 to 12% lower than those that were polished; a rough-turned 
finish gave a slightly lower value than the smooth-turned finish. For cast-iron speci- 
mens having a 60° groove with a bottom radius of 5/¢4 in., the reduction in the endurance 
_ limit was only 8%. The effect of scratches, grooves, and external discontinuities is not 
so great in cast iron as in steel. 

According to the theory of elasticity, a small hole, of diameter less than 1/5 the diam- 
eter of the specimen, should cause a stress at the edge of the hole three times the stress 
based on a uniform stress distribution, and therefore should reduce the endurance limit to 
33% of that which would be obtained on a solid specimen. Tests on rotating beams of 
various steels with a small hole drilled through a diameter gave endurance limits from 
50 to 65% of those for the solid beams, showing that theoretically high stresses do not 
produce corresponding failures, probably due to readjustments in the ductile metal. 

EFFECT OF RANGE OF STRESS.—The endurance limit as determined by a rotat- 
ing beam is the endurance limit for a complete reversal of stress from tension to com- 
pression, and vice versa. The endurance limit is less for a complete reversal than it is for 
those stress combinations where the stress goes only from a maximum to zero, or from a 
maximum to a minimum which is above zero. Howell (Bull. 136, Engg. Exp Sta., 
Univ. of Ill.), proposed the empirical relation s = 3i(r + 3)/2, where s = endurance limit 
for the range of stress r; 81 = endurance limit for completely reversed stress of the same 
character as s, 1.e., direct stress, bending, torsion, etc.; r = ratio of the minimum stress 
to the maximum stress for a cycle of stress; for instance, if stress varies from 6000 Ib. 
per sq. in. compression to 10,000 Ib. per sq. in. tension, the ratio r would be — 6000/-+ 10,000 
= 0.60. Using the above notation, a formula was suggested by Moore, Kommers and 
Jasper (Proc. A.S.T.M., vol. xxii, Pt. H, 1922) where s = 3s1/(2 _ r). This gives values 
for forged or rolled iron and steel which accord fairly well with tests, being on the safe side. 
’ For a complete digest of data, see Report of Research Committee on Fatigue of Metals, 


Proc. A.S.T.M., vol. xxx, Pt. I, p. 259, 1930. 
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Table 6.—Properties of Non-ferrous Metals and Alloys under Repeated Stress 


- NS» ND HD 


nN DANDADW 


Ww WW 


wv +> > 


> 


w wu wn w wu > 


Endur- | Endur- |Brinell 
Propor- | Ujtimate| ance ance | Hard- 
tional | ‘Tensile | Limit, | Limit, | ness 
Material Limit, Strength,|Reversed| Reversed} Num- 
Tension F A 
*) Ib. per |Bending,|Torsion, | ber, 
Ib. per | sq.in. | lb. per | Ib. per | 3000 
pe bee sq.in. | sq. in kg. 
Aluminum 
Peolled ma cares cicadiesiersicleieie melas eolerte ciciacs el = P1275 22,600) 10500 te rere < 45* 
Duralumin 
As received (rolled, heated to 930° F. 
quenched in boiling water)........++-++++- 25,030 | 50,960 14,000 |. ccc<ccesy 100* 
Tempered, as-received bars heated to 925°F., 
30 min., quenched in boiling water 2hr...| 18,550) 51,170] 12,000}........ 100* 
Annealed, as-received bars heated to 700° F., 
20 min., cooled in furnace............++- 6,800 | 25,250 10,866) bss didi scarre 50* 
Magnesium 
HOD aig vti (sts aan eA Re. SORE COC Ate 1,224 | 32,490 fF BOD se dvecershers 41* 
+4% Al, extruded as 3/4-in. round rods from 
2 15/j6-in. ingots at 350-400° F........... S253 835,160] 1200048 S25 = 52 
+4% Al, +0.25% Mn, extruded as above...| 13,500] 39,010 TS, 000 nee Sees 58 
+6.5% Al, extruded as above.............- 12,000} 41,330 (S000 ace 61 
+6.5% Al, +0.25% Mn, extruded as above.| 15,250] 44,380 15,0004) oinies. a 65 
+10% Cu, extruded as above.............- 14,250 | 39,030 TLGOG Me meaner 60 
Electron metal 
Rolled, Mig = 496. Atitvarehste.clesere/civieisieyn eisieis eis 6,260) 36,500)} 17;000)|.. 2... - 64* 
Nickel 
Cold-rolled, annealed at 550° F. 60 min., 
cooled in furmaéet i. va cts ote a doc ees 69,000 | 165,500 40,000 185500 |? 223. 
Hot-rolled, annealed at 1400° F. 60 min., 
eooled in: furnace ms. acdd. dia We elbawssls ees 25,100; 1.6 76,200 fi.) 31500 Ni iee on tender aoe 
Hot-rolled to 5/g in. round and drawn to 
9/16 in. at 2000° F., drawn to 1/2 in. round 
at 1600° F., annealed at 1600° F., and 
Cooled: in LUIMACE'. «asso sicily Calder siciale-s o: 11,300 | 69,900] 28,000]........ 90 
Monel metal 
As received, treatment unknown........... 50,700 | 89,600} 32,000]........ 163 
Hot-rolled to | 1/g in. round............... 49,600 | 89,800} 32,000|........ 169 
Constantan 
Hot-rolled, tested as received........ese+e- |e eceeees 70,500 | 34,500 14,500) 422%, ae 
German silver 
11% Ni, 60% Cu, 29% Zn, cold-drawn, tested 
BS TECELVERG ..c:c aie e's sy 3s cremate soca 12,500 | 58,700 17,0007. 3 eetelecces 
18% Ni, 65% Cu, 17% Zn, cold-drawn, 
tested as received 2h 26 Ae alee ene se 20,300) 62;400)))" 22;000 £2. 202 A eee 
Copper 
Cold-drawn, annealed bar cold-drawn to 
1/2 in. round and left hard............... 38,400 | 56,200} 10,000]........ 104 
Annealed, extruded to | in. round at 1380°F., 
cold-drawn to 7/g in. and annealed at 
1290° F. 30 min., cold-drawn to 3/4 in. and 
annealed at 1290° F. 30 min............. 3,200 | 32,400] 10,000]........ 47 
Brass 
60-40, cold drawn, annealed bar cold-drawn 
to 1/2 in. round and left hard............. 43,200 | 96,700} 26,000}........ L792 
60-40 annealed, extruded to | in. round at 
1290° F., and annealed at 1020° F, 30 min., 
drawn to 3/4 in, and annealed at 1020° F..} 15,600] 54,200 22,000 ee ces 72 
Naval, 61-38, rolled, tested as received...... 33,400 | 68,200] 21,000]... 13 /5* 
70=30, cold-rolled...) 54 TR TET Se ee aie 73,200| 17,500|........ : 
70-30, cold-rolled, annealed 400° F.90 min, | | £| | Jo po 
mopled ini furnace aweaeee olden ok eae ee 26,000} 73,000} 20,000 |. 
70-30;cold-rolled,jahnealed| 1.200 py 60/min,,, 1/0 en nnTuni isis |e ania [ana 
cooled.in furnaneiicen vakins wdeee oven exelent Oe 45,000 15,000 
81-19, cold drawn, tested as received... .... 2:1,000,'4.76,500,) 23.000:10. 055 bs mee 
81-19, cold-drawn, annealed 450° F, 60 min., ae te 
cooled in Mirnaces a... eardes ocean Ree 27,700 80,500 26,000 
81-19, cold-drawn, annealed 1000° F, 60 min., Few tees Sine ae 
cooled infurnace\.8 ... pease ee ten 7,50 
Mea kaatal O'}! 44,0005" 17,500.45 tanta. pee 
Hot-rolled, quenched in iced brine and drawn 
tit: BAO RIE i. oteiatch alee eae. Nemes 20,000 65,600 | 18,000 
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Table 6.—Properties of Non-ferrous Metals and Alloys under Repeated Stress—Continuwed 
Endur- | Endur- |Brinell 


ike Ultimate] ance ance |Hard- 
J Limit Tensile | Limit, | Limit, | ness | Au- 
Material Pension Strength,|Reversed|Reversed| Num- thority 


lb. per | Bending,| Torsion,| ber t 


* Der sq.in. | lb. per | Ib. per | 3000 
q. in, : ; 
8q. in. 8q. in. kg. 
Bronze 
95-5, cold-rolled, tested as received......... 23,000 555/000 le 22- 500) eee a ae 5) 
95-5, cold-rolled, annealed 1200° F. 60 min., 

woolen Turnatesoy er ek eee ae eae EL SOOte 48 LOOT 22500 Ets ee eee 5 
89-11, cold-rolled, tested as received. ....... 38/000: 82) 800ste 2700012. Hee ienkce 5 
89-11, cold-rolled, annealed at 1100° F. 60 

min., cooled an furnaces o<-eecion ies. 026 24,500) 67,600) |i 27,000) 57.4 duels clans 5] 

Mn-Bronze 
Hot-rolled, annealed 1200° F. 60 min., cooled 

BINEEURTIACOS aac c ira etemte ers eee) Coie toe «ase bea ca ee 67,000) 16-500) ine cc ae lca c 3 

Mga ios, Casta ecmtncs toe ces eek 13,000, 70,000] 15,000)]..c. 22... Oar ee 
Al-Bronze 
90% Cu, 10% Al, extruded to 1 9/39 in. diam., 

drawn to | 1/4 in. diam., quenched in water 

from 1650° F., annealed 1150° F. 30 min., 

Gooled. im Furnaces... sae teat seis ele cles 16;890))) 77,5301" 34:000 l22..0626- 128 6 
pO Sr Cate Oe AL, CASE a csercisrecteety< 4aecsiae« 5,080 59,320 22:000)))\-t6,..crcierers 96 6 
90° Cu, 10% Al, cast, quenched from 1650° F., 

annealed 1200° F. 30 min., cooled infurnace| 24,890| 77,750 ZEOOO NW ce pete 142 6 

* 500 kg. 


f Authorities: (1) R. R. Moore, Proc. A.S.T.M., vol. xxv, Pt. II, 1925; (2) R. R. Moore, Proc. 
A.S.T.M., vol. xxiii, Pt. II, 1923; (3) D. J. McAdam, Trans. A.S.S.T., vol. vii, 1925; (4) H. F. 
Moore and T. M. Jasper, Bull. No. 152, Engg. Exp. Sta., Univ. of Ill., 1925; (5) D. J. McAdam. 
Trans. A.S.S.T., vol. viii, 1925; (6) R. R. Moore, Proc. A.S.T.M., vol. xxiv, Pt. II, 1924. 


EFFECT OF CORROSION.—TIf a part is subjected to repeated loads and at the same 
time to corrosive agencies, the endurance limit may be greatly reduced from its normal 
value as determined in air. McAdam at the U.S. Naval Engg. Exp. Sta., Annapolis 
(Proc., A.S.T.M., vol. xxvi, Pt. II, p. 224, 1926, the first of many papers), has experi- 
mented on various steels with a number of corrosive agents. He found that the endurance 
limit may be reduced to one-third its normal value. Even so mild an agent as a stream of 
fresh water may reduce the endurance limit one-half, and salt water or water containing 
other salts in solution is very destructive. Practically all steels are affected, the corrosion- 
resistant ones less so than ordinary steels. Steam at 220 lb. per sq. in., and 700° F., 
without appreciable amounts of oxygen or liquid water did not greatly affect chromium- 

-jron or nickel-steels, but when these steels were tested in air under a jet of steam, their 
strengths were reduced (Fuller, Tech Pub. No. 294, A.I.M.& M.E., and Met. Prog., 
July, 1931, p. 79). 

In corrosion-fatigue, the stress need not be high enough to have started fatigue cracks 
without corrosion. ‘The protective film of oxide breaks down under alternating stress 
and allows the formation of corrosion pits which progress more rapidly under stress than 
without it. The pits cause a high concentration of stress at the bottom, and this cycle 

- of the pit increasing the stress and the stress increasing the depth of the pit continues; 
when the stress has been raised beyond the endurance limit, a fatigue crack starts. It has 
not yet (1937) been possible to obtain “ corrosion-fatigue ” values which can be used directly 
in design. j : 

The most effective method of protection is to keep from contact with corrosive agents, 
the parts subjected to repeated loads. Where this is not possible, a protective coating 
of some elastic material, such as varnish, cement, or enamel, will aid. Certain substances 
ealled inhibitors, such as sodium chromate, introduced into the corrosive stream or applied 
in some other way, have been found to help in restoring the protective film. 


6. ENERGY OR DYNAMIC LOADS 


CLASSIFICATION OF LOADS.—A Static Load is one that increases gradually from 
zero to its full intensity; its effect on a bar has been considered above. 

A Suddenly Applied Load is one that is released at the instant of contact with the bar, 
and then acts at its full intensity from the beginning to the end of the deformation, 

A Moving Load, is one that is moving when it is brought to bear on the bar. The 
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effect of such a load which is denoted by the word impact, is much greater than that of a 
static or a suddenly applied load. 

Suddenly applied and moving loads often are termed dynamic loads or energy loads. 

RELATION BETWEEN STORED ENERGY AND SIZE OF MEMBER.—The 
external work (see p. 7-07) performed in deforming a bar within the proportional limit is 
1/9 s? Al/E, where s = unit stress; A = cross-sectional area of bar; 1 = length of bar; 
E = modulus of elasticity. This also is the energy stored in the bar. Since the energy 
absorbed varies directly as the square of the unit stress, it follows that large amounts of 
energy will be absorbed by those portions where the stress is high. It is important that 
where high stresses occur they should be present over as great a length of the member as 
possible. If one part of the rod must be of small diameter, it is advisable that as great a 
length of the rod as possible be of same small diameter; otherwise the high concentration 
of energy in a small portion of the member may cause failure. See Seely, Resistance of 
Materials, 2nd Ed., p. 271. 

EFFECT OF SUDDEN LOADS.—TIf a sudden load P be applied to a bar, it will cause 
deformation el, and the work done by the load will be Pel. Since the external work equals 
the internal work, Pel = s?Al/2E, and since e = s/E, P = sA/2, or s = 2P/A. The 
unit stress, and also the unit deformation, is double that under an equal load applied 
gradually. However, the bar does not maintain equilibrium at the point of maximum 
stress and deformation, but, after a series of oscillations in which the surplus energy is 
dissipated in heat, it finally comes to rest with the same deformation and stress as that 
due to the equal static load. 

STRESS DUE TO LIVE LOADS.—In structural design two loads are considered, 
the dead load or weight of the structure and the live load or superimposed loads to be 
carried. The stresses due to the dead load and to the live loads respectively are com- 
puted separately, regarding each as a static load. It is obvious that the stress due to the 
live load may be greatly increased, depending on the suddenness with which the load is 
applied. It has been shown above that the stress due to a suddenly applied load is double 
the stress caused by a static load. The term coefficient of impact is used extensively in 
structural engineering to denote the number by which the computed static stress is mul- 
tiplied to obtain the value of the increased stress assumed to be caused by the suddenness 
of application of the live load. If s = static unit stress computed from the live load, and 
4 = coefficient of impact, then the increase of unit stress due to sudden loading is zs, and 
the total unit stress due to the live load is s + is. The value of 7 has been determined 
by empirical methods and varies according to different conditions. In the building codes 
of most cities, specified floor loads for buildings include the impact allowance, and no 
increase is needed for live loads except for special cases of vibration or other unusual 
conditions. For railroad bridges, the value of i depends upon the proportion of the length 
of the bridge which is loaded. No increase in the static stress is needed when the mass 
of the structure, as in monolithic concrete, is great. For machinery and for unusual 
conditions, such as elevator machinery and its supports, each structure should be con- 
sidered by itself and the coefficient assumed accordingly. It should be noted that the 
meaning of the word impact used above differs somewhat from its strict theoretical 
meaning and as it is used in the next paragraph. The use of the terms impact and coeffi- 
cient of impact in connection with live load stresses is, however, very general. 

AXIAL IMPACT ON BARS.—A load P dropped from a height A on to the end of a 
vertical bar of cross-sectional area A, rigidly secured at the bottom end, produces in the 
bar a unit stress which increases from 0 up to s’, with a corresponding total deformation 
increasing from 0 up to e1. The work done on the bar is P (hk + e:) which, provided no 
energy is expended as heat or in giving velocity to the bar, is equal to the energy 1/2 s’ Aey 
stored in the bar; that is, Pte) = ge Ag’. Ts 5 en 


If e = deformation produced by a static load P, then within the proportional limit 
é1/¢-= 8 /(P/Ay os eee eee [16] 
Combining this with equation [15] gives 
siestsVi+(2h/e) . . {17]; a =e+teVi1+ Qh/e) ES 


A wrought-iron bar 1 in. square and 5 ft. long, under a static load of 5000 lb., will be shortened 
about 0.012 in., assuming no lateral flexure to occur; but, if a weight of 5000 Ib. drops on its end 
from a height of 0.048 in., a stress of 20,000 lb. will be produced. 


Formulas [17] and [18] give values of stress and deformation that are somewhat large 
because part of the energy of the applied force is not effective in producing stress, but is 
expended in overcoming the inertia of the bar and in producing local stresses. Boe light 
bars, they give approximately correct results. 
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If the bar is horizontal and is struck at one end b i i i 
: J y a weight P, moving with i 
V, phe deformation produced is e1. Then, as before, 1/28’ Ae, = Ph. In ae 
— V2/2g = height from which P would have to fall to acquire velocity V. g& = accelera- 
tion due to gravity = 32.16 ft. per sec. per sec. Combining with equation [16], 


pom 6 V Ohfe) ues .. ... (19); ey meV (ORfOirce . ma a [20] 
IMPACT ON BEAMS.—If a weight P falls on a horizontal beam from a height h, 


producing a maximum deflection yi and a maximum unit stress s’ in the extreme fiber 
the values of s’ and y; are given by i‘ 


ss =stsV1l4+2h/y . . [21]; US spa NAS Map, PR 


where s = extreme fiber unit stress; y = deflection due to P, considered as a static load 
The value of s may be obtained from the flexure formula (p. 7-19); that of y from the 
proper formula for deflection under static load. 

If a weight P moving horizontally with a velocity V strikes a beam, the ends of which 
are secured against horizontal movement, the maximum fiber unit stress and the maximum 
lateral deflection are given by 

ere a ee re [23]; y=, V 21) ye 24 
where s and y are as before, and h is height through which P would have to fall to acquire 
the velocity V. These formulas, like those for axial impact on bars, give results larger 
than those observed in tests, particularly if the weight of the beam is great. For further 
discussion, see Seely’s Resistance of Materials, 2nd Ed., Chapter 11. 

RUPTURE FROM IMPACT.—Rupture may be caused by impact provided the load 
has the requisite velocity. The above formulas, however, do not apply since they are 
valid only for stresses within the proportional limit. The only information available has 
been obtained through experiment. Hatt has determined from nearly 200 experiments 
that the work required for rupture from impact was about 30% greater than that required 

-by static loads. From available test data, it does not seem that the ultimate elongation 
under impact (dynamic) loads is widely different from that under static loads. For the 
results of a large number of impact tests on cast iron, see Proc. A.S.T.M., vol. xxxiii, 
Pt. I, p. 87, 1933. 


BEAMS 


1. THEORY OF FLEXURE 


TYPES OF BEAMS.—A beam is a bar or structural member subjected to transverse 
loads that tend to bend it. Any structural member acts as a beam if bending is induced by 
external transverse forces. 

A Simple Beam (Fig. 1a) is a horizontal member that rests on two supports at the 
ends of the beam. All parts between the supports have free movement in a vertical plane 
under the influence of vertical loads. 

A Fixed Beam, Constrained Beam, or Restrained Beam (Fig. 1b) 
is one that is rigidly fixed at both ends or rigidly fixed at one end and fee EY 
simply supported at the other. (q 

A Continuous Beam (Fig. 1c) is a member resting on more than 
two supports. 

A Cantilever Beam (Fig. 1d) is a member with one end projecting 
beyond the point of support, free to move in a vertical plane under the ———— 
influence of vertical loads placed between the free end and the support. 

PHENOMENA OF FLEXURE.—When a simple beam bends 
under its own weight, the fibers on the upper or concave side are d 
shortened, and the stress acting on them is compression; the fibers Fia. 1 
on the under or convex side are lengthened and the stress acting 
on them is tension. In addition, shear exists along each cross-section, the intensity of 
which is greatest along the sections at the two supports and zero at the middle section. 

When a cantilever beam bends under its own weight the fibers on the upper or convex 
side are lengthened under tensile stresses; the fibers on the under or concave side are 
shortened under compressive stresses; the shear is greatest along the section at the sup- 
port, and zero at the free end. 

THE NEUTRAL SURFACE is that horizontal section between the concave and convex 
surfaces of a loaded beam, where there is no change in the length of the fibers and no tensile 


or compressive stresses acting upon them. 
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THE NEUTRAL AXIS is the trace of the neutral surface on any cross-section of a beam. 
See Fig. 2. 

THE ELASTIC CURVE of a beam is the curve formed by the intersection of the neutral 
surface with the side of the beam, it being assumed that the longitudinal stresses on the 
fibers are within the elastic limit. 

REACTIONS AT SUPPORTS.—The reactions, or upward pressures at the points of 
support, are computed by applying the following conditions necessary for equilibrium of a 
system of vertical forces in the same plane: 1. The algebraic sum of all vertical forces 
must equal zero; i.e., the sum of the reactions equals the sum of the downward loads. 
2. The algebraic sum of the moments of all the vertical forces must equal zero. Con- 
dition 1 applies to cantilever beams, and to simple 
beams uniformly loaded, or with equal concentrated 
loads placed at equal distances from the center of 
the beam. In the cantilever beam, the reaction is 
the sum of all the vertical forces acting downward, 
comprising the weight of the beam and the super- 
posed loads. In the simple beam each reaction is 

Fic, 2 equal to one-half the total load, consisting of the 

weight of the beam and the superposed loads. 

Condition 2 applies to a simple beam not uniformly loaded. The reactions are com- 

puted separately, by determining the moment of the several loads about each support. 

The sum of the moments of the load around one support is equal to the moment of the 
reaction of the other support around the first support. 

ExampLe.—Determine reactions Ry, R2 of a simple beam 20 ft. long, loaded as in Fig. 3. The 
weight of the beam may be taken as a concentrated load applied at the center of gravity of the beam. 
Then, moments around left-hand and right-hand supports are, respectively, 

Left-hand, (2000 x 5) + (3000 X 9) + (1200 X 10) — (Re X 20) = 0; Re = 2450 Ib. 

Right-hand, (R; X 20) — (2000 * 15) — (8000 X 11) — (1200 X 10) = 0; Ry = 3750 Ib. 

Ri + Ro = 6200 Ib. = sum of all loads acting downward. 

CONDITIONS OF EQUILIBRIUM.—The fundamental laws for the stresses at any 
cross-section of a beam in equilibrium are: 

1. Sum of horizontal tensile stresses = sum of horizontal compressive stresses. 
2. Resisting shear = vertical shear. 3. Resisting moment = bending moment. 

Vertical Shear.—At any cross-section of a beam the resultant of the external vertical 
forces acting on one side of the section is equal and opposite to the resultant of the external 
vertical forces on the other side of the section. These forces tend to cause the beam to 
shear vertically along the section. The value of either resultant is known as the vertical 
shear at the section considered. It is computed by finding the algebraic sum of the vertical 
forces to the left of the section; that is, it is equal to the left reaction minus the sum of the 
vertical downward forces acting between the left support and the section. 

A Shear Diagram is a graphic representation of the vertical shear at all cross-sections 
of the beam. Thus in the simple beam, Fig. 4, the ordinates to the line AOB represent 
to scale the intensity of the vertical shear at the corresponding sections of the beam. The 

vertical shear is greatest at the supports, where it is equal to 
2000 |b. 300 Ib. the reactions, and it is zero at the center of the span. In the 
4-0] Weight of beam cantilever beam, Fig. 5, the vertical shear is greatest at the 
point of support where it is equal to the reaction, and it is 
zero at the free end. Fig. 6 shows graphically the vertical 
x shear on all sections of a simple beam carrying two concentrated 
Fra. 3 loads at equal distances from the supports, the weight of the 
beam being neglected. 

Resisting Shear.—The tendency of a beam to shear vertically along any cross-section, 
due to the vertical shear, is opposed by an internal shearing stress at that cross-section 
known as the resisting shear; it is equal to the algebraic sum of the vertical components 
of all the internal stresses acting on the cross-section. 

if V = vertical shear, lb.; V; = resisting shear, lb.; ss = average unit shearing stress, 
Ib. per sq. in.; and A = area of the section, sq. in., then at any cross-section 

Vy = View 6438p a V/A oP) GOO ey 

The resisting shear is not uniformly distributed over the cross-section, but the intensity 
varies from zero at the extreme fiber to its maximum value at the neutral axis. 

At any point in any eae) Sarma Vat i shearing stress, lb. per sq. in., is 

re ei o:) on ote en eee 
where V = total vertical shear, lb., for section considered; A’ = area, sq. in., of 2 
section between a horizontal plane through point where shear is being found and 
the extreme fiber on the same side of the neutral axis; c’ = distance, in., from neutral axis 
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to center of gravity of area A’; I = moment of inertia of the section, in.4; ¢ = width of 
section at plane of shear, in. Maximum value of the unit shearing stress, where A = total 
area, sq. in., of cross-section of the beam, is 


For a solid rectangular beam, Mp IV (2A. ee cee a ts 1 eS] 
For a solid circular beam, 8g = 4V/SA Gah atly al Gay ald ony wells) 


Horizontal Shear.—In a beam, at any cross-section where 
there is a vertical shearing force, there must be resultant unit 
shearing stresses acting on the vertical faces of particles which 
lie at that section. On a horizontal surface of such a particle, 
there is a unit shearing stress equal to the unit shearing stress 
on a vertical surface of the particle. Equation [2] therefore 
also gives the horizontal unit shearing stress at any point on 
the cross-section of a beam. 

Bending Moment, at any cross-section of a beam, is the 
algebraic sum of the moments of the external forces acting on 
either side of the section. It is positive when it causes the beam 
to bend convex downward, hence causing compression in upper 
fibers and tension in lower fibers of beam. When the bending 
moment is determined from the forces that lie to the left of the 
section, it is positive if it acts in a clockwise direction; if determined from forces on the 
right side, it is positive if it acts in a counter-clockwise direction. If the moments of 
upward forces are given positive signs, and the moments of downward forces negative 

signs, the bending moment always will have the correct sign, 

YZ urrtorm Load wib per incb whether determined from the right or left side. The bending 

moment should be determined for the side for which the 
calculation will be simplest. 

In Fig. 4 let M be the bending moment, lb.-in., at a 
section mn of a simple beam at a distance z, in. from the 
left support; w = weight of beam per 1 in. of length; 1 = 
length of the beam, in. Then the reactions are 1/2 wl, 
and M=1/,.wlzx—1/2z2wzx. For the sections at the 
supports, z = 0 or / and M=0. For the section at the 
center of the span x = l/gl and M =1/,wi? = l/g WI, 
; where W = total weight. 

Fie. 5. peer acran, Can- A Moment Diagram (Figs. 4, 5, and 6) shows the bending 

moment at all cross-sections of a beam. Ordinates to the 
curve represent to scale the moments at the corresponding cross-sections. The curve 
for a simple beam uniformly loaded is a parabola, showing M = 0 at the supports and 
M = 1/gw /? = 1/3 Wi at the center, M being in lb.-in. 

The Dangerous Section is the cross-section of a beam where the bending moment is 
greatest. In a cantilever beam it is at the point of support, 


OC. 
uintert Load w |b per Inch 


Moment Diagram 


Fie. 4. Shear Diagram, 
Simple Beam 


Moment Diagram 


regardless of the disposition of the loads. In a simple beam it d P a 
is that section where the vertical shear changes from positive ; 
to negative, and may be located graphically by constructing a 

shear diagram, or numerically by taking the left reaction and ic t : | 
subtracting the loads in order from the left until a point is 


reached where the sum of the loads subtracted equals the reac- P 


tion. For a simple beam, uniformly loaded, the dangerous j -P 
section is at the center of the span. ! ; 
Resisting Moment.—The tendency to rotate about a point Shear Diagram | 
in any cross-section of a beam is due to the bending moment | : 
at that section; this tendency is resisted by the resisting | 
moment which is the algebraic sum of the moments of all the eGR DGaER 
horizontal stresses with reference to the same point. Pre Gases Dieovees 
FORMULA FOR FLEXURE.—Let M = bending moment; Beam with Two Concen- 


M, = resisting moment of the horizontal fiber stresses; s = unit trated Loads 


stress (tensile or compressive) on any fiber, usually that one most 
remote from the neutral surface; c = distance of that fiber from the neutral surface. Then 


Vawitt—rsl/C meee = 15); Gmc ae re eae ew 16] 


where J = moment of inertia of the cross-section with respect to its neutral axis. If s is 


~ in lb. per sq. in., then M must be in lb.-in., J in in.*, and c in in. ; 
Formula [6] is the basis of the design and investigation of beams. It is true only when 
the maximum horizontal fiber stress s does not exceed the proportional limit of the material. 
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Table 1.—Elements of Sections 
nT EE 


A = area of section. 
I = moment of inertia about axis J-I. 


ll 


c 


distance from axis J-I to remotest point 
of section. 


I/c = section modulus. 
radius of gyration. 


Tr 


RECTANGLE 
Axis through center 
“K  A=bh 
c= h/2 
Lio [= bna/12 
| I/e = bi2/6 
few r = h/v/12 = 0.289h 
pres 
RECTANGLE 
Axis on base 
ae “Fo A=bh 
c=h 
° & T= bhi/3 
| I/e = bi/3 
ces Typ = h/VB = O.5TTA 
ty ean 
Hottow ReEcraNnciE 
Axis through center 
“kK As=dvA- dy 
= h/2 
Li T= (AS — by hy’)/12 
| T/e = (bh — by hi8)/6h 
v 


a, 


i Aha — b hie 
12(h — bj Ap) 


RECTANGLE 
Axis on diagonal 


A=bdh 
c = bh/v/b? + he 
I = 63 h3/6(b2 + h2) 
I/c = b2 h2/6 ~/(b2 + h2) 
r = bh/v/6(b? + 12) 


RECTANGLE 


Axis any line through cen- 
ter of gravity 


“EF A=Dh 
I | c = (bsin a+ heos a)/2 
le [= 
a bh(b? sin? a + h? cos? a) /12 
if, . I/c = 
: ry. bh(b? sin? @ + h? cos? a) 


6(6 sin a + h cos a) 
= 
~/ (b2sin2a+ h2cos2a) /12 


TRIANGLE 
Axis through center 
of gravity 
A = bh/2 
c=7/3h 
I = bh3/36 
I/e = bh?/24 


h/V/18 = 0.236 h 


Le 


TRIANGLE 
Axis through base 
bh/2 
=h 
= bh3/12 
= bh2/12 
h//6 = 0.408 h 


TRIANGLE 
Axis through apex 


A = bh/2 


T/c = bh2/4 
r= h/\/2 = 0.707h 


Mf 
f c=h 
| I = bh3/4 
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Table 1.—Elements of Sections— (Continued) 


EquinaTERAL PoLyGon EQuiLaTERAL PontyGon 


Axis through center, par- 


ee Axis through center, nor- 
allel to one side. n = no, ’ mal to side. n= no. of 
of sides sides. 
A= nR;? tan ¢ A = nF}? tan ¢ 


a/2tan¢@= R, 
{A(12 Ry? + a?) }/48 


c= a/(2 sin ¢)=R 
I = {A(6R? — a?)}/24 
I/c = {A(6R?2—a?)}/24R 


r= \/ (6R2 — a?)/24 


° 
ll 


Ny 
ll 


Lfe— 
{A(12 Ry? + a?)}/48 Ry 


r = V/(12 Ri? + a?)/48 


ee 


CIRCLE Haur Crrcue 
“ Axis through center of 
Axis through center pe a 
A= xd?/4 = 0.7854 @2 A = 1d2/8 = 0.3927 a2 
ach c= {d(3x — 4)}/6x 
a= a/2 s aL = 0.2878 d. 
: I| l= 
aa = 4 t 
I = rd4/64 = 0.0491 d i {a4(9n2 — 64)} /1152 
I/c = rd3/32 = 0.0982 d3 = 0.0068 dt 
ie { B(x? — 64)} 
r=d/4 SE TiG2 Gn 4} 
= 0.0238 d3 
r = {dv/(942— 64) } /120 
= 0.1322 d 


ee eee 


Houtow Circe ELLipsE 


Axis through center Axis through center 


A = x(d? — dy?)/4 A = rab/4 = 0.7854 ab 
= 0.7854 (d? — dj?) mae 
e= 4/2 I = rai b/64 
I = xr(d4 — dy4)/64 = 0.0491 a3b 
= 0.0491(d4 — dy;4) I/c = ra2b/32 
I/c = x(d4 — dy4)/32 d = 0.0982 a2b 


= 0.0982(d4 — d,4)/d | ve HA 


r= V (da + dy)/4 


CrossmD RECTANGLES TRAPEZOID 

if the Sen Axis through center of 

Axis through center ie Tl 5 pine = 

A=th+ hb-?t A > A = {(b+ b)h}/2 

'S 

HH b 2b)h 
ees i egos aoe b) 
f= ine ee) \/12 i pm Bt + 4 ddr + bY) 

T/c = {th + 436 —1)}/6h | | 36(6 + by) 

hes eo Le = Pet 4 bbs + b12) 

r=1 [8 + 136 — O 12(b, + 2b) 
12 {th+t(6—2)} ; 


V20? + 4 bb + bi 


7 6(b + bi) 


7-22 


Table qeceee Moment, 
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Vertical Shear, and Deflection of Beams of Uniform 


Cross-section under Various Conditions of Loading 


P = concentrated loads, lb. I = moment of inertia, in.4 
R, Ro = reactions, lb. Vz = vertical shear at any section, lb. 
w = uniform load per unit of length, lb. per in. ° V = maximum vertical shear, lb. 
W = total uniform load on beam, lb. z = bending moment at any section, lb.-in. 
1 = length of beam, in. M = maximum bending moment, lb.-in. 
g = distance from support to any section, in. y = maximum deflection, in. 
E = modulus of elasticity, lb. per sq. in. 
SimepLE BeEaAM— UNIFORM SimpLtE Bram — CoNncEN- 
Loap fe P TRATED Loap aT ANY PoINT 
Kit, Ry = P—-#*) 
W= wt R= R= o alec Ro = Pk 
(ed Vz = Ri (wh < kl 
: (a z 1 Gay ) 
(rec Pellets gh pe a ey = Rz (when z> kl) 
| ! 2 TUT, V = Pil — k) 
i lit a oO , Hit (when k < 0.5) 
2 PN aa a (when { ) | sHeaR =— Pk (when k > 0.5) 
BiacRam 2 : ae i Mz = Px(1 — k) 
prea ne ae eames! 100" \ (when  < Kl) 
' a sige 2 2 ‘ ’ = Pk(I — z) 
t { ee 1 MOMENT (when x > kl) 
MOMENT M= uF (when 2 = 2) Been M = Pkl(1 — k) (at point 
ee 8 2 of load) 
5 WB 
y= B (at center of ys of J" a — kX Q/gk —1/3 K2) 38 


384 EI span) 


Srmptp Bram—Concen- 
TRATED Loap aT CENTER 


P 
a H Ry = Ro = Le 
et ; 
Por ves Veke 
\ 2 
ae P 
2 Pa (0 Abate 
2 2 
SHEAR qsceee PI 
\ a M= PI (when # = =) 
! PL 4 2 
4 
MOMENT y= cai 
DIAGRAM 48 EI 


(at center of span) 


SrmpLe Bram—Loap  In- 


CREASING UNIFORMLY 
FROM SUPPORTS TO CEN- 
TER OF SPAN 


1 
id} W 
Ri = Row 
_ififtin, E 2 
Vs W\--— 
en ba Fa 5 7 


cal WI 

sage M= a (at center of span) 
y= _WB (at center of 
60 AI span) 


ae 


(atz = 1+/2/3 k _— 1/3 k?) 


SimpLtp Beam—Two Equau 
CONCENTRATED LOADS AT 
Equat DIsTANCES FROM 


aR Supports 
fs Ry = Rp = P 
ie 1 Ve=> 2 for AC 
; cae =0 for CD 
=—P for DB 
deal ae V=2P 
aia epee Mz = Pz for AC 
= ™ for CD 
= Pil- f 
wl TN wor | 
nce ENT _Pa_ 
JAGRAM = J 2 
y on EF EI (32 4 d?) 
(at center of span) 
CANTILEVER Bram— Loap 
CONCENTRATED aT FREE 
P Enpb 
: R=P 
i 1 
1 ' 
M, =— P(l — 2) 
-P{ I -r M =— Pl (whenz = 0) 
SHEAR DIAGRAM PB 
i = 
' 3 EI 
Ph 
MOMENT 
DIAGRAM 
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Table 2.—Continued 


SimpLte Bram — Loap In- CanTILEvER BEAM—UNIFORM 
CREASING UNIFORMLY FROM Loap 
CrnTER TO SUPPORTS 
Ww ) R= W= wl 
Ry = Rg = — . 
2 Vz =— wil — 2) 
im 2. 222 1 
Ve=— w(2 — 22 _ 1) V =— wl (when = 0) 
20s! i l l 2 
aman Can, 1 l— 2 
{ : (when « ee) Mz =— wt — 2) ( ) 
Ww ' 
2 we at 
_W us 2 
| SHEAR N 2 Vee mu = — 2 (when # = 0) 
1 DIAGRAM ! 2 
bendy Ys ilpses are ; = 228 
{ mR eRWE : a Pre has 
~ MOMENT h i SEI 
DIAGRAM when z <5 DIAGRAM | 
M= *. (at center of span) 
aoe W# (at center of 
320 EI span) 
SimpLte Beam — Loap In- CANTILEVER BEAM—LOAD IN- 
CREASING UNIFORMLY FROM CREASING UNIFORMLY FROM 
OnESupportTtTo THE OTHER Free Enp To Support 
Rigor na! WwW R= W 
A 3 3 
1 my 2 
il V2= W(2-=) Ve-—- we = 
bor! | Bi af! 
Cae ae V =— = W (when =D) V =— W (when z = 0) 
y H 
W (il — x)3 
I. AR 2 a 
oo. Ht My eG - i Mz Bp) 
ee 1 
Apel ae 
He Rvsw M = —_ wi Me” head O 
r - 9Vv3 *- MOMENT 3 
rapeahes DIAGRAM 
(when z= — v= wis 
Fi 3 15E1 
y = 2:01304 p75 
EI 
FixEp BrEamM—COoONCEN- Fixsp Bram—Unirorm Loap 


TRATED LoAD aT CHNTER 
or Span 


P 
Ry = Ro = a 
Jed 
Vz2z=V= Sah 
cael 2 
Mz= PE-5 = 
' mz 4 DIAGRAM ; 1 
SHEAR pees M,=-- 2! when {® = : Leet, plea 3 M =— 1) wl 
Ply Soy}_pu : wh wt pert a ee) 
ae) ae Pe at Pl (at center of me 12 
MOMENT Soh 8 span) MOMENT: 
DIAGRAM DIAGRAM M = —(when z= = 
we : 
¥™ 192EI $ ia 
¥™ 384B1 


Table continued on following page 
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Table 2.—Concluded 


SimpLe BEAM—DISTRIBUTED Bream SupportTeD AT ONE 
Loap over Part oF BEAM Env, Fixep at OTHER— 
é b CoNCENTRATED Loap aT 
Ry = wh (2c + b) Any Point 
ah ‘ pn, = Peel +a) 
b(2 Ae 
; Meet. bye ee 28 
eid = bea a Ro=P- Rk 
>| fa Oe tne =a} Vz = R, (when z< a) 
t 21 = Ro (when z > a) 
V = R, (whena< c) RI Pb2 x(21 + a) 
= R2 (when a >) — Mo = a ae 
hee 2 IHIATIIIHINN S223 21 
mM, = wor@c + 5) sap (when z< a) 
“af 21 = = Riz — P(x — a) 
w(x — a)? M pos. (when z > a) 
a b2(2 
2 NQLYM neg ‘Mieutive = Pa s is a) 
for BC ( a = 
= R(l—2) forCD a oer 
Mea whb(2c-+b)[4al+b(2c+5)] Mnegative = — ee 
Br (when x = I) 
Fixrp BramM— Concen- Beam SupportTepD aT ONE 
TRATED Loap aT ANY Enp, Frxep at OTHER— 
Point DistrisuTEep Loap 
a>b 3 wl 
Ry = — 
; P R, = Pb2(l + 2a)/B 8 
1 b ! Ry = Pa®(l + 2b)/B mo 5 wl 
Vz ae 1 (when z< a) i 8 
= R2 (when xz >a) L>, > 
V= Ra, 
2 
Me = Rie = oe 


Pa®b 


ol 
art Puli ee Fee Pd Oe = 9) 
(when a > a) ty —wl?  * aNS 2 


2 Pa? b2 9 wh 
{positive = M ar eee 
Mpositive z positive 128 
2 12 
Mnegative = — Pet Mnegative = — Se 
____ 2 Pad b2 ___ 0.0054 wit (at 0.4215 1 
v3 Ela + 6)? y Se froin Ry) 


MOMENT OF INERTIA is the sum of the products of each elementary area of the 


cross-section multiplied by the square of the distance of that area from the assumed axis 
of rotation, or 


I= rad = fread ose) se Te os Ba 


where © is the sign of summation, AA = an elementary area of the section, and r = 
distance of AA from the axis. ‘The moment of inertia is greatest in those sections (such 
as I-beams) having much of the area concentrated at a distance from the axis. Unless 
otherwise stated the neutral axis is the axis of rotation considered. J usually is expressed 
in in. See Table 1 for values of moments of inertia of various sections. 

MODULUS OF RUPTURE is the term applied to the value of s as found by formula 
[6], when a beam is loaded to the point of rupture. Since formula [6] is true only for 
stresses within the proportional limit, the value s of the rupture strength so found is 
incorrect. However, the equation is used, as a measure of the ultimate load-carrying 
capacity of a beam. The modulus of rupture does not show the actual stress in the extreme 
fiber of a beam; it is useful only as a basis of comparison. If the strength of a beam in 


tension differs from its strength in compression, the modulus of rupture is intermediate 
between the two. 
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: SECTION MODULUS is the factor I/ec in flexure formula [5], and is expressed in 
Ineee LG 18 the measure of a capacity of a section to resist a bending moment. For values 
of I/c for simple shapes, see Table 1. See pp. 17-50 to 17-72 for properties of standard 
steel structural sections, and p. 6-12 for properties of aluminum sections. 

ELASTIC DEFLECTION OF BEAMS.—When a beam bends under load, all points 
of the elastic curve except those over the supports are deflected from their original positions. 
The radius of curvature p of the elastic curve at any section is expressed as 


p= Me iit sadly 8 Ie nie esl 


where # = modulus of elasticity of the material, lb. per sq. in.; J = moment of inertia 
in.*, of the cross-section with reference to its neutral axis; M = bending moment, ipo 
at the section considered. Where there is no bending moment, p is infinity and the curve 
is a straight line; where M is greatest, p is smallest, and the curvature, therefore, is greatest. 
If the elastic curve be referred to a system of co-ordinate axes in which x represents 
horizontal distances, y vertical distances, and / distances along the curve, the value of p 
is found, by the aid of the calculus, to be d*//dx-d?y. Substituting this value in the expres- 
sion p = ZJ/M and assuming that dz and dil are practically equal, there results differential 
equation [9] of the elastic curve which applies to all beams when the elastic limit of the 

material is not exceeded: 
EGA) ee eerie en er || 


Equation [9] is used to determine the deflection of any point of the elastic curve, by regarding 
the point of support as the origin of the co-ordinate axis, taking y as the vertical deflection at any 
point on the curve and z as the horizontal distance from the support to the point considered. The 
values of H, J, and M are substituted and the expression is integrated twice, giving proper values 
to the constants of integration, and the deflection y is determined for any point. See Table 2. 

For example, the cantilever beam shown in Fig. 2 has a length = lI, inches, and carries a load P, 
pounds, at the free end. It is required to find the deflection of the elastic curve at a point distant 
zx, inches, from the support, the weight of the beam being neglected. 

The moment M = — P(i — z); substituting in [9], the equation for the elastic curve becomes 
EI(d®y/dx?) =— Pl+ Px. Integrating and determining the constant of integration by the con- 
dition that dy/dz = 0 when z = 0, there results HI(dy/dxr) = — Pla +1/g Px?. Integrating a 
second time and determining the constant by the condition that z = 0 when y = 0, there results 
Ely = — 1/g Plz? + 1/g Pz, which is the equation of the elastic curve. When x = I, the value of y, 
or the deflection in inches at the free end, is found to be — Pi8/3 EI, 


DEFLECTION DUE TO SHEAR.—The deflection of a beam as computed by the 
ordinary formulas is that due to flexural stresses only. In short beams the deflection due 
to vertical shear sometimes is appreciable and. may need to be considered. Because of the 
non-uniform distribution of the shear over the cross-section of the beam, computing the 
deflection due to shear by exact methods is difficult. It may be approximated by 
ys = M/AEs, where ys = deflection, in., due to shear; JZ = bending moment, lb.-in., 
at the section where the deflection is calculated; Hs = modulus of elasticity in shear, 
lb. per sq. in.; A = area of cross-section of beam, sq. in. (see Seely’s Resistance of Materi- 
als, 2nd Ed., p. 136). Swain says (Strength of Materials, McGraw-Hill Book Co., p. 223) 
that for a rectangular section, the ratio of deflection due to shear, to deflection due to 
bending, will be less than 5% if the depth of the beam is less than 1/g of the length. 


2. BEAMS OF UNIFORM CROSS-SECTION 


DESIGN PROCEDURE.—In designing a beam the procedure is: 1. Compute reac- 
tions. 2. Determine position of the dangerous section and the bending moment at that 
section. 3. Divide the maximum bending moment (expressed in lb.-in.) by the allowable 
unit stress (expressed in lb. per sq. in.) to obtain the minimum value of the section modulus. 
4. Select a beam section with a section modulus equal to or slightly greater than the section 
modulus required. 

WEB SHEAR.—A beam designed in the above manner is safe against rupture of the 
extreme fibers due to bending in a vertical plane, and usually the cross-section will have 
sufficient area to sustain the shearing stresses with safety. For short beams carrying 
heavy loads, however, the vertical shear at the supports is large, and it may be necessary 
to increase the area of the section to keep the unit shearing stress within the limit allowed. 
For steel beams, the average unit shearing stress is computed by ss = V/A, where V = 
total vertical shear, Ib.; A = area of web, sq. in. For allowable average unit shearing 
stresses in cross-section of web of girders and rolled steel beams, see p. 17-47. For timber 
beams, see Horizontal Shear in Timber Beams, p. 7-26. 

MISCELLANEOUS CONSIDERATIONS.—Other considerations which will influence 
the choice of section under certain conditions of loading are: 1. Maximum vertical deflec- 
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tion that may be permitted in beams coming in contact with plaster. 2. Danger of 
failure by sidewise bending in long beams, unbraced against lateral deflection. 3. Danger 
of failure by the buckling of the web of steel beams of short span carrying heavy loads. 
See p. 17-47. 4. Danger of failure by horizontal shear, particularly in wooden beams. 
VERTICAL DEFLECTION.—If a beam is to support or come in contact with materials 
like plaster, which may be broken by excessive deflection, it is usual to select such a beam 
that the maximum deflection will not exceed (1/360 X span). It may be shown that for 
a simple beam, supported at the ends, with a total uniformly distributed load W, pounds, 
the deflection, inches, is 
by ee AEE ds annette ets oe oe ee EON 


where s = allowable unit fiber stress, lb. per sq. in.; L = span of beam, ft.; # = modulus 
of elasticity, lb. per sq. in.; d = depth of beam, in. 

If the deflection of a steel beam is to be less than 1/3¢9 of the span, it may be shown 
from equation [10] that, for a maximum allowable fiber stress of 18,000 lb. per sq. in., the 

‘limit of span, in feet, is approximately 1.8 d, where d = depth of the beam, in. 
. For the deflection due to the impact of a moving load falling on a beam, see p. 7-15. 

LATERAL DEFLECTION, STEEL BEAMS.—See p. 17-48. 

BUCKLING OF THE WEB, STEEL BEAMS.—See p. 17-47. 

HORIZONTAL SHEAR IN TIMBER BEAMS.—See Horizontal Shear, p. 7-19. In 
beams of a homogeneous material which can withstand equally well shearing stresses in 
any direction, vertical and horizontal shearing stresses are equally important. In timber, 
however, shearing strength along the grain is much less than that perpendicular to the 
grain. Hence, the beams may fail owing to horizontal shear. Short wooden beams should 
be checked for horizontal shear in order that allowable unit shearing stress along the 
grain shall not be exceeded. See Example 1, below. 

RESTRAINED BEAMS.—A beam is considered to be restrained if one or both ends are 
not free to rotate. This condition exists if a beam is built into a masonry wall at one 
or both ends, if it is riveted or otherwise fastened to a column, or if the ends projecting 
beyond the supports carry loads which tend to prevent tilting of the ends which would 
naturally occur as the beam deflects. The shears and moments given in Table 2 for fixed 
end conditions are seldom, if ever, attained, since the restraining elements themselves 
deform and reduce the magnitude of the restraint. This reduction of restraint decreases 
the negative moment at the support and increases the positive moment in the central 
portion of the span. The amount of restraint which exists is a matter which must be 
judged for each case in the light of the construction used, the rigidity of the connections, 
and the relative sizes of the connecting members. 

SAFE LOADS ON SIMPLE BEAMS.—Formula [11] gives the safe loads on simple 
beams. This formula is obtained by substituting in the flexure formula [5], the value of 
M for a simple beam, uniformly loaded, as given in Table 2. Let W = total load, lb.; 
s = extreme fiber unit stress, lb. per sq. in.; S = section modulus, in.?; L = length of 
span, ft. Then 

Wi = 2/3 8(S/D)0 ss .anwake eRe aoe) 


If s is taken as a maximum allowable unit fiber stress, this equation gives the maximum 
allowable load on the beam. Most building codes permit a value of s = 18,000 lb. per 
sq: in. for quiescent loads on steel. For this value of s, equation [11] becomes 


W 012,000 iS (ia. ee) ee eT 


See p. 17-50 for tables of safe loads on structural steel beams, based on equation [12]. 

If the load is concentrated at the center of the span, the safe load is one-half the value 
given by equation [12]. If the load is neither uniformly distributed nor concentrated at 
the center of the span, the maximum bending moment must be used. The foregoing 
equations are for beams laterally supported and are for flexure only. The other factors 
which influence the strength of the beam, as shearing, buckling, etc., also must be con- 
sidered. See pp. 17-47 to 17-49. 

USE OF TABLES IN DESIGN.—For the use of tables of safe loads, and of properties 
of rolled structural steel sections, see pages 17-50 to 17-72. Examples of the use of these 
tables in the design of steel beams are there given. The following is an example in the use 
of tables for the design of a wooden beam. . 


EXAMPLD 1,—Design a souther1 pine girder, of common structural grade, to earry a load of 9600 
lb, uniformly distributed over a 16-ft. span in the interior of a building, the beam being a simple 
beam, freely supported at each end. 

Solution.—From Table 2, the bending moment of a simple beam uniformly loaded is M = wi2 
Since W = wl and L = 12 i, i a gee 


W = 9600 X 16 X 12/8 = 230,400 lb.-in. 
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From Table 3, the allowable unit stress on yellow pine is 1200 lb. per sq. in., whence 
I/c = 230,400/1200 = 192 in,3 
From Table 1, the section modulus of a rectangular section is bd2/6. Assume b = 8 in, 


Then 8 d?/6 = 192, and d =+/144 = 12.0 in. A beam 8 X 12 in. is selected tentatively, and 
checked for shear. 


Maximum shearing stress (horizontal and vertical) is at the neutral surface over the supports. 
Formula [3] for horizontal shear in a solid rectangular beam is 8s = 3V/2A; V = 9600/2 = 4800, 
and A = 8 X 12 = 96, whence ss = (3 X 4800)/(2 X 96) = 75 |b. per sq. in. 

From Table 4, the safe horizontal unit shearing stress for common grade southern yellow pine is 
88 Ib. per sq. in. Since the actual horizontal unit shearing stress is less than 88 lb., the 8 X 12 in. 
beam will be satisfactory. 

STRENGTH OF CAST-IRON BEAMS.—(C. H. Benjamin, Machy., May, 1906.)— 
Numerous tests were made of beams of different sections including hollow rectangles and 
cylinders, I- and T-shapes, etc. All the sections were made approximately the same area, 
about 4.4 sq. in., and all were tested by transverse loading, with supports 18 in. apart. 
The results, when reduced by the ordinary formula for stress on the extreme fiber, showed 
an extraordinary variation, some of the valués being as follows: Square bar, 23,300; 
Round bar, 25,000. Hollow round, 3.4 in. outside and 2.5 in. inside diam., 26,450, and 
35,800. Hollow ellipse, 3 in. wide, 3.9 in. high, 0.9 in. thick, 36,000. I-beam, 4 in. high, 
web 0.44 in. thick, 17,700. The hollow cylindrical and elliptical sections are much stronger 
than the solid sections. This is due to the thinner metal, the greater surface of hard skin, 
and freedom from shrinkage strains. Professor Benjamin’s conclusions from these tests are: 

1. The commonly accepted formulas for the strength and stiffness of beams do not 
apply well to cored and ribbed sections of cast-iron. 

2. Neither the strength nor the stiffness of a section increases in proportion to the 
increase in the section modulus or the moment of inertia. 

3. The best way to determine these qualities for a cast-iron beam is by experiment with 
the particular section desired and not by reasoning from any other section. 


3. BEAMS OF UNIFORM STRENGTH 


A BEAM OF UNIFORM STRENGTH is one in which the dimensions are such that 
the maximum fiber stress s is the same throughout the length of the beam. The form of 
the beam is determined by finding the areas of various cross-sections from the flexure for- 
mula M = sI/c, keeping s constant and making J/c vary with M. For a rectangular 
section of width b and depth d, the section modulus I/c = 1/¢ bd” and, therefore, M = 
1/g sbd2. By making bd? vary with M, the dimensions of the various sections are obtained. 
Table 5 gives the dimensions b and d, at any section, the maximum unit fiber stress s, and 
the maximum deflection y, of some rectangular beams of uniform strength. In this table, 
the bending moment has been assumed to be the controlling factor. On account of the 
vertical shear near the ends of the beams, the area of the sections must be increased over 
that given by an amount necessary to keep the unit shearing stress within the allowable 
‘unit shearing stress. The discussion of beams of uniform strength, though of considerable 
theoretical interest, is of little practical value since the cost of fabrication will offset any 
economy in the use of the material. A plate girder in a bridge or a building is an approx- 
imation in practice to a steel beam of uniform strength. 


4. CURVED BEAMS 


The derivation of the flexure formula, s = Mc/I, assumes that the beam is initially 
straight; therefore, any deviation from this condition introduces an error in the value 
of the stress. If the curvature is slight the error involved is not large, but in beams with 
a large amount of curvature, as hooks, chain links, frames of punch presses, etc., the error 
involved in the use of the ordinary flexure formula is considerable. The effect of the 
curvature is to increase the stress in the inside and to decrease it on the outside fibers of 
the beam and to shift the position of the neutral axis from the centroidal axis toward the 

inner side. ’ 

‘emia ates value for the unit fiber stress may be found by introducing a correction 
factor in the flexure formula, viz.,s = KM c/I; the factor K depends on the shape of the 
beam and on the ratio R/c, where R = distance, inches, from the centroidal axis of the 
section to the center of curvature of the central axis of the unstressed beam; andc = ue 
tance, inches, of centroidal axis from the extreme fiber on the inner or concave pee 
Seely’s Advanced Mechanics of Materials contains an analysis of curved beams oa : _ 
Table 6 which gives values of K for a number of shapes and ratios of R/c. For slightly 
different shapes or proportions K may be found by interpolation. 
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Table 3.—Allowable Unit Stresses for Timber in Bending * 


, Recommended by the Forest Products Laboratory, Forest Service, U. S. Dept. of Agriculture.f All 
values are in pounds per square inch. 


Continuously Occasionally Wet but More or Less Continuously 
Dry Quickly Dried Damp or Wet 

Species All 4in. and 5 in. and 4 in. and 5 in. and 

Thicknesses Thinner Thicker Thinner Thicker 
Select Com- | select | CO™ | Select Com-| setect | CO™ | Select | CO™- 
mon mon mon mon mon 
JACI) RDU OO Oe 1000 800 800 680 900 720 710 600 800 640 
“commercial white... | 1400 | 1120 | 1070 910 | 1200 960 890 760 | 1000 800 
Aspenandlargetoothaspen| 800 640 580 490 650 520 440 370 500 400 
IBABSWOOU re voysiciesists sie 800 640 530 490 650 520 440 370 500 400 
Beech ie seaccreie s sisi cess 1500 | 1200 | 1150 980 | 1300 | 1040 890 760 | 1000 800 
Birch, paper......0.«... 900 720 670 570 750 600 530 450 600 480 
“yellow and sweet.. | 1500 | 1200 | 1150 980 | 1300 | 1040 890 760 | 1000 800 
Gedar, Alaska........0. 1100 880 890 760 | 1000 800 800 680 900 720 
‘western red...... 900 720 710 600 800 640 670 570 750 600 


northern and 
southern white. . 750 600 580 490 650 520 530 450 600 480 


Ko Port; Orford ctistets 1100 880 890 760 | 1000 800 800 680 900 720 
Ghestmuts sericis aieis cic stelers 950 760 760 650 850 680 620 530 700 560 
Cottonwood, eastern and 

DIGIC ie carsis terrae pele els 800 640 580 490 650 520 530 450 600 480 
Cypress, southern....... 1300 | 1040 980 830 | 1100 880 800 680 900 720 
Douglas fir (western Wash. 

and Ore:) Eve. sincera 1600 | 1200 | 1233 983 | 1387 | 1040 948 756 | 1067 800 
Douglas fir (dense) t..... 1750 | 1400 | 1349 | 1147 | 1517 | 1213 | 1037 882 | 1167 933 

_ (Rocky Mt.) |°1100 880 800 680 900 720 620 530 700 560 
Biimy rocks cnticteceesre’s 1500 | 1200 | 1150 980 | 1300 | 1040 890 760 | 1000 800 

‘ slipperyandAmerican | 1100 880 800 680 900 720 710 600 800 640 

Fir, balsam............. 900 | 720] 670] 570] 750] 600] 530] 450] 600] 480 

“commercial white.... | 1100 880 800 680 900 720 710 600 800 640 
Gum,red, black, andtupelo | 1100 880 800 680 900 720 710 600 800 640 
Hemlock, eastern........ 1100 880 800 680 900 720 710 600 800 640 
i western....... 1300 | 1040 980 830 | 1100 880 800 680 900 720 
Hickory (true and pecan) | 1900 | 1520 | 1330 | 1130 | 1500 | 1200 | 1070 910 | 1200 960 
Larch, western.......... 1200 960 980 830 | 1100 880 800 680 900 720 
Maple, sugar and black... | 1500 | 1200 | 1150 980 | 1300 | 1040 890 760 | 1000 800 

“red and silver.... | 1000 800 800 680 900 720 620 530 700 560 
Oak, commercial red and P 

WUC iis, ciate; sjore ace sale cene 1400 | 1120 | 1070 910 | 1200 960 890 760 | 1000 800 
Pine, southern yellow f... |...... 113 i ee RST laren ere LOO) | Sec ctr 156) | cone 800 

“southern yellow 

(dense) (ESocvnee. 1750 | 1400 | 1349 | 1147 | 1517 | 1213 | 1037 882 | 1167 933 


northern and west- 
ern white, west- 
ern yellow, sugar. 900 720 710 600 800 640 670 570 750 600 


=P ING) AW oCh Serio artac one 1100 880 890 760 | 1000 800 710 600 800 640 
Poplar, yellow.......... 1000 800 800 680 900 720 710 600 800 640 
Redwood... canctnas ss cues 1200 960 890 760 | 1000 800 710 600 800 640 
Spruce,red, whiteandSitka] 1100 880 800 680 900 720 710 600 800 640 

“ Engelmann...... 750 600 580 490 650 520 440 370 500 400 
By Camore:s vcr. saslecie se 1100 880 800 680 900 720 710 600 800 640 
Tamarack (eastern)...... | 1200 960 980 830 | 1100 880 800 680 900 720 
LLL SS 


* Stress in tension. The working stresses rec i i 
cael, wed He tension parallel i ane ommended for fiber stress in bending may be 
American lumber standards. Basic provisions for American lumb 
published by the U. 8S. Dept. of Commerce, Simplified Practice Neveede tes eee reds ee 
sia aoe ie St ea ciara for grades conforming to American lumber standards are 
Bee. 1929. andards A.S.T.M., and in Amer. Ry. Eng. Assoc. Bull., vol. xxx, No. 314, 
xact figures given. In order to preserve the exact numeri i i 
stresses for grades involving rate of growth and density Sueeu pieces vie cee 


(western Wash. and Ore.) and for 
Uifeiop risa cere ee: southern yellow pine have not been rounded off, as have the 
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Table 4.—Allowable Unit Stresses for Timber in Compression and Shear 


Recommended by the Forest Products Laboratory, U. S. Dept. of Agriculture. * 
All values are in pounds per square inch. 


Compression re Compression || to Grain Av 

1 to Grain, eee (Short Columns with Ratio Modulos 

Select and Com- Shear || of Length to Least Dimension of Elas- 

mon Grades of 10 or Less) ticity ¢ 
Not Va-_ bey la Moreide | aan 

y "S| se] tied with | Continu- Scene LamCoe 
Species * 7 ae Condi- ously but Quick tinuously | Not Va- 
eee) el tions of Dry Dri v Damp or | ried with 
owe died 0 ried wi 

2 aS bI4 EBS Exposure Wet Condi- 

3 gx he Rae a = q q| tions of 
gklgselese).|/e)+2 |]! lal peg ee 

aA Bie) oe 8 F 3 q 8 E 8 g or Grade 

S| Os wel Oo lee SiO 4 el 

Ash; blacks... %..-3~- 300 | 200 | 150 | 90} 72] 650} 520] 550] 440} 500} 400 | 1,100,000 


commercial white. .| 500 | 375 | 300 | 125] 100] 1100 880 | 1000 | 800 | 900 | 720} 1,500,000 
Aspen and largetooth 


Ganon eie dog aiogwe S06 150} 125 | 100 | 80] 64] 700] 560] 550] 440} 450] 360} 900,000 
Bass woods nc coe sas cee 150} 125 | 100 | 80} 64] 700] 560] 550] 440} 450] 360] 900,000 
IGG ale re sitccssttrsioicieerecete 500 | 375 | 300 | 125 100] 1200] 960} 1100 | 880 | 900 | 720 | 1,600,000 
Birch, paper.........-- 200 | 150 | 100} 80] 64] 650} 520} 550} 440} 450 | 360] 1,000,000 

yellow and sweet | 500 | 375 | 300 | 125 | 100} 1200} 960] 1100 | 880 | 900 | 720 | 1,600,000 
Cedar, IBAA trails 250 | 200 | 150] 90] 72] 800] 640} 750} 600} 650 | 520 | 1,200,000 
western red. .... 200) 150} 125 | 80} 64} 700] 560] 700} 560 | 650} 520 | 1,000,000 


northern and 
southern white] 175 | 140 | 100 | 70] 56] 550] 440] 500] 400] 450] 360] 800,000 


&> Port Orford... - 250 | 200 | 150 90} 72} 900] 720 &25 | 660 | 750 | 600 | 1,200,000 
Chestnuts. ics es omise 300} 200 | 150 | 90} 72]| 800] 640] 700} 560 600} 480} 1,000,000 
Cottonwood, eastern 

fend black... os. os) 150 |- 125 | 100 | 80] 64] 700} 560} 550) 440} 450) 360} 900,000 
Cypress, southern...... 350} 250 | 225 | 100} 80] 1100] 880] 1000] 800 | 800 | 640 | 1,200,000 


Douglas fir (western § § § 
Wash. and Ore.) f....] 347 | 240 | 213 | 90] 72] 1173] 880] 1067 | 800 | 907 | 680 | 1,600,000 
Douglas fir (dense) t...} 379 | 262 | 233 | 105} 84] 1283] 1027 | 1167 | 933 | 992 | 793 | 1,600,000 
ae “* (Rocky Mt.)| 275 | 225 | 200 | 85] 68] 800] 640] 800} 640) 700 | 560 | 1,200,000 


Pulm rockets es sere or 500 | 375 | 300 | 125] 100] 1200} 960] 1100 | 880} 900 | 720 | 1,300,000 
“ slippery and Amer...| 250] 175 | 125 | 100} 80} 800] 640} 750) 600 | 650} 520] 1,200,000 
Bir) balsam: <-2 6 150} 125 | 100 | 70] 56] 700} 560} 600) 480] 500 | 400} 1,000,000 


“* commercial white. .| 300} 225 | 200 70} 56} 700} 560] 700] 560 | 600 | 480 | 1,100,000 
Gum, red, black, and 


feupelometr ie sie oe mel 300 | 200 | 150] 100} 80] 800] 640] 750] 600 | 650} 520] 1,200,000 
Hemlock, eastern...... 300} 225 | 200 | 70} 56] 700} 560} 7001! 560} 600] 480 | 1,100,000 
ea western...... 300 | 225 | 200} 75] 60} 900] 720] 900 720} 800 | 640 | 1,400,000 
Hickory (true and pecan)| 600 | 400 | 350 | 140} 112] 1500] 1200} 1200 | 960 | 1000} 800 | 1,800,000 
Larch, western......... 325 | 225 | 200 | 100] 80] 1100] 880] 1000 | 800} 800} 640 | 1,300,000 


Maple, sugar and black.| 500 | 375 | 300 | 125] 100] 1200] 960] 1100} 880 900 | 720 | 1,600,000 
«* “red and silver...| 350} 250 | 200 | 100} 80] 800] 640] 700] 560 600 | 480} 1,100,000 


Oak, commercial red and 


WICC ahi cits aicterersier 500 | 375 | 300 | 125] 100} 1000! 800] 900] 720 | 800 | 640] 1,500,000 
Pine, southern yellow f.| § § Sian | erenene OO lllercts ere SSO! eters. 800]. ...] 680] 1,600,000 

“* southern yellow 
(dense) f....... 379 | 262 | 233 | 128] 103 | 1283 | 1027 | 1167 | 933 | 992 | 793 | 1,600,000 


** northern and west- 


ern white, west- 


ern yellow, sugar] 250 | 150 | 125 85| 68] 750] 600] 750) 600} 650] 520] 1,000,000 

Cl ANG ast aie gio OGIO 6 300} 175 | 150 85] 68] 800] 640] 800] 640} 700 | 560] 1,200,000 

Poplar, yellow.........- 250} 150 | 125 80! 64 800 | 640] 700} 560} 600 | 480 | 1,100,000 

Rediwoodet trakc.tersia ators 250] 150 | 125 70] 56] 1000} 800] 900] 720} 750) 600 | 1,200,000 
Spruce, red, white and 

Sitka: Stusieterete ‘Os 50) || 125 85] 68] 800] 640] 750] 600} 650] 520] 1,200,000 

% Engelmann..... 175} 140 | 100 70] 56] 600] 480] 550] 440} 450} 360 800,000 

Sycamore... «sc ss ce 300 | 200 |; 150 80} 64 800} 640] 750] 600 | 650] 520] 1,200,000 

Tamarack (eastern). ...! 300! 225 | 200 95| 7611000} 800! 900 | 720] 800! 640! 1,300,050 


* See footnote (t), Table 3. 


+ See footnote (f), Table 3. j ; ; 
t The values for modulus of elasticity are average for species, and not safe working stresses. 


They may be used as given for computing average deflection of beams. To prevent sag in beams, 
values one-half those given should be used. For safe loads for long columns, values one-third those 
given should be used. . : ’ ; 

§ Values given are for the Select grade. Working stresses in compression, perpendicular to 
the grain, for common grades of Douglas fir (western Wash. and Ore.) and southern yellow pine are 
325, 225, and 200, respectively, for continuously dry, occasionally wet but quickly dried, and 
more or less continuously damp or wet conditions. F 

|| Joint details. The shearing stresses for joint details may be taken for any grade as 50% 


greater than the horizontal shear values for the Select grade. 
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Table 5.—Rectangular Beams of Uniform Strength * 
= imum fiber unit stress, pounds per square inch; E = modulus of elasticity; w = uni- 
jen teed EoReae per inch; d = depth of beam, inches; b = width of beam, inches; y = maximum 
deflection, inches. All other dimensions in inches. 


I. CANTILEVER Bram LOADED 
aT FREE END 
Width is constant. Depth 
varies. 


d= d;Va/l 


II. CantTILEVER Bram LOADED 
AT FREE END 


Depth constant. Width varies. 


kee YY 8 = 6 Pl/bd\? b = byz/l 
V Z = 2 
st mal eee es 3 = 6Pl/bid 


Elevation is formed by 2 
straight line and a parabo- 
la with its vertex at the 
loaded end. 


y = 6PI3/Ebd? 


ELEVATION ELEVATION. 


IV. CantTirteverR Bram UNI- 
FORMLY LOADED 
Depth is constant. Width 

varies. 


WY, WI. CantineveR Beam UNI- 
FORMLY LOADED 
Width is constant. Depth 

varies. 


d= (2/I)dy b = byx2/12 
s = 3 wl2/bd;2 s = 3wl2/bid2 
y = 6wl4/bEd;3 y = 3wlt/b,Hds 


V. StmpeLeE Beam UNIFORMLY VI. Sapte Beam UNIFORMLY 


LoapEpD pala LoapED 
Width is constant. Depth] |? Depth is constant. Width 
varies. varies. 
dies 4dy2(lz — 2?) be 4by (lz — 22) 
BR 72 
f pega a = Set 
EREVATICN aoa" ELEVATION . . a7 
Elevation is formed by a Plan is two parabolas, with 
straight line and an ellipse. vertices at center of span. 


VII. Stmpte Bram Loapep 
AT CENTER oF Span 
Width is constant. Depth 

varies. 


VIII. Stiupt=e Beam Loapgep 
AT CENTER oF Span 


Depth is constant. Width 
varies. 


d = dV 22/1 b = 2bjz/l 
on 1-3 Ft 
3 
ee ot Bas 7 aoe 
Elevation is a parabola with ‘ 


vertices at points of sup- 


Plan is two triangles with ver- 
port, 


tices at points of support. 


a 
* The sections of the beams near the ends must be increased over the amounts shown to resist 
the vertical shear expressed by the formula s = 3/gV/A. 


5. CONTINUOUS BEAMS 


As in simple beams, the expressions M = sI/c and ss = V/A govern the design and 
investigation of beams resting on more than two supports. In the case of continuous 
beams, however, the reactions cannot be obtained in the manner described for simple 
beams. Instead, the bending moments at the various sections must be determined, and 
from these values the vertical shears at the sections and the reactions at the supports 
may be derived. 

Consider the second span of length , in., of the continuous beam, Fig. 7. Vertical 
shear Vz at any section distant 2, in. from the left support of the span is equal to the 
algebraic sum of all the vertical forces on one side of the section. Thus, if V2 = vertical 
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Table 6.—Values of Constant K for Curved Beams 


Values of K Values of K 
: SSS Ss aS : R Yo* 
Section A Inside Outside] Re Section “¢ | Inside | Outside 7 
Fiber | Fiber Fiber | Fiber 


Ques al, | 0.54 | 0-298 ihe) PDA ese W SOR 
1.4] 2.40 | 0.60 | 0.151 Wa) 2213 '0063 | vo1204 
1.6] 1.96 | 0.65 | 0.108 ke TG IS ae Guive 
1.8] 1.75 | 0.68 | 0.084 eS te63e | O870N | meOMTt2 
2.0 | 1.62 | 0.71 | 0.069 2504> 1.52} 0.73) |" 0/090 
3.0} 1.33 | 0.79 | 0.030 3.0} 1.30 | 0.81 0.041 
4.0 | 1.23 | 0.84 | 0.016 [Sanit ACO EZON | OGSS 0.021 
6.0 | 1.14 | 0.89 | 0.0070 6.0 | 1.12 | 0.90 | 0.0093 
8.0 | 1.10 | 0.91 | 0.0039 8.0 | 1.09 | 0.92 | 0.0052 
10.0 | 1.08 | 0.93 | 0.0025 10.0 | 1.07 | 0.94 | 0.0033 
0. 1.2} 3.09 | 0.56 | 0.336 
0. 1.4] 2.25 | 0.62 | 0.229 
0. 1.6] 1.91 | 0.66 | 0.168 
0. 18°] 1273" 10! 70" |" 0. 128 
0. 20 AA 6te | a 62 738) ONT02 
0. 3. Onl staa%. | 0. 8i 0.046 
0. 4.0] 1.26 | 0.86 | 0.024 
0. 6.0 | 1.17 | 0.91 0.011 
0. 8.0 | 1.13 | 0.94 | 0.0060 
0.0039 10.0 | 1.11 | 0.95 | 0.0039 
He2 ue Seas 102529)|10.352 1.2] 3.26 | 0.44 | 0.361 
=p! 14 22910 0554 | 02243 teh 1.4} 2.39 | 0.50 | 0.251 
I 1.6} 1.93 | 0.62 | 0.179 freaie 1.6] 1.99 | 0.54 | 0.186 
4! 1.8] 1.74 } 0.65 | 0.138 c 1.8] 1.78 | 0.57 | 0.144 
= >} | 2.0] 1.61 | 0.68 | 0.110 i 2.0] 1.66 | 0.60 | 0.116 
*/] 3.0] 1.34 | 0.76 | 0.050 3.0 | 1.37 | 0.70 | 0.052 
4.0] 1.24 | 0.82 | 0.028 400=|° 1927 1°0.75 | 01.029 
R 6.0 | 1.15 | 0.87 } 0.012 6.0} 1.16 | 0.82 | 0.013 
8.0 | 1.12 | 0.91 | 0.0060 Lop 8.0 | 1.12 | 0.86 | 0.0060 
10.0 | 1.18 | 0.93 | 0.0039 ae 10.0 | 1.09 | 0.88 | 0.0039 
1.2] 3.63 | 0.58 | 0.418 1.2 | 3.55 | 0.67 | 0.409 
1.4] 2.54 | 0.63 | 0.299 eAnee48n 0872 0 | 0292 
Grime 204i On67 80,229 1.6 | 2.07 | 0.76 | 0.224 
1:8 | 1.89 | 0.70 | 0.183 1.8 | 1.83 | 0.78 | 0.178 
2.0] 1.73 | 0.72 | 0.149 2.0 | 1.69 | 0.80 | 0.144 
3.0] 1.41 | 0.79 | 0.069 3.0 | 1.38 | 0.86 | 0.067 
4.0] 1.29 | 0.83 | 0.040 4.0] 1.26 | 0.89 | 0.038 
6.0] 1.18 | 0.88 | 0.018 6.0 | 1.15 | 0.92 | 0.018 
B50) | 1s13|) 0.91 | 0.010 8.0 | 1.10 | 0.94 | 0.010 
10.0} 1.10 | 0.92 | 0.0065 10.0 | 1.08 | 0.95 | 0.0065 
ie) ees ze ln 0L67,)||1(0. a Qe | Oe ih We 
124|212900|| 0.71 | 0: || ta) | Wehe || ti) 
16 eT 635 07500 | 0) eos e560, 0-79% |).0) 
p Y HS mde50l|, 0.77.10. 1.8] 1.44 | 0.81 0. 
Vina DION maleate | On790 | 0: 250. | "1,36" | 0.83 | 0. 
4Z Y 3.0] 1.23 | 0.86 | 0. SEON| Me 9! | ONS8m |) 10: 
4.0] 1.16 | 0.89 | 0. A) || WTeEx |W) Oech! 0. 
650) |lnTeOw |= F952 -|'-0: 6.0] 1.08 | 0.94 | 0. 
SON me O7aim0.949| 0. 8.0 | 1.06 | 0.95 | 0.0089 
10.0 | 1.05 | 0.95 | 0. 10.0 | 1.05 | 0.96 | 0.0057 
1.2 | 3.28 | 0.58 | 0.269 1.2 |) BG Wace 1) O, 
A Te 4p ez. 3) 0.64.00) 182 dt TOW AW eee |) 
; 1.6 | 1.89 | 0.68 | 0.134 16 N66.) || 0676: |’ © 08 
1.8] 1.70 | 0.71 | 0.104 OE TEST |) ORAS OP 
DON Te O73 OF 083 2.0] 1.43. | 0.80 | 0. 
3.01} 1.31 | 0:81 {| 0.038 3.0 |e 23) 08286 || 0: 
aa 4:0) |te2 te) On85i\0.020 4.0 | 1.15 | 0.89 | 0. 
R 6.0} 1.13 | 0.90 | 0.0087 620i 1091. | 209211 20% 
8.0] 1.10 | 0.92 | 0.0049 8.0 | 1.07 | 0.94 | 0.0076 
10.0 | 1.07 | 0.93 | 0.0031 10.0 | 1.06 | 0.95 | 0.0048 


* Yo is distance from centroidal axis to neutral axis, where beam is subjected to pure bending. 
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shear at a section to the right of, but infinitely close to, the left support, wear = uniform 
load and =P: = sum of the concentrated loads along the distance z, applied at a distance 
kl, from the left support, k being a fraction less than unity, then 


Vi= Ve tn c— SPeee? oes a i, ai 


At any section, distant z from the left support, the bending moment is equal to the 
algebraic sum of the moments of all forces on one side of the section. If M2 is the moment, 
lb.-in., at the support to the left, 


Mz = M2+ Vor — (uw. 22/2) — 2 Po(x — kh) = hae wT 


Assume that zc = . Then M, becomes the moment M; at the next support to the right, 
and the expression may be written 


Vol, = Ms — Me + (wr l?/2) + 2Px(h—kh). . . . [18] 


From formulas [13], [14], and [15] it is evident that the bending moment M; and the 
shear Vz at any section between two consecutive supports may be determined if the 
bending moments M2 and M3; at those supports are known. 

To determine bending moments at the supports an expression known as the theorem 
of three moments is used. This gives the relation between the moments at any three con- 
secutive supports of a beam. For beams with the supports on the same level, and uni- 
formly loaded over each span, the formula is 


Mil + 2 Ma(h + hb) + Mah =— Vail? — 1/4urh3 | Ceol 


where Mi, Mz and M3; = moments of three consecutive supports; J; = length between 
first and second support; 2 = length between second and third support; wi = uniform 
load per lineal unit over the first span; w2 = uniform load per lineal unit over the second 
span. When both spans are of equal length and when the load on each span is the same, 
l, = l, w, = we, and formula [16] reduces to 


: M,+4M2+ M; =— l/ewP wc Se? Ei Re, 5 Reiret.” 70 {17] 


which applies to most cases in practice. 

Formulas [16] and [17] are used as follows: For any continuous beam of n spans there 
are (n+ 1) supports. Assuming the ends of the beam to be simply supported without 
any overhang, the moments at the end supports are zero, and there are, therefore, to be 
determined (n — 1) moments at the other supports. This may be done by writing (n — 1) 
equations of the form of [16] and [17] for each support. These equations will contain 
(n — 1) unknown moments and their solution will give values of M,, M2, M3, etc., expressed 
as coefficients of wi?. The shear V; at any support may be determined by substituting 
values of M, and M2 in formula [15], and the bending moment at any point in any span 
may be obtained by formula [14]. The shear at any point in any span may be determined 
from formula [13]. 

Fig. 8 gives values and diagrams for the reactions, shears, and moments at all sections 
of continuous beams uniformly loaded up to five spans. Note that the reaction at any 
support is equal to the sum of the shears to the right and to the left of that support. 


Ws3 |b perinch 


6. AXIALLY END-LOADED BEAMS * 


DEFLECTION OF BEAM NEGLIGIBLE.—When a beam is subjected to an axial 
end load as well as to a transverse bending load, the resultant unit stress developed at 
any point in the beam is the algebraic sum of the unit stresses produced by each of the 
loads acting independently of each other. If the beam of cross-sectional area A sq. in., is 
considered so short that its deflection under load may be neglected, the unit geread ores 


* Condensed from Seely, Resistance of Materials, 2nd Ed., Chapter VII. 
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duced at any cross-section of the beam by an axial load P, pounds, is P/A. The maxi- 
mum unit stress (tensile or compressive), lb. per sq. in., due to the transverse or bending 
load is given by s = M/(I/c) where M, lb.-in., is the maximum bending moment due to 
this load; I, in.‘, is the moment of inertia of the cross-section with respect to the neutral 
axis; c, in., is the distance from the neutral axis to the extreme fiber. If the axial load is 
compressive, the maximum unit stress is compressive, occurring at the top of the beam, 


and is 
3 (C/A) SCiic/il) = esate oh tee Sean 1S] 


The unit stress on the bottom fiber may be either tensile or compressive, according as 
Mc/I is larger or smaller than P/A. If the longitudinal load P were a tensile load, the 
maximum unit stress would occur on the bottom fiber and would be a tensile stress. 

DEFLECTION OF BEAM NOT NEGLIGIBLE.—If the deflection of the beam is 
not negligible, the load P cannot be considered an axial load with respect to any cross- 
sections except the end sections. The longitudinal load then has a moment arm equal to 
the deflection, and the stress due to this moment should be added algebraically to that 
caused by the other moments or loads.. The stress due to deflection, y, inches (all other 
symbols as above), is Pyc/I. Thus, for a compressive longitudinal load, the maximum unit 
stress, lb. per sq. in., is at the top of the beam and is 


SSS Sele SemiCio) 6 8a a dee a ane 
Unit tensile stress, lb. per sq. in., at the bottom of the beam for the same load is 
a= PA) a Py)i(e/D)) vas te 20] 


Since the value of y depends on the total bending moment (M -+ Py), and the bending 
moment depends, in turn, on the value of y, equations [19] and [20] usually are solved by a 
method of approximation. The value of y that would be caused by the cross-bending 
moment M, considered acting alone, is found first, and then is used in the expression, 
“ M-+ Py. This new value of the total bending moment is used to find a closer approxi- 
mation to y. This operation may be repeated as many times as desired. When the 
deflection is small, as in comparatively short beams, the value of y as found from the 
eross-bending moment above often is used without any further approximation. 

Exampie.—Find the stress at the bottom and at the top of a timber beam 6 in. wide, 8 in. deep, 
and 12 ft. long, supported at each end, and carrying a distributed load of 400 lb. per ft., and also 


Two SPANS THREE SPANS 
Load 2wl Load 3wl 
0.375wl 1.25 wl 0.375wL 0.4 wl 1iwl 1.1 wl 0.4wl 
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Fic. 8. Shear and Moment Diagrams of Centinuous Beams 
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an axial compressive load of 10,000 lb. The modulus of elasticity of the timber may be taken as 
1,600,000. , 
Solution—Maximum unit stress will be at the center of the beam. 
(P/A) = (10,000/48) = 208 Ib. per sq. in. , 
(Mc/I) = {(400 X 12 X 144)/8} X {6/(6 X 82)} = 1350 Ib. per sa. in. 
See Table 2, p. 7-20. 
3 
ee 5 X 4800 X 1443 & 12 ax}. 450an 
384 X 6 X 8% & 1,600,000 
Pyc/I = (10,000 X 0.456 X 6)/(6 X 82) = 71 Ib. per sq. in. 
Total unit compressive stress (top) = 208 + 1350 + 71 = 1629 lb. per sq. in. 
Total unit tensile stress (bottom) = — 208 + 1350 + 71 = 1213 lb. per sq. in. 
Here the stress due to deflection is small, as it usually will be in short deep beams. 


COLUMNS 


1. DEFINITIONS 


A COLUMN OR STRUT is a bar or structural member under axial compression, 
which has an unbraced length greater than about 8 or 10 times the least dimension of its 
cross-section. On account of its length, it is impossible to hold a column in a straight 
line under a load; a slight sidewise bending always occurs, causing flexural stresses in 
addition to the compressive stresses induced directly by the load. The lateral deflection 
will be in a direction perpendicular to that axis of the cross-section about which the 
moment of inertia is the least. Thus in Fig. 14 the column will bend in a direction per- 
pendicular to aa; in Fig. 1B it will bend perpendicular to aa or bb and in Fig. 1C it is apt 
to bend in any direction. 

RADIUS OF GYRATION of a section with respect to a given axis is equal to the 
square root of the quotient of the moment of inertia with respect to that axis, divided by 
the area of the section, that is 

ha Vile Ta ee en eh] 
where I is the moment of inertia and A the sectional area. Unless otherwise mentioned, 
an axis through the center of gravity of the section is the 
axis considered. As in beams, the moment of inertia is an 
important factor in the ability of the column to resist bend- 
ing, but for purposes of computation it is more convenient 
to use the radius of gyration. 

LENGTH OF A COLUMN is the distance between 
points unsupported against lateral deflection. 

SLENDERNESS RATIO is the length 1 divided by 
the least radius of gyration k, both in inches. For steel, 
a short column is one in which I/k < 20 or 30, and its 
failure under load is due mainly to direct compression; in 
a medium length column, l/k = about 30 to 175, and it will 
fail by a combination of direct compression and bending; 
in a long column, 1/k > about 175-200, and it will fail 
mainly by bending. For timber columns these ratios are 
about 0-30, 30-90, and above 90 respectively. The load’ 
which will cause a column to fail decreases as IJ/k in- 
creases. The above ratios apply to round-end columns. 
If the ends are fixed (see below), the effective slenderness 

Fia. 1 ratio is one-half of that for round-end columns, as the 
distance between the points of inflection is one-half the 
total length of the column. For flat ends it is intermediate between the two. 

CONDITION OF ENDS.—The various conditions which may exist at the ends of 
columns usually are divided into four classes: 1. Columns with round ends; the bearing 
at either end has perfect freedom of motion, as there would be with a ball-and-socket 
joint at each end. 2. Columns with hinged ends; have perfect freedom of motion at the 
ends in one plane, as in compression members in bridge trusses where loads are transmitted 
through end pins. 3. Columns with flat ends; the bearing surface is normal to the axis 
of the column and of sufficient area to give at least partial fixity to the ends of the columns 
against lateral deflection. 4. Columns with fixed ends; the ends are rigidly secured, so 
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that under any load the tangent to the elastic curve at the ends will be parallel to the axis 
in its original position. 


Experiments prove that columns with fixed ends are stronger than columns with flat, hinged, 
or round ends, and that columns with round ends are weaker than any of the other types. Columns 
with hinged ends are equivalent to those with round ends in the plane in which they have free 
movement; columns with flat ends have a value intermediate between those with fixed ends and 
those with round ends. It often happens that columns have one end fixed and one end hinged, or 
some other combination. Their relative values may be taken as intermediate between those 
represented by the condition at either end. The extent to which strength is increased by fixing the 
an depends on the length of column, fixed ends having a greater effect on long columns than on 
short ones. 


2. COLUMN FORMULAS 


There is no exact theoretical formula which gives the strength of a column of any 
length under an axial load. Formulas involving the use of empirical coefficients have 
been deduced, however, and they give results which are consistent with the results of 
tests of full-sized members. 

EULER’S FORMULA assumes that the failure of a column is due solely to the stresses 
induced by sidewise bending. This assumption is not true for very short columns, which 
fail mainly by direct compression, nor is it true for columns of medium length. The 
failure in such cases is by a combination of direct compression and bending. For columns 
in which //k > 200, Euler’s formula is approximately correct and agrees closely with the 
results of tests. 

Let P = axial load, lb.; 7 = length of column, in.; J = least moment of inertia, in.4; 
k = least radius of gyration, in.; H = modulus of elasticity; y = lateral deflection, in., 
at any point along the column, that is caused by load P. If a column has round ends, 
so that the bending is not restrained, the equation of its elastic curve is 

El(@yfda)=—Py,. . - « « « « -« [2] 
when the origin of the coordinate axes is at the top of the column, the positive direction 
of x being taken downwards and the positive direction of y in the direction of the deflec- 
tion. Integrating the above expression twice and determining the constants of integra- 
tion, there results 
P = Or? EI/?? 5 Se A eres ete 
which is Euler’s formula for long columns. The factor © is a constant depending on the 
condition of the ends. For round ends 2 = 1; for fixed ends 2 = 4; for one end round 
and the other fixed Q = 2.05. FP is the load at which, if a slight deflection is produced, 
the column will not return to its original position; if P is decreased the column will 
approach its original position but if P is increased the deflection will increase until the 
column fails by bending. 

For columns with value of 1/k less than about 150, Euler’s formula gives results dis- 
tinctly higher than those observed in tests. Euler’s formula is now little used except for 
long members and as a basis for the analysis of the stresses in some types of structural 
and machine parts. It always gives an ultimate and never an allowable load. 

SECANT FORMULA.—The deflection of the column is used in the derivation of the 
Euler formula, but if the load were truly axial it would be impossible to compute the 
deflection. If the column is assumed to have an initial eccentricity of load of e in. (see 
Seely, Resistance of Materials, 2nd Ed., p. 212, for suggested values of e), the equation 
for the deflection y becomes 


eee elacetl2)EN PBT) — Aho Liss as en men v6, de odd] 
The maximum unit compressive stress becomes 
s = (P/A){1 + (ec/k?) sec (l/2)V P/EI} eer oe earl 


where J = length of column, in.; P = total load, lb.; A = area, sq. in.; J = moment of 
inertia, in.4; & = radius of gyration, in.; ¢ = distance from neutral axis to the most 
compressed fiber, in.; H = modulus of elasticity; J and k both are taken with respect to 
the axis about which bending takes place. Because the formula contains the secant of 


the angle (1/2) V P/E1 it is sometimes called the secant formula. It has been suggested 
by the committee on Steel-Column Research (Trans., A.S8.C.E.,- 1933) that the best 
rational column formula can be constructed on the secant type, though of course it must 
contain experimental constants. o 

The secant formula can be used also for columns that are eccentrically loaded, if e is 
taken as the actual eccentricity plus the assumed initial eccentricity. 

RANKINE’S FORMULA is a modification of an earlier formula by Gordon, and 
sometimes is called Gordon’s Formula. It applies to columns of slenderness ratios of 20 
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Table 1.—Value of Coefficient ¢ in Rankine’s Formula 


Material Both Ends Fixed Fixed and Round | Both Ends Round 
Lt Ullal 3 Toate ak ak. IPNC ICG ORICROIIOK IO io OOICIS 1/3000 1.95/3000 4/3000 
COL thoi wae epi IOReIamanO cloinninae 1/5000 1.95/5000 4/5000 
WW) ROU MenT OTe a slats s\0)s/e.0 si alee rials ae 1/36,000 1.95/36,000 4/36,000 
BUCOUNMN Ee tit nes tin tieicie cle wee welt ene 1/25,000 1.95/25,000 4/25,000 


to 200, which are usually required in practice. Rankine’s formula assumes that the max- 
imum unit stress, s, lb. per sq. in., occurs in the fiber most remote from the axis on the 
concave side of the deflected column, and is equal to the sum of the direct unit compres- 
sive stress and the unit compressive stress due to bending alone; that is, s = (P/A) +81, 
where P = load, lb.; A = sectional area, sq. in.; s; = unit compressive stress due to 
bending, lb. per sq. in. The value of s; in this equation may be expressed in terms of P 
by using the flexure formula, since the action is analogous to that of beams. Let/ = length 
of the column, in.; J = least moment of inertia, in.4; * = corresponding radius of gyra- 
tion, in.; c= distance from axis to the remotest fiber on the concave side, in.; y = lateral 
deflection of column, in. Substituting in the flexure formula, s:1 = Mc/I, and by replac- 
ing M by its value Py and I by its value Ak?, s: = Pyc/(Ak?). Hence maximum unit 
compressive stress on the remotest fiber on the concave side is equal to P/A + Pyc/(Ak?). 
By analogy with the theory of beams the deflection y varies as /?/c, so that by introducing 
an experimental coefficient ¢, the expression for maximum unit stress may be written 

s = (P/A) + ¢(PP/AR) = (P/A)[1 + $(/%)* oats tp Sie 
which is Rankine’s formula for the investigation of columns. Variations in the value of 
¢@ have been determined by many experiments on columns of different materials and 
different conditions of ends. Values in Table 1, given by Merriman, have been used 
extensively in the past. Present practice (1937) tends toward the use of the same con- 
stant for all end conditions, as tests show that for columns of the proportions in common 
use, variations in material are more important than variations in end conditions. 

The value to be taken for s in Rankine’s formula is the ultimate compressive stress of 
the material for rupture, and the allowable compressive unit stress for design. Rankine’s 
formula may be used in the investigation of an existing column by comparing the com- 
puted value of s with the proportional limit and with the ultimate strength of the material, 
thus determining the factor of safety. Similarly, the safe load P for an existing column 
may be computed by assuming an allowable unit stress s. 

STRAIGHT-LINE FORMULA.—Plotted results of actual tests on columns show 
that the relation between ultimate load and J/k is fairly well represented by a straight line, 
for columns which fail by flexure of the whole column and not by local collapse. For a 
value of 1/k = 0, average unit stress, P/A, on the section, is equal to the ultimate stress 
in compression for brittle materials and to the yield point in compression for ductile 
materials. From the point thus determined the straight line representing the average 
results of tests is drawn tangent to the curve of Euler’s formula for the material. The 
equation of the straight line is 

P/ A =3e—UCl ki + ke se he SE ee 
where s = ultimate unit stress in compression for a brittle material, or unit stress at the 
yield point in compression for a ductile material; C = an experimental constant. Table 2 
gives average values of s and C for structural steel, cast iron, and wood. The loads given 
by the straight-line formula using the constants in this table are ultimate loads. For 
design the straight-line formula usually is put in a form which gives allowable loads 
directly, constants s and C being divided by a factor of safety. The straight-line formula 
is not suitable for investigating a column, i.e., determining values of s due to given loads, 
as (Cl/k) is not a function of (P/A). It may be used to find the safe load for a given col- 
umn under a given unit stress, or to design a column for a given load and unit stress. 


Table 2.—Ultimate Strength Constants for the Straight-line Column Formula 
Character of Ends 


$1 
Material lb. per Round | Fixed aoa Round | Fixed | round 
acti. xe 1 fixed 
py Gi Limit of (l/k) 
Structural steel......... 35,000 150 75 100 160 320 240 
Cast iron. So. oracs onttes 34,000* 175 88 116 90 160 115 
Wiood Sc cteiee mies 5,000* 40 20 30 75 150 112 


* This is less than the ultimate in compression for small specimens of cast iron or wood, but from 
tests of full-size columns it seems to be the value to be used for full-size castings or timbers which 
may contain defects, 
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38. WOODEN COLUMNS 


WOODEN COLUMN FORMULAS.—One of the principal formulas is that formerly 
used by the A.R.E.A., P/A = s\(1 — 1/60d), where P/A = allowable unit load, Ib. per 
sq. in.; s; = allowable unit stress in direct compression on short blocks, lb. per sq. in.; 
? = length, in.; d= least dimension, in. This formula is being replaced rapidly by 
formulas recommended by the A.S.T.M. and A.R.E.A. Committees of these societies, 
working with the U. S. Forest Products Laboratory, classified timber columns into three 
groups, as follows (A.S.T.M. Standards, 1933, D245-33): 

1. Short Columns.—The ratio of unsupported length to least dimension does not 
exceed 10. For these columns, the allowable unit stress should not be greater than the 
values given in Table 4, under compression parallel to the grain. 

2. Intermediate-length Columns.—Where the ratio of unsupported length to least 
dimension is greater than 10, formula [8], of the fourth power parabolic type, shall be 
used to determine allowable unit stress, until this allowable unit stress is equal to 2/3 of 
the allowable unit stress for short columns. 

By Ana="s, {tis (GI G)e ten ied oe cece Uae peels] 
where P = total load, lb.; A = area, sq. in.; s; = allowable unit compressive stress 
parallel to grain, lb. per sq. in.; see Table 4. J = unsupported length, in.; d = least 
dimension, in.; K = 1/d at the point of tangency of the parabolic and Euler curves, at 
which P/A = (2/3) s1. The value of K for any species and grade is (1/2V E/6 si), where 
£ = modulus of elasticity. 

3. Long Columns.—Where P/A as computed by formula [8] is less than 2/3 sj, 
formula [9] of the Euler type, which includes a factor of safety of 3, shall be used: 

eA elie reenter arte eit es yeneuy ate | [9] 

" Timber columns should be limited to a ratio of 1/d equal to 50. No higher loads are 

allowed for square-ended columns. The strength of round columns may be considered 
the same as that of square columns of the same cross-sectional area. 

USE OF TIMBER COLUMN FORMULAS.—The values of # (modulus of elasticity) 
and s; (compression parallel to grain) to be used in the above formulas are given in 
Table 4. Table 3 gives the computed values of K for some common types of timbers. 
These may be substituted directly in formula [8] for intermediate-length columns, or may 
be used in conjunction with Table 4, which gives the strength of columns of intermediate 
length, expressed as a percentage of strength (si) of short columns. In the tables, the 
term ‘‘continuously dry’’ refers to interior construction where there is no excessive damp- 
ness or humidity; ‘‘occasionally wet but quickly dry’’ refers to bridges, trestles, bleachers 
and grandstands; ‘‘usually wet”’ refers to timber in contact with the earth or exposed to 
waves or tide-water. 


Table 3.—Values of K for Columns of Intermediate Length 
A.S.T.M. Standards, 1933, D245-33 


4 Continuously dry | Occasionally wet Usually wet 
Ppscios Select |Common| Select |Common]} Select |Common 

Gedar, western Léd «iy 5 ce secetaee wis = o> 24.2 2791 24.2 Pe.) 25.1 28.1 
me IPoriaOyrrorde 1.0 yeamieietiere sie xe 23.4 26.2 24.6 27.4 PRY Ae 28.7 
D deagyiE COASO LELIONS- cicteiareieieivis sis oyaie « PEeSaG ee 24.9 28.6 27.0 St 
Begase GONG oh eictreRatere sti eictawleds 22.6 2533 23.8 26.5 25.8 28.8 
pe ‘* Rocky Mountain region...... 24.8 27.8 24.8 27.8 267.5, RYE I | 
Hemlock, west coast. .........--.+..---- sy 23 28.3 Wye PAYS) 26.8 30.0 
Manchimewestends iaieiaiaebe aleleiels eis eteeiel leteiehel ey 22.0 24.6 py || 2518 258 28.8 
@alcared) and) west... iealeveloete i slaieiseiei-i+ > 24.8 IA pe 26.1 29.3 IHL f Sita 
isthe Roush noe Bone cood pe ones 7O demos aogagoolt ZT OM Ul nishsiasg ia PR oie eal eect teens Bilt 
MCL OTISG tat oie: scetoe el otcuntas ayere.sse: opal ss 2256 2.3 23.8 26.5 25.8 28.8 
TRESS OLCC | amcrogiaeitioeaed oo > UicOmiduOUbDe.cet ys 24.8 23.4 26.1 25.6 28.6 
Spruce, red, white, Sitka.............--. 24.8 27.8 25).6 2oL7. 275 30.8 


4, STEEL COLUMNS 


TYPES.—Two general types of steel columns are in use: 1. Rolled shapes; 2. Built-up 
sections. The rolled shapes are easily fabricated, accessible for painting, neat in appear- 
ance where they are not covered, and convenient in making connections. A disadvantage 
is the probability that thick sections are of lower-strength material than thin sections 
because of the difficulty of adequately rolling the thick material. For the effect of thick- 
ness of material on yield point, see Trans. A.S.C.E., vol. xcviii, p. 1377, 1933. 


7-38 STRENGTH OF MATERIALS 


Table 4.—Strength of Columns of Intermediate Length, Expressed as a Percentage of 
Strength of Short Columns 
A.S.T.M. Standards, 1933, D245-33 
Values for expression {1 — 1/3 (I/Kd)4} in formula [8] 


Ratio of Length to Least Dimension in Rectangular Timbers, l/d 
bs NaS ES thd: [OhG OTT) hSal tO [pe 2O"p DH EIZ2 Ny 230 2a Zoo 2627 628 29 | 30] 31 


JINVOT WW 96) \\'95 |) 930|' St) 88] S59) Sli \| 77 p22 107 |. 8 ete he hetecllc mei emicte rials are pate 
23.| 98.| 97 } 95. | 94 | 92 | 90] 87 | 84.) .81 } 77 | 72) 67 |. ...).5..)- 
24 | 98 | 97 | 96 | 95 | 93 | 92 | 89 | 87 | 84 | 80 | 76 | 72 | 67 


251 98 | 98 | 97 | 96 | 94 | 93 | 91 | 89.| 86} 83} 80) 76 | 72.) 67 |.-.).2-)5. «|e ae. fe 
261 99 | 98 | 97 | 96. |.95 | 93.| 92 | 91 | 89 | 86} 83 | 80 | 76) 72 | 67}...)52.].--].-.}-. 
27199 || 98°\~.98| 97 | 96 | 95 | 93 1.92 | 90 | 88.) 85 | 82) 79) 74.) 71) 67). ae 


28 | 99 | 98 | 98 | 97 | 96 | 95} 94 | 93 | 91 | 89 | 87 | 85} 82 | 79 | 75) 71) 67)...)...]... 
29 | 99 | 99 | 98 | 98 | 97 | 96 | 95 | 94 | 92 | 91 | 89 | 87 | 84 | 82 | 79| 75) 71) 67)...]... 
30 | 99 | 99 | 98 | 98 | 97 | 97 | 96 | 95 | 94 | 92 | 90 | 88 | 86 | 84 | 81} 78) 75) 71) 67)... 


98 | 98 | 97 | 96 94 92 | 90 | 88 


Nore: This table can also be used for columns not rectangular, the 1/d being equivalent to 
0.289 1/k, where k is the least radius of gyration of the section. 


GENERAL PRINCIPLES IN DESIGN.—The design of steel columns is always a 
cut-and-try method, as no law governs the relation between area and radius of gyration 
of the section. A column of given area is selected, and the amount of load that it will 
carry is computed by the proper formula. If the allowable load so computed is less than 
that to be carried, a larger column is selected and the load for it computed, the process 
being repeated until a proper section is found. 

A few general principles should guide in proportioning columns. The radius of gyra- 
tion should be approximately the same in the two directions at right angles to each other; 
the slenderness ratio of the separate parts of the column should not be greater than that 
of the column as a whole; the different parts should be adequately connected in order 
that the column may function as a single unit; the material should be distributed as far 
as possible from the center line in order to increase the radius of gyration. See pp. 17-74 
to 17—78 for tables of safe loads on rolled steel columns and data on their selection. 

STEEL COLUMN FORMULAS.—A variety of steel column formulas are in use, 
differing mostly in the value of unit stress allowed with various values of 1/k. See 
Eshbach, Handbook of Engineering Fundamentals, p. 542, forming Vol. 1, of this series, 
for a discussion of the several formulas. 

TESTS ON STEEL COLUMNS.—Following the collapse of the Quebec Bridge in 
1907 as a result of a column failure, the A.S.C.E., the A.R.E.A., and the U. S. Bureau of 
Standards co-operated in tests of full-size steel columns. The results of these tests are 
reported in Trans. A.S.C.E., vol. lxxxiii, pp. 1583-1688, 1919-20, and are summarized in 
Eshbach, Handbook of Engineering Fundamentals, pp. 5-43, 5-44. The tests showed 
that, for columns of the proportions commonly used, the effect of variation in the steel, 
kinks, initial stresses, and similar defects in the column was more important than the 
effect of length. They also showed that the thin metal gave definitely higher strength, 
per unit area, than the thicker metal of the same type of section. 


5. ECCENTRIC AND TRANSVERSE LOADS ON COMPRESSION 
MEMBERS 


ECCENTRIC LOADS ON SHORT COMPRESSION MEMBERS.—Where a direct 
push acting on a member does not pass through the centroid but at a distance e, inches 
from it, both direct and bending stresses are produced. For short compression members 
in which column action may be neglected, the direct unit stress is P/A, where P = total 
load, lb., and A = area of cross-section, sq. in. The bending unit stress is Mc/I, where 
M = Pe = bending moment, lb.-in.; c¢ = distance, in., from the centroid to the fiber in 
which the stress is desired; J = moment of inertia, in.4. The total unit stress at any 
point in the section is s = P/A + Pec/I, or s = (P/A)(1 + ec/k®), since I = Ak? 
where k = radius of gyration, in. : 

ECCENTRIC LOADS ON COLUMNS.—Various column formulas must be modified 
when the loads are not balanced, that is, when the resultant of the loads is not in line with 
the axis of the column. If P = load, lb., applied at a distance e in. from the axis bending 
moment M = Pe. Maximum unit stress s, lb. per sq. in., due to this bending moment 
alone, is s = Me/I = Pec/Ak*, where c = distance, in., from the axis to the most remote 
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fiber on the concave side; A = sectional area, sq. in.; k = radius of gyration in the direc- 
tion of the bending, in. This unit stress must be added to the unit stress that would be 
induced if the resultant load were applied in line with the axis of the column. The modi- 
fied formulas, expressed in allowable load per unit of area, are: 

Modified Rankine’s formula for eccentric loads (see p. 7-35): 


P/A = s/{1 + $(U/k)? + (ec/k). . 2 ww. ft 
Modified straight-line formula for eccentric loads (see p. 7-36): 
P/A‘= {e— (CUR) }/{1 + Cec/k)P. 2 ww. 8. Ot 


The secant formula, p. 7-35, also can be used for columns that are eccentrically loaded 
if e is taken as the actual eccentricity plus the assumed initial 
eccentricity. 

Exampin.—Design a steel column 18 ft. long to carry an axial 
load of 105,000 lb. and an additional load of 43,000 1b. which comes 
from a crane runway, and which is 11/4 in. beyond the outside edge 


of the column. 
The formula used will be the A.I.S.C. formula, 
PyAs= 18,000/{1 + (2/18,000k2) }, 
The shape selected will be a plate and four angles, Fig. 2. 

Using 10,000 lb. persq. in. as a preliminary estimate for the first 
selection, one plate 12 X 5/;g in. and four angles 5 X 31/2 X 3/g in. 
will have an area of 15.95sq.in. The safe load for this column will 
now be found. The moment of inertia J; -) is 412 in.4, the radius of 
gyration k,~; is 5.08 in., and the radius of gyration k2~2 is 2.08 in. 

Considering the safe load with respect to axis 2-2 about which 
neither load is eccentric, 

15.95 X 18,000 


PS saan = £19;400 Ib 
18 12)2 J p 
ies ds X 12) 


18,000 X (2.08)2 

Consider now the safe load about axis 1-1, with respect to which 
the load of 105,000 lb. is axial, and the load of 43,000 lb. has an 
eccentricity of 71/29 in. The load of 43,000 lb. will produce a stress 
due to its eccentricity, and this stress will reduce by that amount 
the unit load that the column can carry. The safe load will there- 


fore be Fie. 2 
18,000 43,000 & 7.5 X 6.25 
P= (sa = 412 ) = 183,000 lb. 
18,000 X (5.08)2 


The area exceeds that needed by about 3 sq. in.; the next smaller size is one plate 12 X 5/16 in. 
and four angles 5 X 31/g X 5/1g in. The area is 13.99 sq. in., moment of inertia, Jj~-1 = 356 in.4, 
ky-1 = 5.04 in., and kg-p = 2.03 in. With respect to the axis 2—2 

13.99 XK 18,000 


P= et ag 5ci2y? = 154,600 lb. 


i+ 18,000 X (2.03)? 
with respect to axis 1-1, 
18,000 43,000 X 7.5 X 6.25 
P= tee - 356 ) = 149,300 lb. 
ay 18,000 X (5.04)? 


As the load to be carried is 148,000 lb. this column is satisfactory. 

COLUMN SUBJECTED TO TRANSVERSE OR CROSS-BENDING LOADS.— 
(See Seely, Resistance of Materials, 1st Ed., p. 247.) A compression member that is 
subjected to cross-bending loads may be considered to be (1) a beam subjected to end 
thrust as discussed on p. 7-32 or (2) a column subjected to cross-bending loads, depending 
on the relative magnitude of the end thrust and cross-bending loads, and on the dimensions 
of the member. The various column formulas may be modified so as to include the effect 
of cross-bending loads. In this form they are: 

Modified Rankine’s Formula for transverse loads: 


s = (P/A){1 + $(2/k*) + (Pyc/Ak*) + (Mc/Ak) . . . . [12] 


Modified straight-line formula for transverse loads: 


P/A = {s — (Cl/k)} — (Pyc/Ak*) — (GV ic BAlic2) me eo fon ak [13] 
Modified secant formula for transverse loads: 
s = (P/A){1 + (e + y)(c/k®) sec (l/2k)(WP/AB) + (Mc/Ak*) . . [14] 


In these formulas, s = maximum unit stress on concave side, lb. per sq. in.; P = axial 
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end load, lb.; A = cross-sectional area, sq. in.; M ig’ moment due to cross-bending load; 
lb.-in.; y = deflection due to cross-bending load, in.; k = radius of gyration, in; ¢ = 
length of column, in.; e = assumed initial eccentricity, in; ¢ = distance, in., from axis 
to the most remote fiber on the concave side; C = experimental constant (see Table 2). 
The modified straight-line formula, like the straight-line formula, cannot be used to solve 


for s. 


6. CAST-IRON COLUMNS 


Hollow cast-iron columns are used to a limited extent in buildings of moderate height, 
because of cheapness, and because of the fact that they save space, as compared to wood 
columns. They have the disadvantage of uncertain strength, due to hidden defects, 
variation in wall thickness resulting from shifting of the core, and internal stresses from 
uneven cooling of the casting. Because of these variables, it is difficult to devise a satis- 
factory formula for design. Their use generally is governed by municipal building laws; 
The New York City building law, 1929, gives the formula P/A = 9000 — 40(l/ k), 
where P = safe load, lb.; A = area of section, sq. in.; 1 = length, in.; k = least radius 
of gyration. Most building laws specify a minimum metal thickness of 1/2 to 3/4 in.; 
minimum diameter, 6 in.; maximum length, 20 X diameter, or 70 X least radius of 
gyration. If it is necessary to use a wall thicker than 2 in., a steel column will be more 
economical. 

Tables of safe loads allowed by the New York City Building Code on round and square 
hollow cast-iron columns will be found in Eshbach, Handbook of Engineering Funda- 
mentals, pp. 5-46, 5-47, forming Vol. 1 of this series. 


SHAFTS 


1. DEFINITIONS 


TORSIONAL STRESS.—A bar is under torsional stress when it is held fast at one 
end and a force acts at the other end to twist the bar, In a round bar, Fig. 1, with a 
constant force acting, the straight line ab becomes the helix ad, and a radial line in the 
cross-section, 0b, moves to the position od. 
The angle bad remains constant while the 
angle bod increases with the length of the bar. 
Each cross-section of the bar tends to shear 
off the one adjacent to it, and in any cross- 
section the shearing stress at any point is 
normal to a radial line drawn through the 
point. Within the shearing proportional 

Fra. 1 limit, a radial line of the cross-section remains 

straight after the twisting force has been 

applied, and the unit shearing stress at any point is proportional to its distance from the 
axis. 

TWISTING MOMENT, 7, is equal to the product of the resultant, P, of the twisting 
forces, multiplied by its distance from the axis, p. 

RESISTING MOMENT, 7; in torsion, is equal to the sum of the moments of the 
unit shearing stresses acting along a cross-section with respect to the axis of the bar. 
If dA is an elementary area of the section at a distance of z units from the axis of a circular 
shaft (Fig. 1B), and c is the distance from the axis to the outside of the cross-section where 
the unit shearing stress is s, then the unit shearing stress acting on dA is (sz/c)dA, its 
moment with respect to the axis is (sz?/c)dA, and the sum of all the moments of the 


unit shearing stresses on the cross-section is yi (s2?/c)dA. In this expression the factor 


2*dA is the polar moment of inertia of the section with respect to the axis. Denoting 


this by J, the resisting moment may be written sJ/c. 

THE POLAR MOMENT OF INERTIA of a surface about an axis through its center 
of gravity and perpendicular to the surface is the sum of the products obtained by multi- 
plying each elementary area by the square of its distance from the center of gravity of its 
surface; it is equal to the sum of the moments of inertia taken with respect to two axes in 
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the plane of the surface at right angles to each oth i 
} i er passing through the center of ity. 
It is represented by J, inches‘. For the cross-section of a round shaft, ad 


Je="(C/ga)(Grd)y Vor? Ueart so. el. {1] 

for a hollow shaft J = (/39)[r(dt'— di] . . 2. ww [2] 
where d is the outside and d; the inside diameter, in inches, or 

= l/l) a ae ee eee 2 Se ee [3] 


where r is the outside and 7; the inside radius, in inches. 

THE POLAR RADIUS OF GYRATION, kp, sometimes is used in formulas; it is 
defined as the radius of a circumference along which the entire area of a surface might be 
concentrated and have the same polar moment of inertia as the distributed area. For a 
solid circular section, 

k?, = (1/3)d? er Sa eres Serene | 


for a hollow circular section, Ber (Ys) Gt Tae rn, ss Seo eR ee LSI 


2. DETERMINATION OF TORSIONAL STRESSES 


TORSION FORMULA FOR ROUND SHAFTS.—The conditions of equilibrium 
require that the twisting moment, T, be opposed by an equal resisting moment, 7',, so that 
for the values of the maximum unit shearing stress, s;, within the proportional limit, the 
torsion formula for round shafts becomes 

Tis UU CS as eg ge i pS IG] 
If s, is in lb. per sq. in., then 7; and T must be in |b.-in., J is in in.4,and cis in in. For 
solid round shafts having a diameter, d, in., 
SiGe) mh, sel eS Unc 2 4 56 6 6 6 «0 o Il 
cand 
Ts 
For hollow round shafts 


Ch) EBs OS SS IGP 6 5 se @ 8 o TE 


J 


GEES BE, CS (COGhs 5 & awe «o o oF IG 
and the formula becomes 
T =s,7(d4—d4)J16d or s,;=16Td/r(d'—di*) . . . . [10] 

The torsion formula applies only to solid circular shafts or hollow circular shafts, and 
then only when the load is applied in a plane perpendicular to the axis of the shaft and 
when the shearing proportional limit of the material is not exceeded. 

SHEARING STRESS IN TERMS OF HORSEPOWER.—If the shaft is to be used 
for the transmission of power, the value of T, lb.-in., in the above formulas becomes 
63,030 H/n, where H = horsepower to be transmitted; n =r.p.m. The maximum unit 

shearing stress, lb. per sq. in., then, is: 
% For solid round shafts: ss = 321,000H/nd? . . ... . [11] 
For hollow round shafts: s; = 321,000 Hd/n(d‘*—di*) . . . [12] 


If s, is taken as the allowable unit shearing stress, the diameter, d, inches, necessary 
to transmit a given horsepower at a given shaft speed can then be determined. These 
formulas give the stress due to torsion only, and allowance must be made for any other 
loads, as the weight of shaft and pulleys, and tension in belts. 

. ANGLE OF TWIST.—When the unit shearing stress s; does not exceed the propor- 

tional limit, the angle bod (Fig. 1) for a solid round shaft may be computed from the formula 

C= THe di: ; [13] 

where @ = angle, radians; 7 = length of shaft, in.; HZ; = shearing modulus of elasticity 

of the material; 7’ = twisting moment, lb.-in. Values of H, for different materials are: 
steel, 12,000,000; wrought iron, 10,000,000; and cast iron, 6,000,000. 

When thé angle of twist on a section begins to increase in a greater ratio than the 
twisting moment, it may be assumed that the shearing stress on the outside of the sec- 
tion has reached the proportional limit. The shearing stress at this point may be deter- 
mined by substituting the twisting moment at this instant in the torsion formula. 

TORSION OF NON-CIRCULAR CROSS-SECTIONS.—The analysis of shearing 
stress distribution along non-circular cross-sections of bars under torsion is complex. By 
drawing two lines at right angles through the center of gravity of a section before twisting, 
and observing the angular distortion after twisting, it has been found from many experi- 
- ments that in non-circular sections the shearing unit stresses are not proportional to their 
distances from the axis. Thus in a rectangular bar there is no shearing stress at the corners 


a1 
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Table 1.—Approximate Formulas for Maximum Shearing Stress and Angle of Twist in 
Members Subjected to Torsion 
(From Seely’s Advanced Mechanics of Materials) 

8, = shearing unit stress, lb. per sq. in.; 7 = twisting moment, lb.-in.; @ = angle of twist, 
radians, in length, 1, in.; J = polar moment of inertia, in.4; EZ; = shearing modulus of elasticity; 
A = area of cross-section, sq. in.; y = distance of most remote edge from center of bar, in. Tests 
of brittle metal are those made by Bach, Hlastizitdt u. Festigkeit, 1924, except for those marked *, 
which are by Kommers, Am. Mach., vol. xl, p. 941, 1914. 


Maximum Unit Stress 


Angle of Twist 


Mathematical Tests of 
Analysis Brittle Material 
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Table 1.—Continued 


Maximum Unit Stress 


Angle of Twist 


Mathematical Tests of 
Analysis Brittle Material 
4.8T 
me Abs ripley ast 
b4Bs 
9T 
Sg SS 
2 t2(a + 2b) 36.2T1J * 
eget Pie aay 
8 28a : 
oT 
83 


2 Ras Dba) 


9T 
—— 
2(a + b — t) 
oT 
$3 = — 
2 22(a+b6— 2?) 
Ave kIT 
A Ati 
Any compact section _ 4x2JT k = 4? for ellipse. 


without re-entrant 
angles. 


be 
& 
Il 


40 to 42 for rect- 
angles. 


of the sections and the stress at the middle of the wide side is greater than at the middle 
of the narrow side. In an elliptical bar the shearing stress is greater along the flat side 
than at the round side. 

It has been found by tests (Bach, Hlastizitat u. Festigkeit; and Young, Bull. 4, School 
of Engg. Research, Univ. of Toronto) as well as by mathematical analysis that the tor- 
sional resistance of a section, made up of a number of rectangular parts, is approximately 
equal to the sum of the resistances of the separate parts. It is on this basis that nearly 
all the formulas for non-circular sections have been developed. For example, the torsional 
resistance of an I-beam is approximately equal to the sum of the torsional resistances of 
the web and the outstanding flanges. In an I-beam in torsion the maximum shearing 
stress will occur at the middle of the side of the web, except where the flanges are thicker 
than the web, and then the maximum stress will be at the mid-point of the width of the 
flange. Re-entrant angles, as those in I-beams and channels, are always a source of weak- 
ness in members subjected to torsion. Table 1 gives approximate values of the maximum 
unit shearing stress s, and the angle of twist 6 induced by twisting bars of various cross- 
sections, it being assumed that s, is not greater than the proportional limit and that the 
modulus of elasticity, #,, remains a constant. 

ULTIMATE STRENGTH IN TORSION.—In a torsion failure, the outer fibers of a 
section are the first to shear and the rupture extends toward the axis as the twisting is- 
continued. The torsion formula for round shafts has no theoretical basis after the shearing 
stresses on the outer fibers exceed the proportional limit, as the stresses along the section 
then are no longer proportional to their distances from the axis. It is convenient, however, 
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to compare the torsional strength of various materials by using the formula to compute 
values of s, at which rupture takes place. These computed values of the maximum stress 
sustained before rupture are somewhat higher for iron and steel than the ultimate strength 
of the materials in direct shear. Computed values of the ultimate strength in torsion 
are found by experiment to be as follows: Cast iron, 30,000 lb. per sq. in.; wrought iron, 
55,000 lb. per sq. in.; medium steel, 65,000 lb. per sq. in.; timber, 2000 lb. per sq. in. 
These computed values of twisting strength may be used in the torsion formula to deter- 
mine the probable twisting moment that will cause rupture of a given round bar or to 
determine the size of a bar that will be ruptured by a given twisting moment. In design, 
large factors of safety should be taken, especially when the stress is reversed as in revers- 
ing engines and when the torsional stress is combined with other stresses as in 
shafting. 

EFFECT OF KEYWAY IN SHAFT.—The sharp re-entrant angles in keyways produce 
high local stresses at these points. Based on studies made by hydrodynamical and soap- 
film methods, the local stress in the corner has been determined as equal to the stress in a 
similar shaft without a keyway, multiplied by a constant, K, which depends on the radius 
of the corner. The constants are, approximately: 


Radius of corner, in........ Oot 0.2 0.3 0.4 0.5 0.6 0.7 
DS erate cere Chee Oe cto eehe eiote 5.4 3.4 2.7 2.3 sae 2.0 1.9 


Under steady loading these high stresses probably are not very important, as a ductile 
material allows an adjustment to take place, but if the shaft is subjected to repeated loads 
a crack may start at the corner. 

Experiments by Moore (Bull. 42, Engg. Exp. Sta., Univ. of Ill., 1909) on shafts from 
11/4 to 21/4 in. diameter showed that keyways reduced the elastic strength and the 
stiffness but did not reduce the ultimate strength. If HE’ = ratio of strength at the pro- 
portional limit of a shaft with a keyway to strength at the proportional limit of a shaft 
without a keyway, N = ratio of the angle of twist of a shaft with a keyway to that of a 
shaft without a keyway, w = width of keyway divided by diameter of shaft, andh = depth 
of keyway divided by diameter of shaft, the ratios obtained were: E’ = 1.0—0.2w—1.1h; 
N = 1.0 + 0.4 w + 0.7 h, for ranges of w from 0.25 to 0.50, and of A from 0.125 to 0.1875. 


CYLINDERS, PLATES AND ROLLERS 


1. CYLINDERS 


THIN CYLINDERS UNDER INTERNAL PRESSURE.—A cylinder is regarded as 
thin when the thickness of the wall is small compared with the diameter. It is assumed 
that in such cases the tensile stress across a longitudinal section is uniformly distributed 
over the thickness of the wall. If p = internal pressure, lb. per sq. in.; 1 = length of 
cylinder, in.; ¢ = thickness of wall, in.; d = diameter of cylinder, in.; and s = tensile 
stress, lb. per sq. in., 

pal = 2 sit or s\=pd/2it © ee ene 

For resistance to rupture in a circumferential seam, due to pressure on the ends of the 
cylinder, 7.e., the tensile stress across a transverse section, 

prdt/4 = stxdyor oe = pd/Adeba, Siku boos ee 

Comparing formulas [1] and [2], it is seen that the resistance to rupture around the 

circumference is twice the resistance to longitudinal rupture; for this reason eylindrical 
boilers are commonly single riveted in the circumferential seams and double or triple 
riveted in the longitudinal seams. 
; In using the above formulas to design cylindrical shells or piping, thickness t must be 
increased to compensate for rivet holes in the joints. Water pipes, particularly those of 
cast iron, require a high factor of safety to provide security against shocks caused by 
water ram or rough handling before they are laid. Steam pipes also require a high factor 
of safety to resist shocks due to condensation and expansion of steam. 

Formula [2] applies also to the stresses in the walls of a thin hollow sphere, hemisphere, 
or dome. This analysis does not apply where holes are cut in the cylinder for rivets or for 
‘other purposes. Where holes are cut, the tensile stresses must be found by the method 
used in riveted joints. See p. 949. 

Thickness of a Domed Head of a Boiler.—If s = safe unit tensile stress, d = diameter 
of shell, in., and ¢ = thickness of unit shell, ¢ = pd + 2s; but the thickness of a hemispher- 
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ical head of the same diameter is t = pd + 4s. Hence, if we make the radius of curvature 
of a domed head equal to the diameter of the boiler, we shall have t = 2 pd/4s = pd/2s 
or the thickness of such a domed head will be equal to the thickness of the shell. 

THIN CYLINDERS UNDER EXTERNAL PRESSURE.—Prof. Reid T. Stewart 
(Trans. A.S.M.E., xxvii, 730) made two series of tests on Bessemer steel lap-welded tubes 
3 to 10 in. diam. One series was made on tubes 8 5/g in. outside diam. with the different 
commercial thicknesses of wall, and in lengths of 2 1/2, 5, 10, 15 and 20 ft. between trans- 
verse Joints tending to hold the tube in a circular form. A second series was made on 
single lengths of 20 ft. Seven sizes, from 3 to 10 in. outside diam., in all the commercial 
thicknesses obtainable, were tested. The principal conclusions drawn from the research 
were: 

1. The length of tube, between transverse joints tending to hold it in circular form, 
has no practical influence on the collapsing pressure of a commercial lap-welded tube if 
this length is not less than about 6 diameters of tube. 

2. The formulas based on this research, for the collapsing pressures of lap-welded 
Bessemer steel tubes, for all lengths greater than 6 diameters, are: 


P= OOO} 1 — Vt G00 (G2) a2) eee ecw ee ee Lee cence S| 
Pe t86;070(0/d) —p1SS0,008 mas Key cook. oy ae [4 


where P = collapsing pressure, lb. per sq. in.; d = outside diameter of tube, in.; ¢ = thick- 
ness of wall, in. 

Formula [8] is for values of P less than 581 lb., or for values of t/d less than 0.023, 
while formula [4] is for values greater than these. When applying these formulas to 
practice, a suitable factor of safety must be used. 

3. The apparent fiber stress under which the different tubes failed varied from about 
7000 lb. for the relatively thinnest to 35,000 lb. per sq. in. for the relatively thickest walls. 
Since the average yield point of the material was 37,000 and the tensile strength 58,000 lb. 
per sq. in., it would appear that the strength of a tube subjected to a fluid collapsing pres- 

“ gure is not dependent alone on either the elastic limit or ultimate strength of the material 
constituting it. The element of greatest weakness in a tube is its departure from round- 
ness, even when this departure is relatively small. 

Table 1 is a condensed statement of the principal results of the tests. Table 2 has been 
calculated from Stewart’s formulas. 

Tests by Prof. A. P. Carmen (Bull. No. 5, Engg. Experiment Station, Univ. of IIL, 
1906), showed that with ratios of t/d of less than 0.025, for cold-drawn seamless steel tubes, 

Pi=sHOSOOMOUGG)S © 6 ws) et ees ee L5| 
and for seamless brass tubes, 

12S DRUNKS 5 AS uo. oo een cel lal 
notation being as before. 


Table 1—Collapsing Pressure of Lap-welded Steel Tubes 
(Stewart’s Experiments) 


Outside Diameters, 8 5/g in. Length of Pipe, 20 ft. 


Burstin Outside Zi Bursting 
Thickness,| Length, Sia Average | Diam., Thickness, | Pressure, Average 
me ft. lb. per sq. in. in. im. lb. per sq. in. 
0.176 2A21 815-1085 977 3 ORh2 1550-2175 1860 
0.180 4.70 525-705 792 3 0.143 2575-3350 2962 
0.181 10.08 455-650 565 3 0.188 3700-4200 4095 
0.184 14.71 425-610 548 4 0.119 860-1030 964 
0.185 19.72 450-625 536 4 0.175 2050-2540 2280 
0.212 2.21 1240-1353 1314 4 0.212 3075-3375 3170 
0.212 4.70 805-975 907 4 0.327 5425-5625 5560 
0.217 10.50 700-960 841 6 0.130 450-640 524 
0.219 12.79 750-1115 905 6 0.167 715-1110 928 
0,268 2.14 1475-2200 1872 6 08222 1200-2075 1797 
0.274 4.64 1345-2030 1684 6 0.266 1750-2890 2441 
0.272 9.64 1150-1908 1583 7 0.160 515-675 592 
0.273 14.64 1250-1725 1485 7 0.242 1525-1850 1680 
0.268 19,64 1250-1520 1419 7 0.279 1835-2445 2147 
0.311 2.16 2290-2490 2397 8.64 0.185 450-625 536 
0.306 4,64 1795-2325 2073 8.66 0.268 1250-1520 1419 
0,306 9.64 1585-2055 1807 8.67 0.354 1830-2180 2028 
0.309 14.64 1520-2025 1781 . + sleet rH 
0 1762 0 ; 
pies 75 icien 5 10 0.316 1275-1385 1319 
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Table 2.—Collapsing Pressure of Lap-welded Tubes 
Calculated by Stewart’s Formulas 
Thick- Outside Diameter 

ee ee ee Se ee 
ness, | 2in. [21/2in.| 3in. | 4in. | Sin. | 6in. | Zin. | 8 in. [29 we losin 
ae? Collapsing Pressure, lb. per sq. in. 
0.10 | 2947 | 2081 1503 ZBL EY ic cotlate Ueilte © cisve Vecavessua cetyl chats toute tell stots cee sien col tare eager 
0.12 | 3814 | 2774 2081 1214 694 ADO Pers ccotenascillarstoreue ye ni icropes kets ceeke folie letoetenetn 
0.14 | 4671 | 3468 2659 1647 1041 636 400 286 PAW dell lect ova cs| io 3 ci 
0.16 | 5548 | 4161 3236 2081 1387 925 595 400 297 232 187 
0.18 | 6414 | 4854 3814 3514 1734 1214 843 564 400 306 244 
0.20 | 7281 | 5548 4392 2947 2081 1503 1090 781 542 400 314 
0.22 | 8148 | 6241 4970 3381 2427 1792 1338 997 733 525 400 
0.24 | 9014 | 6934 5548 3814 2774 2081 1586 1214 935 694 512 
0.26 | 9881 7628 6125 4248 3121 2370 1833 1431 1118 867 633 
(44 Ase 8321 6703 4601 3468 2669 2081 1647 1310 1041 820 
CREO escnmr 9014 7281 5114 3814 2947 2328 1864 1503 1214 978 
MF 3.2. | ctaysre ese 9708 7859 5548 4161 3236 2576 2081 1696 1387 | 1135 
Deo 4a letaetee ellicre ste erate 8437 5981 4508 3525 2824 2297 1888 1561 | 1293 
i EiGe| enc Sled Somacd 9014 6414 4854 3814 3071 2514 2081 1734 | 1450 
ORE ene anal leoer one 9592 6848 5201 4103 3319 2731 2275 1907 | 1603 
OSA0 | Serescctel|iews orererereiave stores ste 7281 5548 4392 3567 2947 2466 2081 | 1766 
OWA isl See eyerellsteuorete!sisih orsis.oxeicns 7714 5894 4681 3814 3164 2659 2254 | 1923 
O44 ale allot ser oteva|isterstereet 8148 6241 4970 4062 3381 2851 2427 | 2081 
AGT Asa  eretevotoralelhaversiare ete 8581 6588 5259 4309 3598 3044 2601 | 2238 
O48 Sees te cillave scvhevarall eieieteisvers 9014 6934 5548 4557 3814 3236 2774 | 2396 
O250r [Sneek clout Gilstec nse 9448 7281 5887 4805 4031 3429 2947 | 2554 


For an extended discussion see Strength of Thin Cylindrical Shells under External 
Pressure by Saunders and Windenburg, and The Collapsing Strength of Steel Tubes by 
Jasper and Sullivan (Trans. A.S.M.E., Applied Mechanics, September-December, 1931, 
pp. 207-245). 

COLLAPSING PRESSURE OF COPPER TUBES.—An investigation conducted by 
M. G. Steele for Revere Copper & Brass, Inc., is reported in Jour., Am. Soc. Nav. Engrs., 
Nov., 1939. This investigation showed that tubes properly designed to resist substantial 
internal pressures usually will withstand any external pressure to which they might be 
inadvertently subjected. The formulas developed for collapse of steel and brass tubes 
do not appear to be applicable to copper tubes. The investigation consisted of collapsing 
tubes of various diameters and gages in different alloys, with an accompanying correlation 
of the physical properties of the tube material. The results of the investigation have been 
translated into the curves Figs. 1 and 2, which may be used as design data for copper 
tubes subject to external collapsing pressure. The curves apply to three types of tubes, 
as follows: 

Type K, generally used for underground services, plumbing purposes and severe water 
conditions; also for gas, steam and oil lines, and other industrial uses. It is supplied in 

2000 hard or soft temper. 

Type L, used for gen- 
eral plumbing purposes 
and normal water condi- 
tions; also for gas, steam 
and oil lines and other 
industrial uses. Supplied 
in hard or soft temper. 

Type M, used for gen- 
eral plumbing purposes 
with solder fittings only. 
Suitable for normal water 
conditions; also for gas, 
steam and oil lines and 
other industrial uses. Sup- 
plied usually in hard tem- 
per only. 

In using the curves of 


ual outside di: 
& in. greater than 


Actual outside din 


” 1 1% 214 % 1g BERG 246 


} 2 
Nominal Outside Diam., in. 


Fria. 1. Collapsing Pressure of 
Soft Copper Tubing. 


Nominal Outside Diam., in, 


Fig. 2. Collapsing Pressure of 
Hard Copper Tubing. 


Figs. 1 and 2, a suitable 
safety factor should be 
allowed to cover shock 


HOLLOW COPPER BALLS 7-47 


loads, water-hammer, etc. The usual factor of safety is 3 but this should be varied 
according to conditions and to engineering judgment. The values for hard tubes are 
considered more useful than those for soft tubes, hard tubes being used more often where 
collapse is a possibility. Soft tubes are not much used in mechanical applications except 
where bending is requisite. They usually are used to conduct water, gas or other fluids 
and the external pressures encountered are seldom great enough to cause collapse. 
THICK CYLINDERS.—Timoshenko and Lessells (Applied Elasticity) and Swain 
(Strength of Materials) give the following formulas for the stresses in thick hollow cylinders 
under internal and external pressure. Under internal pressure only, the maximum tensile 
stress sz in a tangential direction on the inner surface is 
st = p{(a? + b*)/(b? — a2)} eee [7] 
where » = internal pressure, lb. per sq. in.; a = inside radius and b = outside radius, in. 
Under internal pressure maximum compressive stress in a radial direction is on the inside 
and equals p lb. per sq. in. 
When the cylinder is subjected to an external pressure pe the maximum compressive 
unit stress will be at the inner surface and is 
Bee a0 / (0 — Tas) eee iy tae ono eee (S| 
In shrinkage fits a hollow cylinder or collar is forced over a cylinder having an outer 
diameter slightly greater than the inside diameter of the outer cylinder. This will cause 
compressive stresses in the inner cylinder and tensile stresses in the outer cylinder. 
Timoshenko and Lessells (Applied Elasticity) give the equation for the pressure p, Ib. per 
sq. in. between the cylinders as 
E6 (6? — a?) (c? — b?) [9] 
yd 2b?(c? — a2) 
where # = modulus of elasticity, a = inner radius of inner cylinder, b = outer radius of 
_inner cylinder, c = outer radius of outer cylinder, 6 = amount by which the outer radius 
of the inner cylinder exceeds the inner radius of the outer cylinder. With the pressures 
known, external pressure on the inner cylinder and internal pressure on the outer cylinder, 
the stresses can be computed by means of equations [7] and [8]. 
A comparison of the various theories of failure of thick cylinders is given in Seely’s 
Advanced Mechanics of Materials from which the following is abstracted: 
For brittle materials, the maximum stress theory is recommended. It gives: 


For internal pressure only, t = ri[{V(s» + p)/(sw —p)} —1] . . . . . . [10] 
For external pressure only, t = ri[{Vsy/(Qpe+sw)} —1] . . . . . . . [LI] 


For ductile materials the maximum strain theory is recommended. It is used by the U.S. 
Government for the design of guns. For internal pressure only this theory gives 


He + 1 — me | 
= ——_—_—— ;- 1 us ears Tame emmecee a (PO 
: an VBeu — (1+ m)p is 
and for external pressure only = 
ew 
= ————————— eas 1 . . . . . . . 13 
t nf | eee | od 


where ¢t = thickness, in.; sy = allowable working unit stress, lb. per sq. In.; 9 = internal 
pressure, and p, = external pressure, lb. per sq. in.; 71 = inner radius of cylinder, ihalge 
E = modulus of elasticity; m = Poisson’s ratio; ey = allowable working unit deforma- 


tion of the material. ar 
CORRUGATED FURNACES.—The Board of Trade, Lloyd’s Register, British Corpo- 
ration and the Bureau Veritas have adopted the following uniform formula (see Kempe’s 
Engineer’s Yearbook, 1932) for allowable pressures on Fox type corrugated furnaces: 
VARI 9480 1D on sd aia as fer oll 4) 

where D = external diameter, in., measured at the bottom of the corrugations; ¢ dl thick- 
ness of furnace plate in 32nds of an inch, measured at the bottom of the corrugations or 
camber; WP = allowable working pressure, lb. per sq. in. Thickness of plate is limited 
to 13/16 in. Adina a bring Lev 

HOLLOW COPPER BALLS.—Hollow copper balls are used as floats in boilers oO 
tanks, to control feed and discharge valves, and regulate the water-level. The Locomotive 
(Ost: 1891) gives two empirical rules for determining the thickness of a copper ball, which 
is to work under an external pressure, as follows: : 

1. Thickness = (diameter, in. X pressure, lb., per sq. in.) /16,000. 

2. Thickness = (diameter X V pressure) /1240. ; 

These rules give the same result for a pressure of 166 lb. per sq. in. only. 
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2. PLATES 


CIRCULAR FLAT PLATES.—Table 3 gives equations for deflection and stresses 
in circular plates based mainly on the theoretical analyses developed by Grashof. (See 
Morley’s Strength of Materials; Seely’s Advanced Mechanics of Materials; Timoshenko 
and Lessells’ Applied Elasticity.) Experience shows that the strength of flat plates is 
greater than is indicated by these equations. 

ELLIPTICAL FLAT PLATES.—An approximate formula for the maximum stress s in 
elliptical plates, simply supported at the edge, having a major axis 2a, a minor axis 2b, a 
thickness ¢, and carrying a distributed load of w lb. per sq. in., is 

=«{ (8a —(26)/a} X-@ub?/4) 2 3 7. Se tT 

SQUARE FLAT PLATES.— Where the load is w lb. per sq. in. and the plate is supported 
on the four edges, each 6 in. long, the maximum moment and maximum stress will be 
along a diagonal. The moment M per unit length of diagonal will be wb?/24, and, where 
t = thickness, in., the unit stress will be 

s= pea es 3 ee ee] 

With edges fixed and load distributed the maximum stress at ‘the center of each edge 

is, approximately, s = 0.20 wb?/t?.. Nichols found in experiments with steel plates 


S!== OAT wb? /t% sei. mace Re ee ca 
and Bach found Ss = OSt9 ob oS Sra 


RECTANGULAR FLAT PLATES.—For a distributed net w Ib. per sq. in., with 
supports along the four sides, and assuming a uniform distribution of moment along a 


Table 3.—Maximum Stresses and Deflection for Circular Flat Plates 


m = Poisson’s ratio; P = concentrated load, 1b.; w = distributed load, lb. per sq. in.; 
r = radius of plate, in.; ¢ = thickness of plate, in.; EH = modulus of elasticity. 


Type of Load and | Maximum Stress at m Maximum Deflecti i 
Sangixt Edge Maximum Stress at Center C la sg Saf z 

Uniform load, edge : wr2 2 wri 
simply supported 3 Ets 

Uniform load, edge | Radial direction 3 wrt 1 wr4 
fixed 3 wrt 8 2 hore) 6 i 

42 
Tangential direction 
3 wmr? 

4 2 

Concentrated load Infinite 5 Pr2 
at center, edge 3 rE 
supported + 

Concentrated load | Radial direction Infinite 2 Pr2 
at center, edge 8P 3 rE 
fixed Qt? us 

Tangential direction 
3 Pm 
2 wi? 

Uniform load, sup- 3 wr2 r 3 4 
ported on central 22 [a +m) lone 16 (1 — m)(7 + 8m) = 
area of radius rg 1 ; oe 

tla-m(-2)] 
4 

Load on central area 3(1 + m)P 1 5 Pr2 
of radius ro, edge 2 3 7EB 
simply supported pi a 3 : : sel 

+ log ee aa a 
Me ro 1+ m/ 4r2 

Load on central area 3(1 + ha 2 2 
of radius ro, edge Dine (tog ge + = 2 Pr 
fixed 4r 3 rE 


r must be > - ro 
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Table 4.—Values of Constants D, K; and K> for Rectangular Plates with Supported Edges 
and Uniformly Distributed Loads 
a = long side; 6 = short side; Poisson’s ratio = 0.3 


a/b D Ky Ko a/b D Ky Ko 

1.0 0.0443 0.0479 0.0479 1.8 0.1017 0.0948 0.0479 
eal 0530 20553 0494 et) . 1064 0985 0471 
New 0616 0626 0501 2.0 . 1106 1017 0464 
ite) .0697 0693 0504 3.0 . 1336 1189 0404 
1.4 0770 .0753 0506 4.0 . 1400 al235 0384 
Ls 0843 0812 0500 5.0 . 1416 . 1246 0375 
16 0906 . 0862 .0493 ao . 1422 . 1250 0375 
aed 0964 0908 .0486 

——————————SSeSSSESESESESESESSSSSSSSSSSSeSeEBe 


diagonal, Seely gives (Advanced Mechanics of Materials, p. 141) the stress as 
8 sa O4hy (27 (G2 ib?) eae ee es, eee | 19] 
where a is the length of the long side and b the length of the short side. 

For rectangular plates fixed along the four sides, Bach found experimentally for ductile 
materials that the coefficient K in the moment equation M = Kwb? was such that the 
moment along the fixed edge and along the center was about the same, and that the values 
of K (see Seely, Advanced Mechanics of Materials, p. 144) for different ratios of the 
length of the sides a and b were about as follows: 


b/a =0 0.2 0.4 0.6 0.8 1.0 
KaeeOn63.6 670562 © 0656) (0:48 490.40) 0.82 


Timoshenko and Lessells (Applied Elasticity) give an analysis which shows that the 
maximum moment at the center of the plate, in strips of unit width through the center 
of the plate, parallel to the short and long sides respectively, when the sides are simply 
supported, and the load is w lb. per sq. in., uniformly distributed over the plate, is given 

~ by the equations 


EM crn ne ai Lr 00 ee ee oe er oe eee (20a| 

Mo, max. = Ko» wh? = S ~ 2 = ° O 6 e [205] 
The approximate deflection y is given by 

Ymax. = Dwb!/E# . . . . . . . . . [21] 


where ¢ = thickness, in.; H = modulus of elasticity; Ki, Ko, and D are constants given 
in Table 4. 

For rectangular plates with the edges fixed, the maximum deflection is given by the 
same equation as for the plates with supported edges, but with constant D as follows, and 
Poisson’s ratio being taken as 0.3: 


CM Posersc at ahateoase 1.00 1.25 1.50 1.75 2.00 ) 
LOS 0 Ch OCNR CEE ERE 0.0138 0.9199 0.0240 0.0264 0.0277 0.0284 
1c Sct go aieOte Oo GOIeee 0.0513 0.0665 0.0757 0.0817 0.0829 0.0833 


The maximum bending moment in a strip of unit width is at the middle of the longer 


Table 5.—Formulas for Bending Moments in Rectangular Flat Slabs 
Values are per unit width. Poisson’s ratio = 0, a = longer side, b = shorter side, a = b/a 


Moments in Span 0 Moments in Span a 
At center of At center of At center of At center of 
edge slab edge slab 
»b2 92 
Four edges simply 0 Y/g wh 0 wb? Gee a) 
8 supported 1 + 2a3 48 
=| Span 0 fixed; span 2 2 
a iy nee ee i aaa ees 0 a (1 + 0.3 a2) 
i=) 4 
4 ported 1+ 0.2 a 14+ 0.44 
go ef ae Bec ieee 2/300 |0.015 wb? ( oe =) 
simp S 2 4 ri . / 1 4 
$ ported 1+ 0.8 a2 + 6a 1+0.8¢@ +a 
fmf 1/g wb? 
All edges fixed mT O 1/94 wb? 0.009wb2 (1 + 2a2 — a4) 


Elliptical slab with 
fixed edges; diam- 
eters a and D; 
b/a =a 


1/12 wb? 1/o4 wh? 1/2 wh? a2 1/o4 wb? «2 
1+ 2/3 a2 + ofl | + 2/3 o%+ of (1+ %gartat 1+ 2/3 02+ af 
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fixed side and is equal to Mmax = Kwb?, K being as given above, and a and b being the 
lengths of the long and short sides respectively. 

Professor Westergaard in a study of reinforced-concrete slabs supported on columns 
has computed the moments in medium-thick rectangular and elliptical plates (Proce. 
A.C.I., 1921). These are plates in which there is neither an appreciable absorption of 
energy by the vertical shearing stresses nor by the stretching of the middle plane of the 
plate. By means of a number of simplifying assumptions the values for the moments as 
given in Table 5 were found. 


38. STRESSES IN SOLIDS UNDER PRESSURE 


CYLINDRICAL AND SPHERICAL ROLLERS.—Approximate equations for areas 
of contact and pressures have been worked out for a number of cases (Timoshenko and 
Lessells’ Applied Elasticity). These are given in Table 6. 

HERTZ EQUATIONS.—A general mathematical solution of the problem of the 
stresses produced by the pressure of one solid upon another, of which cylindrical and 
spherical rollers are a special case, was made by H. Hertz (English translation in Miscel- 
laneous Papers by H. Hertz). The Hertz equations are very complex and deal only with 
surface stresses. Thomas and Hoersch (Bull. 212, Engg. Exp. Sta., University of Illinois, 
1930), as a part of an investigation of railroad rails and the development of transverse 
fissures in them, extended the Hertz equations to a study of the shearing stresses within the 
solid. They developed methods, too long to be given here, of computing the magnitude 


Table 6.—Areas of Contact and Pressures with Two Surfaces in Contact 
Poisson’s ratio = 0.3; P = load, lb.; Py, = load per in. of length, lb.; EZ = modulus of elasticity 


Maximum Pressure, s, at 
Character of Surfaces Center of Contact, 


Ib. per sq.in. 
Two spheres 2 
= s = 0.616 «| PE a +S)? r= 0.881 Pd Ee ( d; dy ) 
‘ es cd; de : NE \di + dz 


Sphere and plane 


Radius, r, or Width, b, of 
Contact Area, in. 


3 3 
s = 0.616 Ab r= 0.981 4/22 
a E 


| 


2r 


ee 


Sphere and hollow sphere 


d, 
3 dy — d\2 SIP / ad 
s = 0.616 4/PE: (@ ») r= 0.881 4/2 ( i.) 
d; dz E \dz — dy 
= 
Lik 


Cylinder and plane 


s = 0.5914/24 b= 2154/14 
d E 
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and location of the maximum shearing stresses produced in solids under pressure, such 
as in railroad rails under a wheel load. They have obtained experimental verification of 
the correctness of their equations by a “‘strain-etch’’ method, but point out that the 
mathematical equations derived do not hold except for thick material and where the ratio 
of the length of contact to the width of contact is large. 

In a cylinder of radius R, in., under a load P’, lb. per in. of length, on a plane, assuming 
Poisson’s ratio as 1/4 the maximum shearing unit stress s; = 677 V P’/R, the width of 
contact equals 0.000564 V P’R, the depth to the point of maximum shear is 0.000222 V (ES. 
and the maximum intensity of pressure is 2256 VP’/ f. In the case of crossed cylinders, 
the empirical equation is 

8 = 11,750 P*/(Ri/R2)"24R,% . | | | |... fp] 
where R; = radius of larger cylinder; R2 = radius of smaller cylinder; P = total pressure, 
for between the two solids; the ratio R:/R, is only true within the limits of 1 and 8. 
Table 7 gives a number of values computed by the methods of Thomas and Hoersch. 

Stribeck made extensive experiments on ball ‘bearings in 1898-1900, and his reports 
are translated in Trans. A.S.M.E., vol. xxix, p. 421. 


Table 7.—Shearing Stresses in Solids under Pressure 


Depth 
L : below Sur- 
Radius aa: a Area in euece face of 
Case raee : one Load, lb. | Contact, Sines iS Point of 
, . : ar ’ 5 . 
der, in. Ee oa per sq. in. ee ene 
Stress, in. 
Crossed cylinders.... : 25,000 3 56,500 0.121 
_Crossed cylinders... . 60,000 : 59,800 0.179 
Cylinder on plane... : 25,000 cs 18,600 0.100 
Cylinder on plane... 60,000 . 18,600 0.243 
39,800 
Cylinder on plane... | lb. per in. 24700 ne | scayepncieroisrere 
length 
Sole plates Galveston 112,400 
Causeway Bascule Ib. per in. E 15353 


STIG POR masa ceietekare length 


* Computed by approximate equation 


Where rollers are moving, as at the end of a truss or girder or with a rolling lift bridge, 
under relatively high pressures, the plate on which the roller rests is the critical part. 
The metal of the plate tends to flow longitudinally under the backward and forward 
_motion. Wilson (Bull. 191, Engg. Exp. Sta., University of Illinois, 1929) reports on 
experiments with rollers of the size used in rolling lift bridges, between 116 in. and 476 in. 
radius, and concludes that the bearing capacity of a plate depends upon its thickness, the 
tensile strength of the material, and the diameter of the roller. He proposes the formula 

P = (12,000 + 80 D){p — 13,000)/23,000} . . . . . [28] 
where P = safe working load, lb. per in. width of plate; D = diameter of roller, in.; 
p = yield point strength of the material in tension, lb. per sq. in. The thickness of plate, 
in., should not be less than (1.0 — 0.004 D) with D not less than 120 in. Steel bridges 
usually have one end on rollers to allow for expansion. The usual allowable load for 
expansion rollers is P = 600 D; P = load, lb. per lineal inch of roller, and D = diameter 
of roller, in. 


TESTING OF MATERIALS 


1. EQUIPMENT 


TESTING MACHINES.—Machines for testing material are of varying construction 
and capacity, for testing specimens in tension, in compression, in torsion and for other 
specific purposes. Usually the mechanism for applying the load to the specimen is inde- 
pendent of the weighing apparatus. By this arrangement the accuracy of the weighing 
is not affected by the deformation of the specimen which takes place as the load is applied. 
In machines for testing bars in tension or compression, the ends of the test-piece are 
fastened in the two heads of the machine. One of the heads is moved by screws, driven 
by a train of gears, causing a gradually increasing stress in the test-piece. Some machines 
are built so that the head is moved by hydraulic pressure, but the revolving screw con- 
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. 


struction is more common in the United States, although the use of hydraulic pressure 
machines is increasing rapidly (1937). sale: 

THE COMPOUND LEVER MACHINE derives its name from the weighing mechan- 
ism. The load may be applied by revolving screws or by hydraulic pressure. In either 
case, the tension or compression acting on the test-piece is transformed into a downward 
force bearing on a platform resting on levers equipped with hardened steel knife edges and 
arranged like those in a platform scale. The force acting on the platform is transmitted 
through the levers to a graduated scale beam which is balanced by a poise to give the load 
on the test-piece. 

The Screw-power Compound Lever Testing Machine (Olsen or Riehlé Machines) is the type 
jn most common use in the U. 8. Power is supplied by a belt drive or by a direct-connected motor, 
and is transmitted through a series of gears to vertical screws which operate the crosshead of the 
machine. The force applied by the belt, multiplied many times by the gearing and the screws, 
is applied to the test specimen by the crosshead. Tension specimens are placed between the cross- 
head and the upper head of the testing machine. Compression specimens or cross-bending 
specimens are placed between the crosshead and the weighing table. As the crosshead moves 
downward, the specimen transmits downward pressure to the weighing table, which is supported 
on compound levers fitted with knife-edge bearings. These compound levers transmit the force, 
reduced, to a simple lever, which, in turn, transmits it still further reduced, to the weighing beam. 
As the load is applied the beam is kept in balance by moving the poise. The position of the latter, 
with the beam in balance, indicates the load on the specimen. These machines are built by Tinius 
Olsen Co., Philadelphia, and Riehlé Bros. Testing Machine Div. of American Machine & Metals, 
Inc., New York. 

THE DIRECT-ACTING HYDRAULIC MACHINE has a head moved by hydraulic 
pressure, the intensity of which is read on a pressure gage. The load on the test-piece 
is determined by multiplying the pressure reading by a constant which depends on the 
area of the cylinder. Due to variations in the plunger friction, these machines are not 
adapted for accurate testing of small specimens, but are used to advantage in tests requir- 
ing big loads to rupture the specimen, and where slight variations in accuracy are permitted. 

The Amsler Machine is a machine of the hydraulic type built in Schaffhausen, Switzerland, 
which has considerable use in the U. S. A plunger moving in a cylinder near the top of the machine 
raises and lowers a rigid framework with respect to a fixed tension head at the bottom and a fixed 
compression head at the top of the machine. Oil is pumped into the cylinder to move a plunger 
around to fit the cylinder. This renders packing unnecessary and eliminates a main source of 
error in the hydraulic machine. A plunger in a branch line from the main cylinder to a smaller 
one actuates a pendulum weight by means of a projecting arm. This displacement of the pendulum 


rotates a pointer on a dial from which the load is read directly. The Amsler machine can be handled 
by a single observer. 


The Emery-Tatnall Machine is a hydraulic machine in which the load is applied through a 
plunger moving in a cylinder under oil pressure. The distinctive feature is the load-weighing device, 
called a weighing capsule. This is not connected to the load-applying mechanism, and is unaffected 
by friction between cylinder and plunger. One of the testing heads rests on a thin flat diaphragm 
over a shallow recess filled with oil. A slight movement of the diaphragm decreases the volume of 
the recess and creates pressure on the oil, which is recorded on a gage calibrated to read the load. 
One precaution is necessary: the weighing capsule must be kept filled with oil to avoid recorded 
loads being seriously in error, 

VERIFICATION OF TENSION-COMPRESSION TESTING MACHINES.— 
A.S.T.M. Tentative Standard, E4-34T, Proc. A.S.T.M. vol. xxxiv, Pt. 1, p. 1233, 1934, 
lists four methods of verifying testing machines, in the order of their accuracy, viz.: 

1. Standard Weights are placed on the weighing mechanism of the testing machine. 
This is the most accurate method but has the following limitations: (a) only a limited 
range of load can be covered; (6) non-portability of standard weights; (c) not applicable 
to horizontal testing machines. 

2. Proving Levers.—These are simple levers whose fulerums bear on the weighing 
platform; knife-edges on the short arms of the levers bear on the crosshead of the machine. 
At the ends of the long arms of the levers, standard weights are hung so that, from the 
ratio of the arms, the force acting on the weighing table may be computed. The range 
of load possible with this method is greater than that of the standard weights method, 
but it is not great enough for very large testing machines. 

3. Elastic Calibration Device which consists of an elastic member, which previously 
has been calibrated by noting the deformation at a series of loads. Fora primary standard, 
the loads should be obtained by dead weights or proving levers. When verifying a testing 
machine, load is applied to the device by the machine to be tested and the deformation 
noted. The difference between the load reading on the machine under test and the actual 
load, as determined for the observed deformation from the calibration curve of the device, 
represents the error in the machine being verified. 

4. Comparison Method.—A series of test specimens (“ companion specimens ’’) cut 
from the same picce of metal are necessary. Half of the specimens are tested in a machine 
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Table 1—Large Testing Machines in United States 
(All are of the hydraulic type) 


ar Length of 
ate ° Maxi 
Place Installed Capacity, Ib. | Type | specimen, 
ft.* 
Phoenix Iron Co., Phoenixville, Pa...... 1886 { Mess Ces Hor. a 
American Bridge Co., Ambridge, Pa..... 1905 4,000,000 Tension Hor. 42 
U.S. Steel Co., McKeesport, Pa........ Bae { 1,200,000 Tension } Hor. 40 
800,000 Compression ‘i 32 
U.S. Bureau of Stds., Washington, D. C. 1912 10,000,000 Compression | Vert. 65 
U.S. Bureau of Stds., Washington, D. C. 1913 { tee: bata te 2 } Hor. 33 
,300, ‘compression 
Roebling Wire Works, Trenton, N.J.....| 1928 Kaan mea aly) Vert. 25 
U.S. Reclamation Service, Denver, Colo. 1928 4,000,000 Compression | Vert. 61/4 
Univ. of Illinois, Urbana, Il............. 1929 1 2 ooh Gog pees } Vert, 37 
000, ompression 
Univ. of Calif., Berkeley, Calif.......... 1931 Scot oak Siena Vert. 33 1/2 


* The maximum length of tension specimen will depend on the amount of elongation which 
raust be provided for before failure occurs. 


which has been verified by one of the above methods, and the other half in the machine 
under test. The difference in load reading for the same deformation, between the two 
machines, is the error in the machine being tested. This method should be used only 
when none of the other methods above may be applied. 

FLEXURE TESTS.—The regular tension-compression testing machines are used 
for flexure tests by arranging the specimen so that the end supports bear on the weigh- 
~ ing table, as shown in Fig. 1. 

TORSION TESTING MACHINES.—In Prof. Thurston’s machine, invented in 
1872, the specimen is held horizontally with its ends secured in two spindles. One of 
these spindles is rotated by power. The other spindle is connected to a pendulum carrying 
a heavy weight which resists the turning force as it deviates from its vertical position, thus 
producing a torque whose magnitude is shown by a gage or dial. ! 

Power torsion machines are built so that the two ends of the specimen are held in 
rotating chucks. The power is applied at any desired speed by gearing connected to one 
of the chucks. The chuck at the other end is prevented from rotating by a system of 
ievers connected to a scale beam which is balanced by a poise. The position of the poise 
indicates the twisting moment in in.-lb. 

IMPACT TESTS.—The essential parts of an impact testing machine are: a moving 
weight which strikes the specimen with sufficient kinetic energy to cause fracture; an 
anvil or block on which the specimen is supported; a device for measuring the kinetic 
energy of the moving weight after it has broken the specimen. : 

Drop-weight Machines.—The impact is obtained by a hammer of known weight 
falling from a predetermined height on the specimen. In the Freemont machine the loss 
of kinetic energy in the hammer due to impact is obtained by having the weight, after 
breaking the specimen, strike a platen placed on calibrated springs, and measuring the 
downward movement of the platen against the resistance of the springs. Another method 
is used in the Hatt-Turner machine, in which 


a brass stylus is attached to the falling Cross. Head|of Machine 
hammer; during impact the stylus is forced LMM ULL | 
by a spring against a sheet of metallized i \/ 


paper mounted on a drum which rotates 
about its vertical axis, thus causing a curve 
to be plotted. The speed of the drum is 
determined from a second curve plotted on 


{ 
Cast Iron Transverse Test Bar Se 


Weighing] Platform 


the metallized paper by a stylus fastened to i | \ 
one prong of a tuning fork. From the two | Span—sk—¥, Sean—a| 
curves the changes in velocity of the hammer 1 

as well as the stress-deformation relations Fig. 1. Arrangement for Flexure Test 


may be calculated. ; ‘ 
The Charpy Pendulum Machine is used for testing small notched specimens which 


are placed horizontally, with the ends supported by the anvil. The hammer strikes the 
specimen midway between the supports opposite the notch, and after breaking the speci- 
men continues its swing upward. The energy used in breaking the specimen 1s the product 
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of the weight of the pendulum and the difference between its height of fall and height of 
rise. 
The Izod Machine is used for testing a notched specimen supported at its lower end 
in a vertical position as a cantilever; the pendulum strikes the specimen at a definite 
distance above the notch. See Energy or Dynamic Loads, p. 7-15. 

REPEATED STRESS TESTING MACHINE.—The following types of machines are 
available for producing reversed bending: The Upton-Lewis for flat specimens; the 
short-specimen rotating beam; the long-specimen rotating beam; and the cantilever 
rotating beam. Only the long-specimen machine (sometimes known as the Sondricker 
or Farmer type)-is here described. It consists of two rings or collars, rotating in a cage 
of ball bearings, for supporting the specimen which is 0.40 in. diameter and 13 in. long. 
The specimen is rotated by a motor; the number of revolutions is recorded by a counter 
attached to one end of the specimen. Suspended weights load the beam at two points. 
These act through ball bearings to produce a uniform bending moment over the central 
portion of the specimen. The number of cycles of completely reversed stress equals the 
number of revolutions. The speeds commonly used are from 1000 to 2000 r.p.m. 

EXTENSOMETERS.—Several types of extensometers are used to measure elonga- 
tion within the elastic limit during a test. In general, they comprise clamps which grip 
the test-piece at the gage marks and a micrometer or Ames dial to measure the distance 
between the clamps, which increases as the load is applied. With some extensometers, 
elongations thus may be measured to the nearest 0.0001 inch. 


2. STANDARD TEST-PIECES 


The results obtained in a test on material are affected by the method of testing and 
the size and shape of the specimen. Standards have been adopted by the A.S.T.M., the 
A.S.M.E. and various associations of manufacturers, to eliminate variations in results due 
to these causes. The standards of the A.S.T.M. are summarized below. 

SPECIMENS FOR TENSION AND BEND TESTS.—(Extracts from Specifications 
A7-36, A9-36, A10-34, A113-33 for Structural Steel for Bridges, Buildings, Locomotives, 
etc., A.S.T.M. Standards, 1936). a@. Test specimens shall be prepared for testing from the 

material in its rolled or forged 

j condition, except that the 
| ; specimens for annealed mate- 

i Tial shall be prepared from the 

| material as annealed for use, or 

H from a short length of a full 

| section similarly treated; the 

specimen for rivet bars which 
have been cold drawn shall be 
normalized before testing. 
b. Test specimens shall be taken 
longitudinally and, except as 


i i A noted in c, d@ and e, shall be of 
| 1 | A das Bs | the full thickness or section of 
{ the material as rolled. For 


. 2 2 
+1 & 3 ifParallel Seetion 
About Sea ‘@ |)not less than 9 
‘ | 
J | 


Fic, 2. Tension Test Specimen, 8-in. Gage Length plates, shapes and flats the 
specimens may be machined to 
om . the form and dimensions of 


Radius not less 5 
than 3%" } Parallel Section J 
r 


Fig. 2 or with both edges paral- 
lel. c. Tension test specimens 
for material over 11/9 in. thick- 
ness or diameter, except pins 
and rollers, may be machined 
to a thickness or diameter of at 
least 3/4 in. for a length of at 


Gage Length for least 9 in., or they may conform 
Elongation after Fracture to the dimensions shown in Fig. 
Fig. 3, Tension Test Specimen, 2-in. Gage Length 3. d. Bend test specimens for 


: material over 1 1/9 in. thickness 
or diameter, except pins and rollers, may be machined to a thickness or diameter of at least 


3/4 in. or to 1 X 1/g in. in section. e. Tension test specimens for pins and rollers shall be 
taken sO that the axis is 1 in. from the surface and shall conform to the dimensions shown in 
Fig. 8, while bend test specimens shall be 1 X 1 /2 in. in section. jf. The machined sides 
of rectangular bend specimens may have the corners rounded to a radius not over 1/16 in. 
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aCe FOR 2 Eee TESTS.—A.S.T.M. Tentative Standards 
= recommends cylindrical specimens wi i 

Fig. 4. The short specimen, Fig. 4a, is a oo tn ee 
ommended for tests of bearing metals, or 
similar metals, which in service are in the 
form of a thin plate or shell, and which 
carry the load perpendicular to the sur- 
face. Medium length specimens, Fig. 46, 
are recommended for tests to determine 
the general compressive strength qualities 
of metallic materials. Long specimens, 
Fig. 4c, are recommended for determining 
the modulus of elasticity in compression 
of metallic materials. Suggested diam- 
eters, with a tolerance of +0.01 in., are as 
follows: Short specimens, 1 in.; medium 
length specimens, 0.798 in., 1 in., and 11/g 
in.; long specimens, 11/4in. Dimensions 
of the test specimens should be given in SHORT MEDIUM LENGTH 


reports of compression tests. SPECIMEN SPECIMEN LONG SPECIMEN 
SPECIMENS FOR IMPACT TESTS. (a) (0d) (c) 
—A.S.T.M. Tentative Standard, 1934, Fic, 4. Compression Test Specimens 


E23-34T recommends the test specimens 
ala in Figs. 5a and 50 for use in Charpy type and Izod type impact machines, respec- 
vely. 
TENSION AND FLEXURE TESTS OF CAST IRON.—See p. 20-07. 


229° {1-10/in,:.020 in. 42% 3° 
(28 mm.)\ \w-— 
}e-----+- 
0.394 in.++.0.001 Ins lugh goat ent o'Baa ea: 0,394 int 0.001_In, 
ie mm.) Se te ' xt? (22 mm) i (10 mi) “v 
0.315}in.£0.001 In. ! 0.315) in'0.00T In, ~ %_0.010 in.rad, ir 
(8 mm.) pa (3 mm.) 0,25 mm.) Bi; 
eh ‘ 2.95'in.£0.010 in, (15mm) |), re aM 
0.394 in.£ 0, IU SUS z 
1 (lo Sern i or to Suit Testing Machine 2 Sea e 
-  (@) SIMPLE BEAM (CHARPY TYPE) SPECIMEN (}) CANTILEVER BEAM (IZOD 'TYPE) SPECIMEN 


Fic. 5. Impact Test Specimens 


3. PRECAUTIONS REQUIRED IN MAKING TESTS 


1. Inspection of Specimen.—Examine the specimen for defects or irregularity of 
form. It should be of uniform section between gage marks on which measurements of 
elongation are to be made. The distance between gage marks, which usually is 8 in., 
should be marked off into half-inch divisions. 

2. Placing Specimen in Machine.—The test-piece should be placed in an axial posi- 
tion, that is the line of stress of the machine should be in line with the axis of the specimen. 
Care should be taken to see that the ends of the specimen are properly gripped in the heads 
of the machine. When wedges are used, the full length of the wedge should bear against 
the ends of the specimen. The extensometer should be placed in position so that the 
clamps are at the gage marks and the specimen centered on the instrument. 

3. Speed of Testing—Regard must be had to the time occupied in making tests of 
certain materials. Wrought iron and soft steel can be made to show a higher strength 
than their actual apparent strength by keeping them under strain for a great length of 
time. A.S8.T.M. Standard, E8-36, 1936, points out that the values of the yield point 
and ultimate strength may be increased by operating the testing machine at too high 
speed, and it recommends that the speed of the head of the testing machine shall be such 
that the load can be accurately weighed. In determining yield strength, the crosshead 
speed for the 2-in. gage length shall not exceed 0.125 in. per min. 

In testing soft alloys, copper, tin, zinc, and the like, which flow under constant stress, 
their highest apparent strength is obtained by testing them rapidly. In recording tests 
of such materials the length of time occupied in the test should be stated. 

A, Increment of Load.—A.S8.T.M. Standard E8-33 suggests the following method for 
choosing increments in a tension test. An increment of load, about 1/19 of the estimated 
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load corresponding to the knee of the stress-deformation diagram, is applied and the 
corresponding change of reading, A, of the extensometer noted. For the remainder of the 
test, the increments of load are made such that the extensometer readings change by 
approximately A. 


4, INTERPRETATION OF TEST RESULTS 


DATA OBTAINED FROM TENSION TEST.—The following data usually are 
obtained in testing by tension in a testing-machine a sample of a material: 

a. The load at the elastic limit or yield point, lb. 

b. The maximum load applied before rupture, lb. 

c. The elongation of the piece, measured between gage points placed a stated distance 
apart before the test, usually 8 in. or 2 in. 

d. Sometimes the area at the point of fracture. 

The data now calculated are: 1. Tensile strength, lb. per sq. in. of original area; 
2. Percentage elongation; 3. Elastic limit or yield point, lb. per sq. in. The modulus of 
elasticity is calculated either from the stress-strain graph, or as the ratio of the unit stress 
within the elastic limit to the corresponding unit strain. Due to the difficulty of making 
accurate measurements of the fractured area of a test piece and to the fact that elongation 
is more valuable than reduction of area as a measure of ductility, of toughness, or of 
energy absorbed before rupture, reduction in area frequently is not reported. 

Determination of Yield Point—Two methods for determining yield point of metals 
that have a ‘‘ sharp knee ”’ stress-deformation diagram are: 

1. ‘*Drop of the Beam’? Method.—Load is applied to the specimen at a steady 
rate of increase, the beam being kept in balance by running out the poise. At the yield 
point the increase of load ceases temporarily, but the operator, running out the poise at a 
uniform rate, runs it a trifle beyond the balance position, and the beam of the machine 
drops for a brief, but appreciable, interval of time. In a machine fitted with a self- 
indicating weighing device there is a sudden halt in the motion of the load-indicating 
pointer, corresponding to the drop of the beam. The load at the *‘ drop ”’ or the ‘“‘ halt ”’ 
is noted and the corresponding unit stress reported as the yield point. 

2. Total Deformation Method Using Dividers.—An observer with a pair of dividers 
watches for visible elongation between two gage marks on the specimen. When visible 
stretch is observed the load is noted and the corresponding unit stress reported as the yield 
point. 

DETERMINATION OF YIELD STRENGTH.—For determining yield strength, 
A.S.T.M, Standard E8-33, 1933, gives two methods: 

ho 1. The Set Method.—This method can be used, 
ms, if desired, for materials having sharp-knee stress- 
fe ‘ deformation diagrams, but is especially adapted 


he Ps to materials whose stress-deformation diagram in 
eres oe ws es olan a the yield range is a smooth curve of gradual curva- 
Hs / ture. 


; / For nearly all materials, if at amy point on the 
Re stress-deformation diagram, such as 7, Fig. 6, the 
es load is released, the diagram for decreasing load 
a / will follow a line, rm, approximately parallel to the 
y) initial portion, OA, of the diagram for increasing 
Tey, load. Om then is the approximate value of the 
je wat permanent set after release of stress OR. The 
/ value of Om is given in percentage of original gage 
/ length. Thus, to determine yield strength by the 
¥ set method, it is necessary to secure data (auto- 
/ graphic or numerical) from which a stress-defor- 
m "Strain mation diagram may be drawn. Then with the 
Om=Specified Set stress-deformation diagram (Fig. 6) lay off Om 
Fic. 6 Stress-deformation Diagram equal to the specified value of the set, and draw 
: ; _ mn parallel to OA and thus locate 7, the intersec- 
tion of mn with the stress-deformation curve. Draw Rr parallel to the X-axis. OR is 
the yield strength. 
5 In reporting values of yield strength obtained by this method, the specified value of 
set’ used should be stated in parentheses after the term yield strength. Thus: 


Stress, 


Yield strength (set = 0.1%) = 52,000 lb. per Sq. in., indicates that, at a stress of 52,000 lb. per 
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sq. in., the approximate permanent set of the material reached the value of 0 1% of the origi 
' ginal gage 
length. (A value of 0.20% of the gage length has been used rather widely for matali) rah 


In using this method, an extensometer reading to 0.0001 in. per in. of gage length would 
be sufficiently sensitive for most materials. It will be observed that elastic limit and 
proportional limit are special values of yield strength, in which the specified limiting set 
is not measureable with the instruments used, and hence is considered to be zero. 

2. Approximate Method without Stress-deformation Diagram.—For tests to determine 
the acceptance or rejection of material, whose stress-deformation characteristics are known 
from previous tests of similar material in which stress-deformation diagrams were plotted, 
the total deformation corresponding to the stress at which the specified permanent set 
occurs will be known within satisfactory limits; therefore, in such tests a specific total 
deformation may be used, and the stress on the specimen, when this total deformation is 
reached, is the value of the yield strength. The total deformation can be obtained satisfac- 
torily by an extensometer, or in some cases by dividers, particularly if the surface of the 
specimen is so prepared that the line made by the dividers is a fine one, and if it is observed 
through a magnifying glass. This approximate method is recommended for use only after 
agreement between producer and consumer, with the understanding that check tests be 
made to obtain stress-deformation diagrams for use with the Set Method to settle any 
misunderstandings. 

DETERMINATION OF TENSILE STRENGTH (ULTIMATE).—tThe tensile 
strength of a material is determined by dividing the maximum load carried in a tension 
test by the original area of cross-section of the specimen. It is important that the speed 
of testing should not be so high as to render uncertain the balancing of the beam of the 
testing machine, or to cause “ surging ”’ of a self-indicating load-measuring device. 

DETERMINATION OF ELONGATION AFTER FRACTURE (A.8.T.M. Standard 
E8-33, 1933).—Measurement of elongation after fracture of tension test specimens can 
be made with sufficient accuracy by means of a pair of dividers and a scale. The elonga- 
tion should not be reported for any tension test specimen which breaks outside the middle 
third of the gage length. 

Nortr. If only a few specimens are available for testing, it is recommended that, in marking 


the gage length for measuring elongation after fracture, it be divided into eight parts (see Fig. 7), 
and that, if a specimen breaks inside the gage length but outside the middle third of the gage length, 


{____ Gage Length ——— 


Fic. 7.—Method of Marking Gage Length for Measuring Elongation after Fracture 


the requirement in the foregoing paragraph be waived, and the elongation be measured and reported 


as follows: ; . 
1. If specimen breaks in the middle half of the gage length (between C and G), elongation is 


measured directly over the stretched gage length. 2. If specimen breaks between A and C (or 
between G and J) but nearer B than A (or nearer H than I), elongation from A to C@ (or from G 
to I) is measured, and to this is added twice the measured elongation from C' to F (or from D to G). 
3. If specimen breaks within one-half a division of an end gage mark, the elongation from Ato H 
(or from E to I) is measured and multiplied by 2. The above method can be applied to specimens 
of any gage length, to both turned and flat specimens, but is not applicable to brass specimens. 


DETERMINATION OF REDUCTION OF AREA.—The measurement of reduction 
of the dimensions of a specimen after fracture may be made by the direct measurement 
with a micrometer of the smallest cross-section of the specimen. For round specimens 
this measurement best can be made by holding the broken pieces together in a vise or 
between centers and measuring the average diameter of the smallest section, using a 
micrometer fitted with rather sharp points. Reduction of area is calculated as the per- 
centage reduction, based on original area. 

COMPRESSION TEST.—The methods used to determine elastic limit, proportional 
limit, yield point, and yield strength in compression tests are, in general, the same as those 
used in tension tests. Compressive strength is determined by dividing the maximum load 
by the original area of cross-section of the specimen. 

In a material which fails in compression with a shattering fracture, compressive 
~ strength has a very definite value. In materials which do not fail by a shattering fracture, 
the value obtained for compressive strength is an arbitrary value, depending on the degree 
of distortion which is regarded as indicating complete failure of the material. 
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5. MISCELLANEOUS TESTS 


PROOF TESTS.—A proof test is one in which a part or machine, as a whole, is sub- 
jected to a load which equals or exceeds the design or working load but. which does not 
test the part to destruction; for example, the hydrostatic test of cast-iron pipe at the 
foundry, where the pipe is subjected to a water pressure of about twice the normal 
working pressure. Rie 

SHORT TIME TESTS FOR ENDURANCE LIMIT.—Since the determination of 
the endurance limit for any given steel or metal takes considerable time, attempts have 
been made to devise short-time tests which will give, at least, some indication of the 
probable endurance limit. No method has been found which is entirely satisfactory or 
which has been generally accepted. Two methods have shown some promise of success, 
viz., 1. The rise-in-temperature method; 2. The electrical resistance method. 

Rise-in-temperature Method.—(Moore and Kommers, Bull. No. 124, Engg. Exp. 
Sta., Univ. of Ill., 1921). A standard rotating beam specimen is held at one end and, by an 
eccentric movement of the other end, a bending stress is produced in a manner similar to 
that obtained when the beam is rotated. A thermocouple is attached to the specimen at 
the section of greatest stress and connected to a galvanometer. The specimen is run at 
1000 r.p.m. for 30 sec. at stresses which increase by stages; a reading of the galvanometer 
is taken for each value of the stress. The stress at which there is a sudden increase in 
the reading of the galvanometer is taken as the endurance limit. For ferrous metals the 
results varied from-14% below those found by the standard method to 18% above, but 
in the main they were within 5 or 6% of the standard values. The test does not give 
consistent results with non-ferrous metals. 

Electrical Resistance Method.—This sometimes is known as the Ikeda method, after 
the Japanese who developed it. (See Moore and Konzo, Bull. 205, Engg. Exp. Sta., 
Univ. of Ill., 1930.) It consists in determining the electrical resistance corresponding to 
various stresses and noting a sudden change in the resistance. The stress where the 
change occurs in taken as the endurance limit. The method gives results comparable 
with those obtained by the rise-in-temperature method and gives consistent results with 
non-ferrous metals. It requires delicate instruments and careful manipulation. 

CREEP LIMIT TESTS.—The following description of the apparatus for and the 
method of making creep tests is abstracted from Norton, The Creep of Metals at High 
Temperatures (McGraw-Hill, New York). Specimens 0.505 in. diam. with a 4-in. gage 
length are placed in an electric furnace. The load is applied by weights and a lever having 
a ratio of 10 to 1. The furnace, which holds 5 or 6 specimens at one time, is a hollow 
cylinder wrapped with asbestos paper and a heating coil which maintains a constant tem- 
perature through a regulating device. The extension of each specimen is measured by 
means of a dial connected to the lever arm which applies the load. To prevent oxidation 
of the specimen, a stream of nitrogen is introduced at the bottom of the apparatus. 

The specimens are loaded nearly to the estimated creep limit for a given temperature, 
and this load is maintained for 400 hours, the elongation being measured twice a day. 
The load then is increased 10% and maintained for 400 hours, the elongation again being 
measured twice a day. This rate of increase in load is continued until the creep becomes 
large. Thus for each temperature, there will be a series of stress-elongation readings. 
A graph is plotted for each stress, with time as abscissa and percentage of elongation as 
ordinate. This usually is a straight line. The slopes of these time-percentage elonga- 
tion lines are next plotted against stress in logarithmic paper. There will be one line for 
each temperature and, since the points fall on a straight line, the stress corresponding to 
any given rate of creep may be read directly from the graph. Rapid progress is being 
made (1937), in the development and revision of standard methods of creep limit tests. 
The latest issue of the A.S.T.M. standards should be consulted. 

X-RAY EXAMINATION OF CASTINGS AND FORGINGS.—When x-rays are 
passed through castings or forgings which contain defects, the x-rays pass through the 
defects more rapidly than through the sound metal and thus outline the defects on a 
photographic plate. 

The x-ray examination of castings or forgings has two functions: 1. Development of 
manufacturing technique; 2. Inspection of the finished product. In Recommended 
Practice for Radiographic Testing of Metal Castings (A.S.T.M. Standards, E15-29) the 
following defects are enumerated as being capable of detection by x-ray methods: Gas 
cavities, slag inclusions, sand inclusions, pipe cavities, porosity, cracks, metal segrega- 
tion. Since there are no standards governing the number, extent and character of defects, 
no specific requirement can be laid down, but if the defects are known to be present the 
user can judge of their probable effect and act accordingly. 
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Equipment.—Equipment needed for x-ray examination consists of an x-ray tube, 
transformers, photographic apparatus, and a lead-lined operating chamber. The part 
to be examined is placed between the x-ray tube and the photographic film and an exposure 
made for the proper length of time. Since x-rays are very dangerous it is imperative that 
the operator be properly protected from them by lead-lined boxes or chambers. The 
operation is one requiring expensive apparatus and skilled technique, but it is very satis- 
factory for castings in which a positive knowledge of their soundness is essential. For 
metal not over 31/2 in. thick, a 200-kv. 8-milliampere Coolidge x-ray tube will be satis- 
factory. The Babcock & Wilcox Co. installed in 1933 a 300-kv., 10 milliampere tube 
for examining welded joints in pressure vessels (see Welding, p. 2-48). For detailed 
information see George L. Clark, Applied x-Rays (McGraw-Hill, New York); Metals and 
Alloys; St. John and Isenburger, Industrial Radiography (John Wiley & Sons, New York), 

SPECIAL TESTS of materials, structures, and machines often are made to determine 
some particular characteristic. Typical tests of this character are given in Table 2. 
Other special tests are discussed below. 

Determination of Physical Properties from Magnetic Permeability—Tests of mag- 
netic permeability of steel and iron seem to give some indication of the hardness, strength, 
and uniformity. They possess the great advantage that the test does not destroy the 
sample tested, and hence may be made on the actual parts to be used. Magnetic tests 
as an indication of hardness or strength are not standardized (1937), but hold promise of 
future usefulness. 

The variation of magnetic qualities in a bar or disc of metal has been used to locate 
small invisible flaws. (See J. A. Capp, Proc. A.S.T.M., vol. xxvii, Pt. II, p. 268, 1927.) 
This principle has been utilized in the construction of a device, known as the transverse 
fissure detector car, for locating transverse fissures in railroad rails. 

Tests of Strength of Wood have not been standardized (1937) to an extent which 
allows their inclusion in specifications for timber, but compression tests, flexure tests, 
shearing tests, and impact tests frequently are made. Compression tests are made both 


Table 2.—Special Tests of Materials, Structures, and Machines 


Structural part, machine 
part, structure, machine 
or material tested 


Test Measurements 


el 
Floor panel of building. . 
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Riveted joints.......... 
Rivets, metal plates.... 


Bolts. ...-.eeeeseeeees 


yokes 
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Strain insulators for elec- 
tric transmission lines. 
IEhy claarsavelsie)stsieieleys ae levels 


Proof test witk dead load, not to 


destruction. 


Proof test with dead load or with 
moving load. 

Tests of samples to destruction. 
Shearing test of samples to destruc- 
tion, using special shearing tools. 
Tests of samples to destruction in 

tension or torsion. 

Tests with hydrostatic pressure. 
Proof testa with pressures some- 
what above working pressures. 

Proof tests, tests of samples to de- 
struction under tension and im- 
pact tension. 

Tests of samples to destruction in 
tension. 

Tests of samples to destruction in 
flexure. 

Proof tests of entire chain in tension, 
tests to destruction of sample sec- 
tions. 

Hydrostatic pressure proof test. 


Scleroscope or Rockwell test for uni- 
form hardness. 

Brinell, Rockwell, or scleroscope 
tests for uniform hardness of 
samples. 

Proof load in’ tension, tension test of 
samples to destruction. 

Tension test of sample eyebars to 
destruction. 


Colum DS eager «ates <reis one. 0i'6 Compression tests of models or 


samples to destruction. 


Deflections, tensile and compressive 


deformations in beams and col- 
umns. 
Deflections, tensile and compressive 
deformations in various members. 
Ultimate load, slip of rivets. 
Ultimate load, results depend on 
hardness of shearing tools used. 
Ultimate load. 


Observation, of leaks, cracks, or per- 
menent distortion of parts. 


Ultimate load, distortion under proof 
load. 


Ultimate load, observation of man- 
ner of fracture. 
Ultimate load, deflections. 


Set after removal of proof load, ulti- 
mate strength. 


Observation of leaks, cracks, or other 
evidence of failure. 
Hardness for various teeth. 


Hardness at various points. 

Evidences of failure under proof 
load, ultimate strength. 

Yield point, ultimate load, stretch. 


Yield point, ultimate load, deflec- 
tion, axial compression. 
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along the grain and across the grain. Compression specimens usually are rectangular 
blocks, and should be tested with spherical-seated bearing blocks. Wood has a rather 
poorly defined proportional limit in compression. In compression along the grain there 
is a well-defined ultimate strength. Shearing tests along the grain are made by the use 
of shearing blocks placed in the testing machine, or for larger specimens by testing short, 
deep beams. The shearing strength of wood along the grain is of great importance. 
Flexure tests both of small selected specimens and of large beams are common. In 
flexure tests the failure may be by longitudinal shear along the neutral axis, by compres- 
sion along the upper side of the beam, or by tension along the lower side. Impact flexure 
tests show the shock-resisting qualities of wood. Hardness tests are made by using a 
steel ball 0.444 in. in diameter, and noting the load which causes the ball to penetrate to 
one-half its diameter. 

Impact Testing of Wood.—The Turner-Hatt impact testing machine is in common use 
in the U. S. for impact testing of wood. It consists of an anvil on which the specimen is 
placed, and of a weight which can be dropped from various heights. Attached to the 
weight is a pencil which draws a record on a rotating drum. From this record the deflec- 
tions of the specimen can be measured, as the weight is dropped from successively increas- 
ing heights until rupture occurs, or until the deflections increase abnormally, showing 
that the proportional limit has been passed. Another method of making an impact test 
consists in dropping the weight from such a height that the specimen is fractured by one 
blow. The pencil attached to the weight traces a curve on the rotating drum whose 
steepness is a measure of the velocity of the falling weight. By measuring the velocity of 
the weight before and after fracture of the specimen, the energy absorbed in fracturing the 
specimen can be determined. For detailed description of tests of timber, see the A.S.T.M. 
Standards, D143-27 and D198-27. 

DUCTILITY TESTS.—Ductility as Determined from Tension Test—The usual 
measures of ductility are the percentage of elongation and the percentage of contraction 
of area of a specimen in a tension test. Since the percentage elongation varies widely 
over the length of a tension specimen, the gage length over which the deformation is 
measured should be specified. A tension test for determining ductility is not suitable for 
many metals, for example, a thin metal specimen, which in tension usually fails without 
any appreciable elongation. 

Bending Test for Determining Ductility—A.S.T.M. standard specification A9-36, 
for bend tests on structural steel requires that bend test specimens shall stand being bent 
cold through 180° without cracking on the outside of the bent portion, around a pin, the 
diameter of which shall have the following relation to the thickness of the specimen: 


Pin Diameter 
Thickness of Specimen 
1 


Thickness of Material Ratio: 
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Cupping Tests for Determining Ductility—For determining the relative ductility of 
thin sheet metal, the so-called cupping test often is used. Various machines are on the 
market for performing this test. In these, a spherical-ended plunger or ball is forced 
into the test specimen, which is held over a suitable die. For some machines, the maxi- 
mum depth of the cup which can be formed is taken as a measure of ductility; for others, 
the measure of ductility is the load required to produce the cup, just as visible “ necking 
down ’”’ occurs. 
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MECHANISM AND MECHANICS 


ELEMENTS OF MACHINES 


1. ELEMENTARY MACHINES 


The object of a machine usually is to transform the work or mechanical energy, exerted 
at the point where the machine receives its motion, into work at the point where the final 
resistance is overcome. ‘The specific result may be to change the character or direction 
of motion, as from circular to rectilinear, or vice versa, to change the velocity, or to over- 
come a great resistance by the application of a moderate force. In all cases the total 

energy exerted equals the total work done, the latter including the overcoming of all the 
frictional resistances of the machine as well as the useful work performed. No increase of 
power can be obtained from any machine, since this is impossible according to the law of 
conservation of energy. In a frictionless machine the product of the force exerted at the 
driving-point into the velocity of the driving-point, or the distance it moves in a given 
interval of time, equals the product of the resistance into the distance through which the 
resistance is overcome in the same time. 

ELEMENTARY MACHINES.—tThe most simple machines, or elementary machines, 
are reducible to three classes, viz., the Lever, the Cord, and the Inclined Plane. The first 
class includes every machine consisting of a solid body capable of revolving on an axis, 
as the Wheel and Axle, or Crank. The second class includes every machine in which force 
is transmitted by means of flexible threads, ropes, belts, etc., as the Pulley. 

The third class includes every machine in which a hard surface inclined to the direction 
of motion is introduced, as the Wedge, the Screw, the Cam, etc. 

THE EFFICIENCY OF A MACHINE is a fraction expressing the ratio of the useful 
work to the whole work performed, which is equal to the energy expended. The limit to 
the efficiency of a machine is unity, denoting the efficiency of a perfect machine in which 
no work is lost. The difference between the energy expended and the useful work done, or 
the loss, usually is expended either in overcoming friction or in doing work on bodies 
surrounding the machine from which no useful work is received. Thus in an engine 
propelling a vessel, part of the energy exerted in the cylinder does the useful work of 
giving motion to the vessel, and the remainder is spent in overcoming the friction of 


the machinery and in making currents and eddies in the surrounding water. 
A LEVER is an inflexible rod 


eapable of motion about a fixed 
a zx point, called a fulerum. The rod 
P Ww may be straight, bent at any angle, 
} mi Lal or curved. It generally is regarded, 
Fie. 1. istclass Fic. 2. 2ndclass ia. 3. 3rd class etsit, asenithott.weicht. bub.its 
Classes of Levers weight may be considered as an- 
other force applied in a vertical direction at its center of gravity. 
The arms of a lever are the portions of it intercepted between the force, P, and fulcrum, 
C, and between the weight or load, W, and fulcrum. Levers are divided into three classes, 
according to the relative positions of the applied force, load, and fulcrum. In a lever of 
the first class, Fig. 1, the fulcrum lies between the points at which the force and the load 
act. In a lever of the second class, Fig. 2, the load acts at a point between the fulerum 
and the point of application of the force. In a lever of the third class, Fig. 3, the point of 
application of the force is between the point of load and the fulcrum. 
Tn all class of levers the relation between the force exerted, or the pull, P, and the load 
lifted, or resistance overcome, W, is expressed by the equation 
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where AC is the lever-arm of P, and BC is the lever-arm of W; or moment of the force = 
moment of the resistance. 
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In cases in which the direction of the force (or of the resistance) is not at right angles to 
the arm of the lever on which it acts, the ‘‘lever-arm’’ is the length of a perpendicular from 
the fulcrum to the line of direction of the force (or of the resistance). If a be the angle 
which the direction of the applied force P makes with the lever arm, the effective force 
P’ = P sina and 


P’xAC=PsinaAC=WXBC...... . [2] 

Similarly the load W, acting at an angle 6 to the lever arm would result in the equation 
PAC] Wate xX DO =e eee eee 
or Peniax AC =.Wen@ix BC 2 2 2: eee 


The ratio of the resistance to the applied force is the inverse ratio of their lever arms 
or W:P:: AC: BC. Also if Vy is the velocity of W, and Vp is the velocity of P, then 
W :P 3: Vo: Ve and 

D Siar PMV MR: ps 5 4 eee 

If Sp is the distance through which the applied force acts, and Sy is the distance through 

which the load is lifted, or through which the resistance is overcome, W : P :: Sp : Sy, and 
WX Sw=PXS8p 3 [6] 

These equations are general for all classes of machines as well as for levers, it being 
understood that friction, which in actual machines increases the resistance, is not at present 
considered. ; ; : 

The Bent Lever.—In the bent lever, Fig. 4, the lever-arm of the weight m is cf instead 
of bf. The lever is in equilibrium when n X af = m X cf, but it is to be observed that 
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Fia. 4. Bent Lever Fig. 5. Arrangements of Pulley Blocks 


the action of a bent lever may be very different from that of a straight lever. In the latter, 
so long as the force and the resistance act in lines parallel to each other, the ratio of the 
lever-arms remains constant, although the lever itself changes its inclination with the 
horizontal. In the bent lever, however, this ratio changes: thus, in the illustration, if the 
arm bf is depressed to a horizontal position, the distance cf lengthens while the horizontal 
projection of af shortens, the latter becoming zero when the position of af becomes ver- 
tical. As the arm af approaches the vertical, the weight n which may be lifted with a 
given force s is very great, but the distance through which it may be lifted is very small. 
In all cases the ratio of the weight m to the weight n is the inverse ratio of the horizontal 
projection of their respective lever-arms. 

THE CORD is a flexible connector, used to change the direction of an applied force, 
usually by passing it over a pulley or wheel, or to transmit power from one source to 
another as in belt drives. For the application of the cord to power transmission, see pp. 
24-14 to 24-52. 

Pulleys or Blocks.—Let P = force applied, or pull; W = load lifted, or resistance. 
In the simple pulley A (Fig. 5A), the point P on the pulling rope descends the same amount 
that the load is lifted, therefore P = W. In Fig. 5Band 5C the point P moves twice as far 
as the load is lifted, therefore, W = 2P. In Figs. 5B and 5C there is one movable block, 
and 2 plies of the rope engage with it. In Fig. 5D there are 3 sheaves in the movable block, 
each with 2 plies engaged, or 6 in all. Six plies of the rope, therefore, are shortened by the 
same amount that the load is lifted and the point P moves 6 times as far as the load; 
consequently W = 6P. In general, the ratio of W to P is equal to the number of plies of 
the rope that are shortened, and also is equal to the number of plies that engage the lower 
block. If the lower block has 2 sheaves and the upper 3, the end of the rope is fastened 
to a hook in the top of the lower block, then there are 5 plies shortened instead of 6, and 
W=5P. If V = velocity of W, and » = velocity of P, then in all cases VW = oP, 
whatever the number of sheaves or their arrangement. If the hauling rope, at the pulling 
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end, passes first around a sheave in the upper or stationary block, the direction in which 
the rope is led from this block to the point at which the pull on the rope is applied is imma- 
terial; but if it first passes around the movable block, it is necessary 
that the pull be exerted in a direction parallel to the line of action of the 
resistance, or a line joining the centers of the two blocks, in order to obtain 
the maximum effect. If the rope pulls on the lower block at an angle, the 
block will be pulled out of the line drawn between the load and the upper 
block, and the effective pull will be less than the actual pull on the rope 
in the ratio of the cosine of the angle the pulling rope makes with the 
vertical, or line of action of the resistance, to unity. 

Differential Pulley. (Fig. 6.)—Two pulleys, B and C, of different radii, 
rotate as one piece about a fixed axis, A. An endless chain, BDECLKH, 
passes over both pulleys. The rims of the pulleys are shaped so as to 
hold the chain and prevent it from slipping. One of the bights or loops 
DE, in which the chain hangs, passes under and supports the running 
block F. The other loop or bight, HKL, hangs freely, and is called the Fy. 6. Differ- 
hauling part. It is evident that the velocity of the hauling part is equal _ ential Pulley 
to that of the pitch-circle of the pulley B. 

In order that the velocity-ratio may be exactly uniform, the radius of the sheave F 
should be an exact mean between the radii of B and C. 

Consider that the point B of the cord BD moves through an are whose length = AB, 
during the same time the point C or the cord CE will move downward a distance = AC. 
The length of the bight or loop BDEC will be shortened by AB — AC, which will cause 
the pulley F to be raised half of this amount. If P = the pulling force on the cord HK, 
and W the weight lifted at F, then . 

XA ba SCAB = ACen oe LT] 
The length of chain required for a differential pulley is: Half the circumference of A + 
‘half the circumference of B + half the circumference of F + twice the greatest distance of 
F from A + the least length of loop HKL. The last quantity is fixed according to con- 
venience. 

A Wheel and Axle, or Windlass, resembles two pulleys on one axis, having different 
diameters. If a weight be lifted by means of a rope wound over the axle, the force being 
applied at the rim of the wheel, the action is like that of a lever of which 
the shorter arm is equal to the radius of the axle plus half the thickness of 
the rope, and the longer arm is equal to the radius of the wheel. A wheel 
and axle is, therefore, sometimes classed as a perpetual lever. If P = the 
applied force, D = diameter of the wheel, W = the weight lifted, and 
d = diameter of the axle + the diameter of the rope, PD = Wd. 

The Differential Windlass (Fig. 7) is identical in principle with the 
differential pulley, the difference in construction being that in the differ- { 
~ ential windlass the running block hangs in the bight of a rope whose two py, 7. piffer- 
parts are wound round, and have their ends respectively made fast to, two ential Windlass 
barrels of different radii, which rotate as one piece about the axis A. 

The differential windlass is little used in practice, because of the great length of rope which 
it requires. 

THE INCLINED PLANE, as a mechanical element, is supposed to be perfectly hard 
and smooth, unless friction be considered. It assists in sustaining a heavy body by its 
reaction. This reaction, however, being normal to the plane, cannot 
entirely counteract the weight of the body, which acts vertically 
downward. Some other force, therefore, must be made to act upon 
the body, in order that it may be sustained. 

If, in Fig. 8, the sustaining force P acts parallel to the plane, the 
ratio of the force to the weight W is equal to the ratio of the height of 
the plane to its length, measured on the plane. If the force acts 


p’ 


parallel to the base, the ratio of the force to the weight is equal to ae 5 Gn eeriee 
the ratio of the height to the base. plan 

For forces acting at any other angle, let 6 = angle of plane with 
the horizon and ¢ = angle of direction of applied force with the angle of the plane. Then 


P:W::sin 6: cos ¢, and 


PeaCACOS(h—Al ae Omnis ete el ic Gees hak eee [8] 
If the force acts at any other angle, let 7 = the angle of the plane with the horizon, 
- and e = the angle of the direction of the applied force with the angle of the plane. 
P:W::sint:cose; P X cose = W sini. 

Problems of the inclined plane may be solved by the parallelogram of forces as follows: 
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Let the weight W be kept at rest on the incline by the force P, acting in the line bP’, 
parallel to the plane. Draw the vertical line ba to represent the weight; also bb’ per- 
pendicular to the plane, and complete the parallelogram b’c. Then the vertical weight ba 
is the resultant of bb’, the measure of support given by the plane to the weight, and be, the 
force of gravity tending to draw the weight down the plane. The force required to main- 
tain the weight in equilibrium is represented by this force be. Thus the force and the 
weight are in the ratio of be to ba. Since the triangle of forces abc is similar to the triangle 
of the incline ABC, the latter may be substituted for the former in determining the relative 
magnitude of the forces, and P: W ::be:ab:: BC: AB. 

The Wedge is a pair of inclined planes united by their bases. In the application of 
pressure to the head or butt end of the wedge, to cause it to penetrate a resisting body, the 
ratio of applied force to the resistance is equal to the ratio of the thickness of the wedge 
to its length. Let ¢ = thickness and / = length of the wedge, W = resistance, and P = 
applied force or pressure on the head of the wedge. Then, friction neglected, P: W ::t:l, 


and Wp eee Pet, ee ee 


2. APPLICATIONS OF THE LEVER 


THE MOVING STRUT (Fig. 9) is similar to the bent lever, except that one of the 
arms is missing, and that the force and the resistance to be overcome act at the same end 
of the single arm. The resistance in the case shown is not the load W, but its resistance to 
being moved, R, which may be simply that due to its friction on the horizontal plane, or 
some other opposing force. When the angle between the strut and the horizontal plane 
changes, the ratio of the resistance to the applied force changes. When the angle becomes 


Fic. 9. Moving Strut Fie. 10. Moving Strut Fie. 11. Toggle Joint 
Applied to Stone Applied to Stone 
Tusher Crusher 


very small, a moderate force will overcome a very great resistance, which tends to become 
infinite as the angle approaches zero. If @ = the angle that the strut makes with the 
plane on which W rests, 


PX (con't =" Reve oe ees to em LO 


If a = 5 deg., sin a = 0.08716, cos a = 0.99619 and R = 11.44 P. 

The stone crusher, Fig. 10, is a practical example of the use of two moving struts. 

THE TOGGLE-JOINT is an elbow or 
knee joint, comprising two links or struts so 
connected that they may be brought into a 
straight line when a force is applied at the joint 
to move them into this position, thus pro- 
ducing great endwise pressure. The toggle- 
Fra. 12 Fra. 13 joint is a case of two moving struts placed 


we ay. | : end to end, the moving force being applied at 
their junction in a direction at right angles to the direction of the resistance. One end of 


one strut rests against a fixed abutment and the opposite end of the other strut rests 
against the body to be moved. In Fig. 12, if a = angle each strut makes with the straight 
line joining the points about which their outer ends rotate, the ratio of the resistance to 
the applied force is R: P ::cosa:2 sina, and 


. 


21 BN =" COR Cee nS pees ag) 


The ratio varies as the angle varies. becoming infinite when the angle becomes zero. 

If the direction of motion of the resisting body is not in the same straight line with the 
Sea wes pe outer ends of the two struts, and if the applied force does not act at right 
angles to the line joining the outer ends of the struts, as shown in Fig. 13, th i 
applied force to the resistance is aaneait igen 

P= RX miccsia/hiivonth ail. We Ree eee 


where a is the angle between the direction of motion of the resistan i 
: ( r ce and the center line 
of the strut immediately adjacent to the resistance, m is the perpendicular distance from 
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the axis of rotation at the abutment to the line of action of the applied force, and 1 is the 
perpendicular distance from the axis of rotation at the abutment to the center line of the 
strut adjacent to the resistance. 

The toggle-joint is used where great resistances are to be overcome through very small 
distances, as in stone-crushers (Fig. 11). 

LINKWORK.—Two levers, in the form of cranks, connected to two rigid members, 
one of which supports the crank bearings, constitute a four-bar linkage, generally known 
as linkwork. In general, any mechanism can be analyzed as a four-bar linkage or a 
combination of such linkages. Fig. 14 is a diagrammatic representation of a four-bar 
linkage, in which A and B are the cranks, and C and D the rigid members. Wither C or 
D is fixed. Motion imparted to A or B then will cause definite determinate motion of the 
other movable members, the character of which depends on the position and length of 
the various links. The angular speed ratios of the cranks are inversely proportional to 
the lengths of the perpendiculars from the fixed centers of the cranks to the center line of the 
connecting-rod (bn and am, Fig. 14). Various general combinations of the four-bar 
linkage are in common use, which are described below. 

Crank and Rocker (Fig. 15).—In this combination the crank A revolves in a complete 
circle, imparting an oscillating motion to the rocker arm B through the connecting rod C. 
The link D is fixed by being rigidly attached to the structure of which the linkage is a part. 
The following relations must hold to permit this linkage to operate: 


db als oy eae ol Gey bf Met lse sD) ary 18) 55 6 
3. A+C—B<D; 4,.C—-A+B>D 


Angle of oscillation a of the rocker arm B = cos~! abd — cos~! abd. Hither A or B may 
be the driving crank. If A drives, the mechanism always will operate. If B drives, it will 


Fie. 17. Non-parallel 
Equal-crank 4-bar 
Linkage 


Fie. 14. Four-bar Fie. 15. Crank and 
Linkage Rocker - 


not operate unless a fly-wheel or other aid carries the crank over the dead-center points. 
An example of the application of this combination is the walking-beam of paddle-wheel 
steamers. 

Drag Link (Fig. 16).—The link A is fixed, D and C are the cranks, and B is the con- 
necting-rod. To permit complete revolution of the cranks the following relations must 
hold: 1.B>A+D-—C; 2.B<D-+B-— A. Examples of application are the 
- feathering paddles of paddle-wheel steamers and the drives of slotters. 

Parallel Crank Four-bar Linkage.—If in Fig. 14 the cranks A and B are of equal 
length and the connecting-rod C is equal in length to the line of centers of the cranks, 
link D, the two cranks always will turn at the same angular speed. An example of the 
application of this linkage is the side rod and crank on the driving wheels of locomotives. 

Non-parallel Equal-crank Linkage.—If the cranks are made of equal length, but point- 
ing in opposite directions from their centers, as in Fig. 17, motion imparted to one crank 
will cause the other to rotate in the opposite direction. If crank A is given a uniform 
angular motion, crank B will have a varying angular speed. It is necessary, in order to 
obtain rotation in opposite directions, to cause a 
the cranks to pass the dead center points in oppo- x ‘ ‘ 
site directions by means of some device placed at VW \ Vina: 
the instantaneous axis of the connecting-rod when D 
they are at the dead-center position. Such ® sya, 18. Elliptical Tia. 19. Slow 
device may be pins, 7 and s, on the connecting-rod Gearing Niotonalnice ors 
C, with open eyes at the corresponding points p , : ; 
and q on the fixed member D, with which the pins will mesh. Linkages of this type may 
be replaced by gears, Fig. 18, which are cut on the circumference of an ellipse whose foci 
are at a, b, and c, d, respectively, and whose major axes are ad = be. The intersection of 
links D and C at all positions of the linkage is a point on the circumference of the two 
ellipses, and, therefore, is their point of tangency. An example of the application of 
such linkwork or elliptical gearing is the slow-advance, quick-return drive of slotters. 

Slow Motion Linkwork.—Fig. 19 shows a four-bar linkage arranged to produce slow 
motion in the crank B. As the crank A is rotated upward it imparts motion to crank B, 
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whose angular velocity decreases to zero when the crank A reaches its dead-center position 
with the connecting-rod C in line with 
the crank. An example of the applica- 
tion of this linkage is the valve motion 
of a Corliss engine. 

Linkwork with a Sliding Pair.—lIf 
in Fig. 14, link D be considered as two 
parallel lines through points a and 6, 
perpendicular to D and meeting at 
infinity, and that on D is mounted a 
slide in which moves a block attached to 
the end e of C, we have the combination 
shown in Fig. 20 which is the common form of crosshead and connecting-rod in steam 
engines. It should be borne in mind that the slide S is not one of the links, but that the 

slide and the block pivoted to the link C are the 
Connecting Rod of equivalent of the infinite links represented by the 
parallel lines through a and 6. Two general classes 
of this combination exist: 1. One member of the 
sliding pair fixed. 2. One member of the sliding 
: pair turning about a fixed axis. In group 1, the 
nk cael B connecting-rod C can be longer, shorter, or — 
to the length of the crank A. In group 2 the 
He. 21. Beordh Yoke crank can be longer, shorter or equal to the line of 
centers (C, Fig. 22). When one member of the sliding pair is fixed and the connecting- 
rod is longer than the crank, the movement of the block F from its forward dead-center 
position is , 


Fig. 20. Linkwork with Sliding Pair 


i 
Sliding Block 4 
pes 
yf bey 


z= A (1— cosa) + B{1 — V1 — (A?/B®) sin? a} . . . C8] 


Another form of this arrangement sometimes used on crank-and-flywheel pumps is shown 
in Fig. 21. Itis known as the Scotch yoke. The slide is at right angles to the center line 
of the piston rod and the follower block is pivoted to the rotating crank. 

When the sliding follower is used to drive the crank, means must be provided to carry 
the crank over the dead-center positions, as by a fly-wheel or by two such linkages, the 
cranks of which are keyed to the same shaft and set at right angles to each other. An 
example is the driving cranks of locomotives. Another arrangement is to set the lines of 
movement of the follower block at an angle of approximately 90 deg. to each other and 
attach the connecting-rods to the same crank-pin on the crank. Examples of this 
arrangement are steering engines and some 
types of hoisting engines. 

If the follower F in Fig. 20 is fixed to 
the frame and can neither turn nor slide, 
the combination then becomes a case where 
the line of centers is shorter than the crank. 
The connecting-rod C then acts as a crank 

Fria, 22 oscillating about the center e, the crank A 

becomes the connecting-rod. If A be given 

a complete rotation about its axis a, the axis will move along the line ae and carry the 
slide S along with it. 

Fig. 22 illustrates a case of the second class noted above wherein the link C is longer 
than the line of centers B. The pin in block F in which link C oscillates is fixed and the 
follower F rotates around it. As the crank A is rotated 
the slide S oscillates about the pin, and at the same time 
slides back and forth over the follower F. This mechan- 
ism is used in a modified form for a quick-return mo- 
tion in shapers and other machine tools. The slide S 
swings on a pin fixed at P and a link J, oscillating on 
the pin g, connects the slide S with the head of the 
machine. 

Whitworth Quick-return Motion is a case of Class 2, 

Fra. 23 noted above, where the line of centers is shorter-than the 

crank, In Fig. 23, if the link A is fixed, the link B becomes 

a crank turning about the center d and causing the slide S to rotate about the axis a. The 
ratio of the angular speeds of the two rotating members varies, since the perpendiculars 
from them to the center line of the theoretical connecting-rod varies. In the Whitworth 
quick-return motion, Fig. 24, with the crank B at position 1 the follower F is at the extreme 
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position at one end of the stroke. As the crank is rotated to position 2 through the angle a, 
the follower is carried to its ex- ; 
treme position at the opposite 
end of the stroke. As the crank 
further rotates from position 2 to 
position 1 through the angle B 
the slide is returned to its original 
position at the other end of the 
stroke. The ratio of the speed 
of the forward slow stroke and of 
the quick return stroke is the 
ratio a/8. 

For a complete discussion of 
linkwork, see Schwamb, Merrill 
and James, Elements of Mechan- 
ism (John Wiley & Sons). Fig. 24.. Whitworth Quick-return Motion 


3. APPLICATIONS OF THE INCLINED PLANE 


4 THE SCREW is an inclined plane wrapped around a cylinder in such a way that the 
height of the plane is parallel to the axis of the cylinder. If the screw is formed on the 
internal surface of a hollow cylinder, it is called a nut. When force is applied to raise a 
weight or overcome a resistance by means of a screw and nut, either the screw or the nut 
may be fixed, the other being movable. The force generally is applied at the end of a 
wrench or lever-arm, or at the circumference of a wheel. If r = radius of the wheel or 
lever-arm, and p = pitch of the screw, or distance between threads, that is, the height of 
the inclined plane for one revolution of the screw, P = the applied force, and W = the 
resistance overcome, then, neglecting resistance due to friction, 

eR OEE eb eins Se A ae ee ee 

W = 6.283 Pr+p. Z [15] 

The ratio of P to W is thus independent of the diameter of the screw. In actual screws, 
much of the power transmitted is lost through friction. 

Efficiency of a Screw.—Let a = angle of the thread, that is, the angle whose tangent 
is the pitch of the screw divided by the circumference of a circle whose diameter is the mean 
of the diameters at the top and bottom of the thread. Then for a square thread 

Efficiency = (l—ftana) +(1+fcotana),. . . . . [16] 
in which f is the coefficient of friction. (For demonstration, see Cotterill and Slade, Ap- 
plied Mechanics.) Since cotan = 1 + tan, we may substitute for cotan a@ the reciprocal 

of the tangent, or if p = pitch, and c = mean circumference of the screw, 


Efficiency = (1 —fp/c) + (1 +fce/p) . . ... © ([l7] 
ExamrPiy.—Efficiency of square-threaded screws 1/2 inch pitch. 
Diameter at bottom of thread, in.......... uf 2 3 4 
Diameter at top of thread, in............. 11/2 21/2 3 1/2 41/2 
Mean circumference of thread, in.......... 3.927 7.069 10.21 13.35 
Coa Zenit = Ch Die Go wiegesieveisls. oreveie sive. e-0 = 7.854 14.14 20.42 26.70 
Be eat ON yt ce $=" Ce Arcieye wis niciete (isi oveisvs'o 0 © = 0.1273 0.0707 0.0490 0.0375 
IACTETEOYV altaya 2 O. LO Se rete: ctew eciscie s nea = 55.3% 41.2% 32.1% 27.2% 
Bien crency: ib f= OL Sikes ioc auscotele one aime. ars = 45% 31.7% 24.4% 19.9% 


The efficiency thus increases with the steepness of the pitch. 

The above formulas and examples are for square-threaded screws, and 
consider the friction of the screw-thread only, and not the friction of the 
collar or step by which end thrust is resisted, and which further reduces 
= the efficiency. The efficiency is also further reduced by giving an inclina- 
Fie. 23 - Worm 4ion to the side of the thread, asin the V-threaded screw. For discussion 

fer of this subject, see paper by Wilfred Lewis, Jour. Frank. Inst., 1880; also 
Trans. A.S.M.E., vol. xii, 783, 1891. : 

Endless Screw, or Worm-Gear (Fig. 25) commonly is used to convert motion at 
high speed into motion at very slow speed. When the handle P describes a complete cir- 
cumference, the pitch-line of the worm-wheel moves through a distance equal to the pitch 
- of the screw, and the weight W is lifted a distance equal to the pitch of the screw mul- 
tiplied by the ratio of the diameter of the axle to the diameter of the pitch-circle of the 
wheel. The ratio of the applied force to the weight lifted, or resistance, is inversely as 
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the velocities, friction not being considered; but the friction in the worm-gear is usually 
very great, amounting sometimes to 3 or 4 times the useful work done. 

If » = the distance through which the force P acts in a given time, say one second, and 
V = distance the weight W is lifted in the same time, r = radius of the crank or wheel 
through which P acts, t = pitch of the screw, and also pitch of the teeth on the worm- 
wheel, d = diameter of the axle, and D = diameter of the pitch-line of the cog-wheel, 


= (6/283 FC D/ aX Veen ee ens [18] 
V=0Xtd + 6.283 rD ST ta 6 ick) yh LL OL 
Ps = WY -+imetion. . 2. = [20] 


COMPOUND AND DIFFERENTIAL SCREWS.*—A Compound Screw consists of a 
right-hand and a left-hand thread wound on the same or on different cylinders. When 
wound on the same cylinder (Fig. 27a) two nuts are employed. When wound on different 
cylinders (Fig. 27b) one nut is employed. Usually both threads have the same pitch. 
Each revolution of the screw causes the two nuts to move toward one another a distance 
equal to the sum of the pitches. Thus two fine threads will give the same relative advance 
as one coarse thread of double the pitch. 

A Differential Screw comprises two threads of the same hand, but of different pitches, 
wound on the same or different cylinders. See Fig. 28a and 285. One revolution of the 
screw causes the nuts, Fig. 28a, to move toward each other a distance equal to the differ- 
ence of the pitches. One revolution of the nut, Fig. 28b, causes the screws to approach 
by the same distance. Thus the use of two coarse threads gives the same relative advance 
as one fine thread. 
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Fig, 26. Simple Screw Fic. 27. Compound Screw 


Efficiency.—The following formulas give the efficiency screws with square threads. 
In these formulas, 71, 72 = mean radius (to half depth of thread) in.; ¢;, cz = mean 
circumference of screw, in.; ~1, p2 = pitch of thread, in.; p = equivalent pitch, in.; 
f = coefficient of friction; LZ = length of wrench, in.; Pi = pull on wrench, lb.; F = 
force transmitted by screw, lb.; E = efficiency. Then 
For Simple Screws 


: : FF | Pera 
Ay load (Fig. 26 = — EAS 
o raise load (Fig. 26a), P=r \f2 aS amr ni} tat ach 0 ase eee 
. LE Ge ye eS 
To lower load (Fig. 26d), P= L {12 a7 =e, ote? (e fem Sear reel 


in which z = 2/3 { (ko — ky8)/(ko? — ky)?}. 
if = 0, P = (F/L)(p:/6.2882), and E= P/P,. . « » 3 « je [23] 
For Compound Screws (See Fig. 27), 
Fil pr fer Po + fer 
Py = = 4 —————_ eM AE} 
: hoa ; a Se 
If f = 0, P = (F/L){(p. + p2)/6.2832}, and E=P/P, ., . . . [25] 
For Differential Screws (See Fig. 28), 
F {pi + fer fe. — Pe 
Py = — ;——— EP 
b VF {2 as rT) es aay ee ra} . . . ry e . [26] 
If f= 0, P = (F/L){(p2 — p:)/6.2832} and E=P/P,; ...., [27] 
For V = threads use 1.15 f instead of f. 


* Contributed by William H. Boehm. 
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The load that may be lifted or the force that may be exerted by any of these screws is 
s0 much affected by friction that efficiency rarely is as high as 7 0%. It often is less than 
307% for simple screws, and may be less than 5% for differential screws. ‘The coefficient 
of friction is not uniform, increasing as pitch increases, and being greater with V- than 
with square threads. Also it varies with the kind of material, the relative smoothness 
of the contact surfaces and the quality and frequency of lubrication. For screws and 
nuts of mild steel with square threads, well lubricated, f may be taken as 0.10. 

The chief use of the differential screw is to obtain very small movements in precision 
equipment. Its inefficiency as a means of transmitting power is illustrated by the dif- 
ferential screw punch, below. 


Screw in.slot 
prevents 
turning 


Fic. 28. Differential Screw Fia. 29. Differential Screw Punch 


Differential Screw Punch.—Fig. 29 is a diagram of a differential screw punch in which the 
pitch of the outer thread is 1/3 in. and that of the inner thread 2/7 in., giving an equivalent pitch of 
1/21 in. By jamming the bottom of the outer screw against the top of the inner screw, the device 

-operates as a simple screw punch, with an advance of 1/3 in. per revolution. The punch was used 
both as a differential serew punch and a simple screw punch to punch 11/ 4g in. holes in 1/4 in. plate, 
requiring a force of 27,000 lb. The results with the device used as a differential screw punch were 
disappointing. The efficiency as computed by formulas [26] and [27], and as actually measured 
were as follows: 


: Computed Actual 
—<—— SSS CS SS 
Pull on Lever Efficiency Pull on Lever Efficiency 
Asia differential punch. ....55..06s5.06. 92 lb. 4.6% 95 lb. 4.5% 
ASG /SUMDLESPUBCH. .is.cjers ele wel Se exe) sye eles 83 Ib. 36.1% 82 Ib. 36.7% 


THE CAM isa revolving inclined plane. It may be either an inclined plane wrapped 
arcund a cylinder in such a manner that the height of the plane is radial to the cylinder, 
such as the ordinary lifting cam used in stamp mills, Fig. 30, or it 
may be an inclined plane curved edgewise and rotating in a plane 

~ parallel to its base, Fig. 31. The relation of the weight lifted to 
the applied force is calculated in the same manner as in the case 
of the screw. See p. 8-09. 

Cam Motions.—The motion imparted by a cam to its follower 
usually falls in one of three classes, viz., uniform . 
motion, uniformly accelerated and decelerated 
motion, and harmonic motion. These three —©-- 
types of motion are illustrated in Fig. 32. In 
uhe design of cams the first step is to determine 
the form of the pitch line, which is done by fre.30. Lifting Fra. 31. Edgewise 
means of diagrams as illustrated in Fig. 32. Cam Cam 
Although the diagrams are confined to the three 
classes of motion noted above, it is obvious that the follower can be caused to conform 
to any cycle of motion desired. The principles involved in making the diagram for any 
type of motion are identical with those described below. 

Uniform-motion Cams, as the name implies, produce a motion that is uniform from the 
beginning to the end of the cycle, each rotation of the cam through an equal number of 
degrees producing an equal increment of rise of the follower. The diagram of a uniform- 
motion cam is shown in Fig. 32a, in which abscissas represent the developed length of 
angular degrees of rotation, and ordinates represents increments of rise of the follower. 
Inasmuch as uniform-motion cams cause the follower to start and stop abruptly, they tend 
to produce shock in the mechanism, and the pitch line of the cam usually is made with a 
short curve at the beginning and end to gradually accelerate and retard the follower. 
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Cams with Uniform Accéleration and Deceleration—The method of developing the 
pitch line is shown in Fig. 32b. Line AB represents the developed length of the circum- 
ference of the cam. 
Line BC, drawn to 
thesame scale as AB, 
represents the total 
rise of the follower. 
A rate of acceleration 
and retardation first 
must be assumed, the 
successive steps in- 
creasing and decreas- 
: ing by equal incre- 

0495 120° 200° 28> 360° ~ 0° 607120180240 300 360° 0 30760700 Ts01s92 ments, as 1, 3, 5, 5, 

Angular Rotation of Cam, Angular Rotation of Cam. Angular Rotation of Cam. 3, it< or 1 Be 5; ie ie 

@ Uniform Motion b Uniform Acceleration C Harmonie Motion 5,3, 1, ete. Line AB 

and Deceleration a) eee P 

Fig. 32. Cam Motions is divided into equal 

parts representing 

degrees of angular rotation. Line AD is drawn at any convenient angle to AB, and 

is divided in proportion to the scale of acceleration and deceleration adopted. A line 

is drawn from D to Z, and parallels to DE are drawn from the points of division on DA to 

intersect AH. From these points of intersection abscissas are drawn parallel to AB until 

they intersect the corresponding ordinates at a’, b’, c’, etc., which are points on the pitch 

line of the cam. The ordinates aa’, bb’, cc’, etc., represents the rise of the follower at the 
corresponding degrees of angular rotation. 

Harmonic Motion Cams are those in which the rise of the follower is equal to the sine 
of the angle through which the cam has rotated. The method of determining the pitch 
line is shown in Fig. 32c. As before, AB represents the developed length of the circum- 
ference of the cam and AC the total rise of the follower, both drawn to the same scale. 
AB is divided into equal parts representing equal numbers of degrees of angular rotation. 
A semi-circle is drawn, of diameter AC, and subdivided by the radii a’c, b’c, etc., to corre- 
spond with the angular degrees of rotation into which AB has been divided. Perpen- 
diculars to the diameter from the extremities of these radii represent the rise of the follower. 
These ordinates are transferred to their corresponding position on the diagram as shown 
and a smooth curve drawn through them, which is the pitch line of the cam. 

Laying Out a Uniform-motion Cam.—TIn Fig. 33 a circle of radius OC, equal to the 
smallest radius of the cam is drawn. The vertical radius is prolonged beyond the circle 
to B. The distance 0-6, equal to the maximum movement of the follower, is laid off on 
OB from its intersection with the circle, and divided into any convenient number of equal 
parts. The semi-circle to the right of OB is divided into the same number of equal arcs, 
and radii are drawn through the points of division. Then with O as a center, and with 
radii equal to O-1, O-2, O-3, etc., arcs are drawn intersecting the corresponding radii at 


Rise of Follower 


WD Rise of Follower 


0 30 60 90 120 150 1380 
eAngular Degrees on Pitch Line 


Fie, 33. Uniform-motion Cam Fie, 34. Cam with Uniform Acceleration and Retardation 


a, b, c, etc. The smooth curve drawn through these poi i 
points is the profile of th 5 
The profile of the cam to the left of OC is identical, and is drawn in the same mares A 
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Laying-out a Cam with Uniform Acceleration and Retardation.—See Fig. 34. Draw 
AD, and from O as a center, with radius OC, equal to the smallest radius of the cam, draw 
a circle. Draw fOB perpendicular to AD. Draw the tangent OFZ parallel to AD. 
Divide the semi-circle to the right of fOB into any convenient number of equal arcs, and 
draw radii through the points of division. Lay off on AC equal spaces corresponding 
to the arcs, and erect ordinates at the points of division. Assume a value for the incre- 
ment or decrement of motion. In the present case it is 2. Hence, with the semi-circle 
divided into 30-deg. ares, the relative motion of the follower over the successive arcs will 
be 1, 3, 5, 5, 3, 1. Note that the motion over the first and last arcs is one-half the value 
of the assumed increment. Make f’F equal to the total movement of the follower. It 
also is equal to the sum of the increments and decrements of motion, viz.,1+3+5+5+ 
3+1= 18. The length above HF of the several ordinates will be 


mn pilardepreestisi0.kieak eaves: 0 30 60 90 120 150 180 
Length, fraction of fF............ 0 1/ig 4/18 9/18 14/jg17/4g ‘18/48 


Denote these lengths by points a’, b’, c’, ete., and draw 
a’l, b’2, etc. parallel to EF, intersecting OB at 1, 2, 3, 
etc. The procedure from this point is the same as for 
the uniform-motion cam. 

Cam with Offset Follower (Fig. 35).—Draw the 
path of the follower AF in its position relative to the 
center O of the cam, and divide it according to the 
character of motion desired. (See Fig. 32.) WithO as 
a center and AO as a radius describe a circle. Starting 
at A, divide it at a’, b’, c’, etc., to correspond to the 
positions 1, 2, 3, etc. of the follower. With radius OC, 
equal to the smallest radius of the cam, draw the circle 
ECG. With O as a center, with radius equal to Ol, 
draw from point 1 on the follower path, the are la. 
From point a’ draw a tangent a’a” to circle ECG, inter- 
secting the are la ata. Similarly draw arcs 2b, 3c, etc., 
and tangents b’b’’, c’c’’, etc. The intersection of the 
Fia. 35. Cam with Offset Follower arcs and tangents at 6, c, etc. are points on the pitch 

line of the cam. 

Cam with Follower on Rocker Arm (Fig. 36).—From center O, with radius OC equal 
to smallest radius of cam, draw the circle CG. 


Draw the path of the crosshead JK in its . J, 
proper relative position to cam center O, and ane ee i 
subdivide it according to the type of motion Crosshead J? 
5 
6 


desired. (See Fig. 32.) Locate the center 
Ff of the rocker arm in its position relative 
to cam center O. Join the point L, on the 
line AO, with # and prolong LE to the op- 
posite end H of the rocker arm. With # 
as a center, describe the arcs HF and AL. 
Divide arc HF to correspond to divisions on 
the path of the crosshead, by striking arcs 
from points 0, 1, 2, ete., on JK with a radius 
JH. Transfer these points to arc AL. With 
O as a center, and OF as a radius, draw circle 
DEM, and divide each semi-circle at a’, b’, c’, 
etc., to correspond with the divisions on JK, 
starting the divisions at H, which corre- 
sponds to pointOon AL. From O asa center, 
with radii of O1, O2, 03, etc., draw arcs la, 2b, 
8c, etc. From points a’, b’, c’, etc., with radius 
equal to LE, strike arcs intersecting arcs la, 
2b, 3c, etc., at a, b, c, etc. The intersections 
a, b, c, etc., are points on the pitch line of the 


cam. 


Fia. 36. Cam with Rocker Follower 


Norr.—In the examples of cam layout, Figs. 35 and 36 a uniform-motion cam has been con- 
sidered. The procedure for any other motion would be identical, except that the points of division 
of the path of the follower would be determined as illustrated in Fig. 32. 
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Correction for Roller Follower.—A roller follower must be used with cams, unless the 
force to be transmitted is small. The pitch line of the cam as determined by the above 
methods then must be corrected. Fig. 37 shows the method of making such corrections. 
The pitch line as determined above isab. From the center O draw radii Oc, Od, etc. With 
the points of intersection of the radii with ab as centers, draw arcs 
of radius equal to the radius of the roller follower. The points of 
intersection of the arcs with the radii are points on the profile of 
the cam. In Fig. 37 the line HG is the profile of a plain cam, and 
the lines HG and JK are the boundaries of the slot of a slotted cam. 

Cylindrical Cams comprise a cylinder with a slot cut in the 
cylindrical surface. The variation in the slope of the slot causes a 
roller projecting into it to be moved as the cylinder rotates about its 

axis. Any desired variation in motion can be obtained by appro- 
acs voor for priate variation of the slot. Fig. 38 shows the method of laying out 

a cam to give a uniformly accelerated and retarded forward motion, 
and auniform return motion in two revolutions of the cam. The line AB represents to 
scale the total movement in one direction of the follower. The line AA’, to the same 
scale, represents the circumference of the cam. The rectangle AA’B’B therefore repre- 
sents the developed surface of the cam. Divide AB into the number of equal spaces 
necessary to represent the desired sequence of acceleration and deceleration increments. 
Erect ordinates at the division points 
and locate on them the points of the 
pitch line. (See Cams with Uniform f*" 
Acceleration and Retardation, p. 8-13.) 1 316 


' 
soe 


Draw the pitch line AB’ for the 3 270 

forward motion of the follower. The ei 225° 

pitch line of the return path is a | 180° 

straight line from B to A’. Inasmuch =! a 

as strictly uniform motion would rah 0° 

cause shock, the return pitch line is %& 

drawn between points slightly short of \ AS 

Band A’, and joined to Band A’ by ~Y.9°2 ig oF {3 
arcs. Fig. 39 shows the layout of a [Te Bod gee Ja LS AS Fined apa 
cam that gives a harmonic forward ic migivara ie tcaiaecanmenl ““Retum > bg tev. 
motion and a uniform return motion Fic. 38 Fira. 39 


to the follower in a single revolution. 

Cylinder cams also can be designed to give a variety of motions in sequence, during 
several revolutions. The rectangle representing the developed surface of the cam is 
divided into half as many parts as the number of revolutions per cycle. The pitch line 
for that portion of the forward motion of the follower that is to take place during each 
revolution, then is laid out, by the methods described above, in the portion of the rectangle 
corresponding to the revolution under consideration. Fig. 40 shows the layout of a cam 

to give the following cycle of motions in 


~300N B/ c! ae four revolutions: 1. 3/4 revolution, uniform 
t a6 Dwell 90° acceleration and deceleration; 2. 1/4 revo- 
8 i at lution, dwell; 3. 3/4 revolution, uniform 
%! 240 38! acceration and deceleration; 4. 1/4 revolu- 
£1 180° ie tion, dwell; 5. 2 revolutions, return. 
Ei 120° <35 _ Minimum Radfus of Curvature of the 
k! a fs! pitch line at any point should not be 
eee ey less than d + 1/g in. where d = diameter 
“A 2 5c’ of cam roller, in. Otherwise there will be 
Forward. Motion - Ist rev. | Forward Motion.- 2nd rev. a loss of rise of the follower which will 
=~) Roem Molin =ang eR ee vary in accordance with the sharpness of 
Fia. 40 the angle of intersection of two adjoining 


curves on the cam. 

Rollers for Cylinder Cams.—The preferred form of rollers that work in the slot of a 
cylinder cam is the frustum of a cone, with a corresponding taper of the cross-section of 
the slot. Straight rollers do not have a true rolling action because of the difference in 
linear velocity of the top and the bottom of the slot. This sliding of a portion of the roller 
tends to wear both roller and slot, resulting in eventual backlash and faulty action. 

The method of determining the taper of roller and slot is shown in Fig. 41. Draw AB © 
equal to the total throw of the cam. Draw AC perpendicular to AB and of a length equal 
to the length of pitch line on the surface of the cam through which correct cam action 
is necessary; for example, lengths AD or BE in Fig. 40. Lay out CD equal to the length 
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of the pitch line at the bottom of the slot. This may be determined by redrawing, for 
example, Fig. 40, making AA’ = 2rr, where r = diameter of cam cylinder at bottom of 
slot. At D, draw DE parallel to AB and equal in length to AB. 
Then CB equals the developed length of the helix traversed by 4 
the top of the roller and CE equals the developed length of the 
helix traversed by the bottom of the roller. If CB =a, CE =b, 
D = diameter of roller at top, and d = diameter of roller at 
bottom, d = bD/a. 

The head of the pin on which the roller is mounted should 
be recessed into the roller at least 1/g4 in. to avoid sliding contact 
with the bottom of the slot. 


4. THE GYROSCOPE 


The Gyroscope is in effect a heavy disc spinning rapidly on its axis, and so mounted 
that its center is stationary while the axis may take any position whatever. See Fig. 42. 
A characteristic of the gyroscope, which is utilized in stabilizers to prevent the rolling of 
ships, in the gyro-compass, in monorail cars, etc., is that when the disc is spinning in a given 
plane, it resists any attempt to cause it to spin in a different plane. In Fig. 43, the disc 
of radius r spins about the axis ZZ. The disc lies in the plane QRST7, and the axis ZZ 
in plane ABCD, perpendicular to QRST. Now let a force F be applied at one end of the 
axis ZZ, tending to move the disc about its stationary center O into a plane at an angle 
to QRST. The movement of the axis in the direction of F will set up a force G, perpen- 
dicular to plane ABCD and parallel to plane QRST. If this gyroscopic reaction G be 
resisted by some means, as for instance, having the ends of the axis bear against a guide 
parallel to ABCD, the resistance G’, equal and opposite to G will tend to impede move- 
ment in the direction of F. The direction of G is determined by considering F as a pull 
“applied to the end of the axis. Then G@ will act in the same direction as a point on the 
disc, in the plane of F and on the same side of the axis, is moving. 


Fic. 42. Gyroscope Fic. 43. Forces in the Gyroscope 


The magnitude of the forces is as follows. Let F = force applied to move the axis, 
m = mass of the disc, =w/g, R = its radius of gyration, a = acceleration at any instant 


due to application of force F, 1 = length of lever arm = OZ, N =r.p.m. of disc, » = 
velocity corresponding to acceleration a. Then F = 1/2mkR*a, and 


Gl = mR? (xN/30) (vl). 
For a mathematical analysis of the forces in the gyroscope and a discussion of its 


applications, see Seeley and Ensign, Analytical Mechanics for Engineers, p. 346 (John 
Wiley & Sons) and Deimel, Mechanics of the Gyroscope (Macmillan). 


MECHANICS 


In the design of structures and machines, certain equations and relations, developed 
by the science of mechanics, frequently must be used. The more commonly used formulas 
are given below. For a mathematical discussion of these relations, see Eshbach, Hand- 
book of Engineering Fundamentals, Section 4, forming Vol. 1 of this series. 


1. CENTER OF GRAVITY 


The center of gravity of a body or system of bodies rigidly connected is the point about 
which, if suspended, all parts will be in equilibrium, 7.e., without tendency to rotate. 
In bodies of uniform density, the center of gravity is the center of magnitude. 

The center of gravity of two bodies is at a point between them, whose distance from 
their respective centers of gravity is inversely proportional to their weights. The center 
of gravity of more than two bodies is located by determining the center of gravity of two 
of them; then considering these two as a single body whose weight is concentrated at 
their common center of gravity, the center of gravity with reference to the third body is 
located.. The process is repeated until all the bodies in the system have been considered. 

The center of gravity of regular figures, whether plane or solid, is the same as their 
geometrical center. The center of gravity of symmetrical figures lies on the axis of sym- 
metry. The center of gravity may be determined by suspending a body or figure from 
two different points and dropping a plumb line from the point of suspension. The inter- 
section of the plumb lines will be the center of gravity. 

The location of the center of gravity of the more common lines, areas and solids is 
as follows: 

LINES.—Straight Line-—At middle point of the line. 

Semi-circumference.—On middle radius R, at distance 0.6366 R above diameter. 

Quadrant.—On middle radius R, at distance 0.90028 R from center. 

Circular Arc of subtended angle a, on middle radius R, at distance from center of 
(R sin 1/2 @/1/9 @ in radians). 

Cycloid, generated by circle of diameter D, on perpendicular to middle of base, and 
2/3 D above base. 

PLANE FIGURES.—Triangle.—At the intersection of two medians Z; and Lz, or at 
a distance of 1/3 L above the base. 

Parallelogram.—At intersection of diagonals. 

Trapezium or Trapezoid.—At the intersection of the two lines joining the centers of 
gravity of the two triangles formed by drawing first one diagonal and then the other. 

Sector of Circle of radius R, chord C, are L; on radius bisecting are, at (2 CR/3 L) 
from center. 

Semi-circle-—On middle radius, 0.4244 R from center. 

Quadrant.—On middle radius, 0.600 R from center. 

Segment of Circle of chord C and area A, C?/12 A from center. 

Parabolic Surface.—In the axis, 3/5 of its length from vertex. 

Semi-parabola (surface).—3/5 of axis from vertex, and 3/g of semi-base from axis. 

Quadrant of Ellipse of semi-axes a and b. At intersection of parallels to the axes @ 
and }, and distant from them, respectively, {b — 4/3 (b/a)} and {a — 4/3 (a/x)}. 

SOLID BODIES.—Prism or Cylinder (parallel bases)—At middle point of line 
joining centers of gravity of the bases. 

Oblique Frustum of Right Circular Cylinder of radius R, mean height H. In the 
plane of symmetry at {1/2 H + (R? tan a/8 H)} above base, where @ is angle of oblique 
section to the base, and at (1/4 R®? tan a/ H) from the axis. 

Cone or Pyramid.—In the axis, 1/4 of its length above the base. 

Paraboloid.—In the axis, 2/3 of its length from the vertex. 

Frustum of Cone or Pyramid.—In axis, at distance above base of 

[(a/4) — {8 a’3/4(a? + aa’ + a’¥)}], 
where a = length of line from vertex of complete cone to center of gravity of base, and 
a’ = that portion of it between vertex and top of frustum. 
Hemisphere.—On radius R, perpendicular to base, at 3/g R above base. 
Hollow Hemisphere.—Radii R and r. On radius perpendicular to base at 
{8/g (R4 — r4)/(R3 — r3)} above base. 
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Segment of Sphere.—Radius R; height of segment, H. On radius perpendicular to 
base, at {3/4 (2 R — A)?/(3R — H) hs 

Sector of Sphere.—Radius R; height of segment subtended 
by sector, H. On the middle radius, at 3/g (2 R — H) from 
center. 

Ellipsoid of semi-axes, A, B, and C. If an ellipsoid be 
divided into 8 parts by planes passing through each axis, the 
center of gravity of each part will lie in the point of inter- 
section of three planes parallel to A, B, and C, and at a dis- 
tance from them respectively, of 3/g B, 3/g C and 3/g A. See 
Fig. 1. 


2. MOMENT OF INERTIA 


THE MOMENT OF INERTIA OF A BODY with respect to an axis is the algebraic 
sum of the products of the weight of each elementary particle multiplied by the square of 
its distance from the axis. If wi, wo... Wn represent the weights of the several particles, 
and rj, T2. . . Tn, their respective distances from axis XX, then the moment of inertia with 
respect to the axis XX is I = w,7ri? + wo7r2? +... wWprrtn®. Jisleast when the axis passes 
through the center of gravity of the body. 

Moment of inertia as applied to areas, as the cross-section of structural beams, equals 
ar?, where a is any elementary area. Moments of inertia of the more commonly used 
bodies, about different axes, are given in Table 1. Moments of inertia of structural 
shapes are given on pp. 17—50 to 17-72. 

Moment of Inertia about Parallel Axes.—If the moment of inertia J of an area or 
solid, about an axis through the center of gravity, is known, its moment of inertia I’ about 
any parallel axis may be found by the formula I’ = J + (d? & A), where d = distance 
between the two axes and A = the area or weight. 

Polar Moment of Inertia—If the moments of inertia of an area with respect to two 
rectangular axes in the same plane are known, its moment of inertia about an axis per- 
pendicular to this plane, and passing through the intersection of the axes is equal to the 
sum of the moments of inertia about the two rectangular axes. This latter is known as 
the polar moment of inertia, and is designated by J. If I and I’ are the moments of 
inertia about the rectangular axes XX and YY,J =I+/1’. 

Moment of Inertia about Any Axis—If b = breadth and h = depth of a rectangular 
section, its moment of inertia about its central axis (parallel to the breadth) is 1/12 b h3; 
and about one side is 1/3bh%. If a parallel axis exterior to the section is taken, and 
d = distance of this axis from the farthest side and d; = its distance from the nearest 
side, (d — d;) = h, the moment of inertia about this axis is 1/3 b (d* — dj’). 


Table 1.—Moment of Inertia of Commonly Used Bodies 


W = weight of body; w = weight of elementary unit of body; = distance of center of gravity 
of body from axis. 


Solid cylinder, axis coincident with 
axis of cylinder, 


I = WD?/8 


Solid cylinder, axis perpendicular to 
axis of cylinder, a 


Dm Wiig t ty + 4] 


Solid rod, axis perpendicular to 
axis of rod, 


I= W{(P/3) + a} 
Hollow cylinder about its axis, 
I = 1/gw(D? + Do?). 
Thin hollow cylinder, 
I = 1/4wD;? 


Thin circular plate, axis in its own 
plane, 


I= W{(r2/4) + &} 


Circular ring, axis perpendicular 
to plane, 


I= W{1/o(R? + 12) + 2} 


Thin circular plate, axis perpen- 
dicular to plate, 
I= W{ (72/2) + &} 
Circular ring about axis XX, 
I= wrkhm?(R? + 5/4m?). 
About axis YY 
I= 1/ow r2R2m2(4R2 + 3m?) 
Hollow sphere about diameter, 
I= 8/15 { w «(RS - r5) } 
Thin sphere, I = 2/3WR? 
Right circular pene, axis XX, 
I = 3/5W (1/4 r? +h?) 
About jes a axis of revolution, 
3/10 W 1? 


Solid sphere about diameter, 
I = 2/5Wr2 


Rectangular prism, axis through 
c. of g. perpendicular to face 


it I = VyoW(m? + n?) 
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Moment of Inertia of Compound Shapes.—The moment of inertia of a compound 
shape about any axis equals the sum of the moments of inertia with reference to the same 
axis of all the rectangular portions composing it. It also equals the moment of inertia 
about a parallel axis through its center of gravity + (area of section X square of distance 
between axes). From this, the moments of inertia or radii of gyration of any single 
section being known, values may be found for any combination of these sections. 


3. CENTER AND RADIUS OF GYRATION 


THE CENTER OF GYRATION with reference to an axis is that point at which the 
entire weight of a body may be concentrated without changing its moment of inertia. 
In a revolving body, it is the point at which the whole weight of the body may be con- 
ceived to be concentrated. 

RADIUS OF GYRATION is the distance from the axis to the center of gyration. 
Let W = weight of the body; I = its moment of inertia; k = its radius of gyration. 
Then I = Wk? = Dwr?; k= VI/W = Viwr?/W. The radius of gyration is least 
when the axis passes through the center of gravity, and is then known as the principal 
radius of gyration. Let * = principal radius of gyration; k’ = any other radius of gyra- 
tion; d = distance between the axes of k and k’. Then k’ = Vk?-+ d*. Table 2 gives 
principal radii of gyration of the more common areas and solids, except structural shapes, 
for which see pp. 17-50 to 17-72. 


4, VELOCITY AND ACCELERATION 


VELOCITY is the rate of motion, or speed of a body at any instant. Ifs = space, ft., 
passed over in ¢ sec., and » = velocity, ft. per sec., when v is uniform, s = vt; v = 8/t. 
If » varies uniformly, the mean velocity vm = 1/2 (v; + v2), where v; and 22 are the veloci- 
ties at beginning and end of time t, respectively. s = 1/2 (v; + va)t. 


Table 2.—Principal Radii of Gyration and Squares of Radii of Gyration 
(For radii of gyration of sections of columns, see pp. 17-50 and 17-77) 


Square of Radius 


Surface or Solid of Gyration 


Radius of Gyration 


: Axis HY te DASE. 6G coccinea 0.5773h 1/3 h2 
Parallelogram: height h { stifentdheight. fc, eee ne 0. 2886h 1/19 h? 
Straight rod: length 1, or ¢ axis at end................. 0.57731 1/3 12 
thin rectangular plate { SS mid-lengthvecs -h eh oe ce 0.28861 1/j2 [2 
Rectangular prism: axes 2a, 20, 2c, referred to axis 2a...| 0.577-/b2 + c2 (62 + c2) + 3 
Parallelopiped: length 1, base }, axis at one end, at mid- 412 +. 2 
Ihroadthi ashi: cardirds Gupte nat esis five ve aneka }) 0. 289V4R +b 2 
Hollow square tube: 
outer side h, inner h’, axis mid-length............... .289V h2 + h’2 (h2 + h’2 + 12 
very thin, side = h, axis mid-length................. 0. 408 h h2 + 6 
Thin rectangular tube: sides 0, h, axis mid-length........ . 289 h+ 3b nr . h+36 
h+06 12 A+0 
Thin circular plate: radius r, diameter h, axis on diameter Vor W4r2 =h2 + 16 
Flat circular ring: diameters h, h’, axis on diameter... .. VYaV h? + h’2 (h2 + h’2) + 16 
Solid circular cylinder: length 1, axis on diameter at — PR uh 
moidHlenpth ss 25 eu Sone vo ERY One Se eRe -289VE + 372 12 a 4 
Circular plate: solid wheel of uniform thickness, or 0 ; 
cylinder of any length, referred to axis of cylinder... } 7071 r Yor 
Hollow circular cylinder, or flat ring: l, length; R, Fs] .7071V R2 + r2 (R2 + 72) + 2 
outer and inner radii. Axis: 1, longitudinal axis; ——————— 2 R24 72 
2, diameter at mid-lengths. «ines ease csc te cee ee .289V 12 + 3(R2 + 2) T2 a 4 
Same: very thin, axis its diameter................-.-- .289V 12 + 6R2 « ae is 
u radius r; axis, longitudinal axis................ r r2 
Circumference of circle, axis its center................. wu r2 
oe Paata® ye diameters cy deme cone 0.7071 r 1/g r2 
Sphere: radius r, axis its diameter.................... 0,.6325r 2/5 r2 
Spheroid: equatorial radius r, revolving polar axis a.... 0.6325r 2/5 72 
Paraboloid: r = radius of base, revolving on axis....... 0.5773r 1/3 r2 
———— 2 
Ellipsoid: semi-axes a, b, c; revolving on axis 2a....... 0.4472V/b2 + c2 p z ud 
Spherical shell: radii R, r, revolving on its diameter..... 0. 0325/28 site 2 ow 
Te 5 R3 — r3 
Samet! ‘very thin, radius gps sene ett nine emer eae 0.8165r 2/3 r2 


0.5477 r 


0.3 r2 
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If the velocity varies, but not uniformly, v for a very short interval of time = s/t, or 
in the calculus, » = ds/dt. f 
: ACCELERATION, a, is the change in velocity occurring in unit time. The unit of a 
is 1 ft. per sec. per sec. For uniformly accelerated motion, a is constant. 

@ = (vg — 1)/t; ve = (01 + at); 1 = (v2 — at); t = (me — 0) /a. 

If the body starts from rest, »; = 0, and the mean velocity vm, = 02/2; v2 = 20m: 
@ = 22/t; v2 = at; v2 — at = 0; t = v/a. 

For acceleration due to gravity, and of falling bodies, see p. 8-21. 

Deceleration or Retarded Motion. — If a body starts with a velocity 2; and comes to 
rest, 12 = 0, and s = 1/22, t. In any case, if the change in velocity is v, s = Ifovt = 
v?/2a = 1/oat?. 

For a body starting from or ending at rest, » = at; s = l/ovt = 1/2 at?; v2 = 2as. 

CURVES OF VELOCITY AND ACCELERATION.—If the velocity or acceleration 
are not uniform, or are represented by complex equations, they may be studied by plot- 
ting space, velocity or acceleration against time. In Fig. 2, the space passed over is 
plotted as ordinates with seconds of time as abscissas. The angle made by the tangent to 
the curve at any point determines the velocity at that instant. Thus, the tangent BC 
at point A intersects the axis of abscissas at C and the velocity at A is (AD/CD) = 3/s tt. 
per sec. Since the slope of the tangent is upward, the velocity is increasing, 7.e., the point 
under consideration is being accelerated. The slope of tangent at F is downward, and 
hence the motion of the point is being retarded. If the curve at any point is parallel to 
the axis of abscissas, the motion is uniform. 


i 


Acceleration, 
Ft. per Sec 
Be wo wo 


a) SS 
2 de 
OFT 2 Mires See aes ter Oe D2 Side ab 26h Tr 8 Ol SL. 2) 18s 4. Ba CT: 
Time, Seconds Time, Seconds Time, Seconds 
Fia. 2 Fia. 3 Fia. 4 


In Fig. 3, velocity is plotted as ‘ordinates and time as abscissas. ‘The angle of the 
tangent to the curve at any point will represent the acceleration at that instant. The 
acceleration at A is (BC/CD) = 3/3 = 1 ft. per sec. per second. As before, an upward 
slope represents acceleration, while a downward slope would represent retardation or 
deceleration. The area under the curve between any two ordinates will represent the 
space passed over in that interval of time. Thusarea AHFGH + EF = 10 + 3 = 31/3 ft. 

In Fig. 4, acceleration is plotted as ordinates and time as abscissas. The angle of 
the tangent to the curve at any point will represent the velocity at that instant and the 

_area under the curve between two ordinates ad and be will represent the change in velocity 
during the interval. 

For uniform motion the space-time curve is a straight line, inclined to the axis of 
abscissas, and the velocity-time curve is a straight line parallel to the axis of abscissas. 

For constant acceleration or constant retardation the space-time curve is a parabola, 
and the velocity-time curve is a straight line, inclined away from or toward the axis of 
abscissas, depending upon whether the velocity increases or decreases. The acceleration- 
time curve is a straight line, parallel to the axis of abscissas. 

ANGULAR VELOCITY OF A TURNING BODY.—Let r = radius of a turning body, 
ft.; m = rev. per min.; v = linear velocity of a point on the circumference, ft. per sec., 
and 60 » = velocity in ft. per min. Then »v = 27rn/60; 600 = 2arn. 

ANGULAR VELOCITY denotes the angle through which any radius of a body turns 
in 1 sec., or the rate at which any point in it, of unit radius, is moving in ft. per sec. The 
unit of angular velocity is the Radian = 180/m deg. = 57.3 deg. If A = angular velocity, 
» = Ar; A = 20/r = 2777/60. The linear velocity of a point in a rotating body is pro- 
portional to its distance from the axis. 

ANGULAR ACCELERATION is the rate at which angular velocity varies with 


respect to time. 


5. FORCE, WORK AND ENERGY 


UNIFORMLY ACCELERATED MOTION.—Let f/f be a constant force, acting for 
_ tsec. on a body, at rest at the beginning of the time, but free to move without friction, the 
‘weight of the body being w lb. The body will move at a gradually increasing velocity », 


which varies as ft/w. 
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If v is in ft. per sec., f in standard pounds of force,* ¢ in seconds, and w in pounds, the 
equations that govern the motion of the body are as follows: 

Let K = a constant derived by experiment. Then » = Kft/w. The value of K at 
sea level at latitude 45 deg. is 32.1740, and is twice the distance that a body in vacuo 
would fall in 1 sec. It usually is designated as g.t The fundamental equation then is 

: Oe FEE e ee et rs ee es 

Let S = distance through which the body moves. If » varies directly as time (uni- 
formly accelerated motion), then S = %mt, where % = mean velocity during time ¢. 
If vp = initial velocity, and » = final velocity at end of time ¢, %m = (vo + v)/2. For a 
body starting from rest v9 = 0, and vm = v/2. Hence, S = 1/gvt; v = 2 S/t; t = 28/2. 
Substituting » = 2.S/t in equation [1], ' 
Num fie e/aiha dee SMT creates Bae! 

If f = w, which is true of a falling body at latitude 45 deg. at sea level, equation [1] 
becomes » = gt. Substitute in this equation t = S/v; then 

p= 2 g S/0) “and” SV 2g Bs | ee oy ee eal 

In equation [2], put f = w. Then S = 1/2 gi?. 

From 1, by transposition, 

FE = WSC Ol yh Bow ree net ep lo 
w/g, the mass of the body frequently is designated as m, whence [4] becomes 
f= moat A lhe OS) deeaieds. eee fb) 


Substitute in [4],t = 2S/v. Then f2S/v = v X w/g, whence, 


FS la ait d so eR ag €& eat teen OL 
By definition acceleration a = v/t, whence from [5], 
=a tes oS a be pcad vorarto ened tela TELE 
If two forces f, fi, act on a body at different times, producing accelerations a, a;, then 
f=ma 
7, whence 
fi =ma Thin = Gan. [8] 


These eight equations and their transformations will solve all problems of uniformly 
accelerated motion. 

FORCE OF ACCELERATION.—To produce an acceleration of g (i.e., 32.174 ft. per 
sec. per sec.), force required, f = mg = (w/g)g = w, or the weight of the body. Since 
f = ma, f = m(v — 2)/t, where vg and v; = respectively, initial and final velocities at 
beginning and end of time ¢. Also f = mg = (w/g)/{(v2 — 01)/t} = (w/g)a; f/w = a/g. 
In problems where the local attraction of gravity is a factor, the local value of g must be 
used if accuracy is necessary. 

Exampie.—Required the tension in a cord lifting 100 lb. vertically through 80 ft., at velocity 
uniformly increasing from 0 to 40 at the end of 4sec. Local value of g = 0.998 X standard value = 
32.108; vm = 20; final velocity ve = 2vm = 40. Acceleration a = 19/4 = 10. Force required to 
produce acceleration = fg = ma = wa/g = (100 X 10)/32.174 = 31.08 lb. The standard value of 
g (32.174) is used here, since force required for acceleration is independent of gravity. Force required 
to lift the weight without acceleration = fy = 100 X 0.998 = 99.8 lb. The factor 0.998 is used 
in this equation because the force of gravity in the given locality is less than standard. Total 
tension in cord = fa + fy = 180.88 lb. 

Resistance to Acceleration equals the force necessary to produce acceleration = 
(w/g) {(v2 — 01) /t}. 

FORMULAS FOR ACCELERATED MOTION.—For cases of uniformly accelerated 
motion, other than those of falling bodies, we have the formulas already given, f = (w/g)a; 


* The pound avoirdupois is the unit of force used by American and British engineers. It is the 
force with which gravity attracts 1 lb. of matter at sea level at 45 deg. latitude, and which would 
give to 1 lb. of matter an acceleration of 32.1740 ft. per sec. 

In the centimeter-gram-second system, the unit of force is the dyne, It is that force which 
acting on a mass of 1 gram will produce in 1 second a velocity of 1 centimeter per second. A 
dyne = 1/980.665 gram, ; 

‘The absolute unit of force, used in physical laboratories, is the Poundal. It is that force which 
alert for 1 second on a mass whose weight is 1 lb. at London will produce a velocity of 1 ft. per 
second. 

t g, commonly called acceleration due to gravity, may be considered as: an abstract figure, the 

constant in equation [1]; the velocity acquired at the end of 1 sec. by a freely falling body; the 
distance that a body would travel in 1 sec. at its then velocity if the force ceased 4G act and velocity 
remained constant. 
_ { Equation [7] sometimes is read ‘‘ force equals mass times acceleration,” which is strictly true 
in the dyne-centimeter-gram-second, or ‘‘ absolute ’’ system of measurements, in which force is 
measured in dynes, but it is not true in the pound-foot-second system, nor in the metric system 
where the kilogram is used as a unit of both force and quantity of matter, unless it is understood 
that the word ‘‘ mass "’ means the quotient of W divided by g. 
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tf = (w/g){ (v2 — v)/t}. If the body starts from = = = : 
fget= ~ We — it S = 1/9 a Des Goomiee al ices oa v4 pe? let 
f = wv?/64.35 S = wo/32.17t = wS/16.09% . . . . . 9] 
SQN Ft/ or 64.35 Spor y Fk ul, Ye 25 Bia) 
S = wv?/64.35 f = 16.09 ft?/w = vt/2.. . 2 1 we {11] 


PE ~BOLVS S/eoers S217 Fs) w.sn ai oars So 3 NPs ated [12] 


= w0/32.17 f = (1/4.01)VwS/f.. 2. 2. ew ce [8] 
For varying velocity, f = w{(v? — 01")/64.85 S}.. . . . 1 6 ee es 5 heel 

WORK OF ACCELERATION.—The work P done in accelerating a body is SES, 
where f = force producing acceleration and S = distance covered in time ¢. The force, 
f = ma = (w/g){(v2 — 21) /t}, and 

P=*(t0/ 2) { Cs) Sas Yea ee [15] 

Exampie.—Work required to move horizontally 80 ft. in 4 sec. a frictionless body weighing 
100 lb., at uniformly increasing velocity. Mean velocity, vm = 20; initial velocity »; = 0; final 
velocity v2 = 2m = 40; a = (vg — 21)t = 40/4 = 10; f= (w/g)a = (100/32.16) X 10 = 31.1 Ib.; 
S = 80; P=/S = 31.1 X 80 = 2488 ft.-lb. Energy stored in the body at the final velocity 
» = 40, equals the work of acceleration. 

E = 1/2 mv? = 1/9 (w/g)v? = (100 X 402)/(2 & 32.16) = 2488 ft. Ib. 

WORK OF ACCELERATED ROTATION.—let A = angular velocity, radians, of 
a particle of weight w, rotating at unit radius r around an axis. The velocity v1 = Ar. 
If angular velocity is accelerated to A», velocity of particle becomes v2. Increase in 
velocity is (v2 — 21) = r(Azg — Aj), and the work of acceleration is 

Pq(w/g){ (v2? — 017) /2} = (wr/g)} (As? — Ar®)/2}. . 2. . . [16] 

The work of a rotating body around an axis is 

Z(w/g) X 12 (v2? — v2) = (Ap? — Aj?)/2g X Dwr, . . . . . [17] 
‘where Dwr? = moment of inertia of the body. 

MEASURE OF ENERGY in a body is the product of its weight and the height from 
which it must fall to acquire actual velocity. If v = velocity, ft. per sec., h = height, ft., 
corresponding to velocity = v?/2g (see Falling Bodies below), and if w = weight, lb., 
energy, E = 1/2 mv? = tfv?/2g = wh. Since energy is the capacity for doing work, the 
units of work and energy are equivalent, or FS = 1/2 mv? = wh. 

In a rotating body, E = A?I/2g, where A = angular velocity, radians, and I = 
moment of inertia. Also, H = wv?/2e, where v = velocity of center of gyration. 

THE LAW OF GRAVITATION states that two bodies attract each other with a 
force directly proportional to their masses and inversely proportional to the square of the 
distance between them. Let F = force with which two bodies of masses m, and me 
attract each other, and d= distance between them. Then F = Cm,m:/d? = 
C(wy/g) (we/g) /d? = Cw1 w2/d? g? where C = gravitation constant of two spheres of unit mass, 
~~ 4.e., the force with which they attract each other through unit distance. C = 3.31 X 1074 
if F, w and d are in pounds and feet. 

MOMENTUM. IMPULSE.—Momentum is the product of the mass and velocity 
of a body, 7.e., momentum = mv = (w/g)v. In equation [5], ft = mv, the expression ft 
is sometimes termed the impulse, whence Impulse = Momentum. 

FALLING BODIES.—tThe formulas for falling bodies are derived from the equations 
[9] to [14] by putting f= w. If g be taken as 32.16 (value at 40 deg. latitude), 
» = velocity, ft. per sec. at end of time t; h = height of fall, ft., then 

v= gt = 32.16 =V2gh =8.02VA=2h/t. . . 1... ses. [18] 

h = gi?/2 = 16.08 t? = v2/2g = v2/64.32 = vt/2, . . . « - » . ~ [19] 

t = o/g = v/32.16 =V2h/g =Vh/4.01 = 2h/v, . . ww ws ss [20] 

u = space fallen through during 7'th sec. 
= hy — hy-1 = (g#2/2) — g(t — 1)2/2 = (¢/2)(2t- 1) = gt —1)/2. [21] 
Solving the above equations, the values of », h, t, u, are as follows: 

1 2 3 4 5 6 a 8 9 10 
32.16 X 1 1 1 1 1 1 1 1 1 1 
32.16 X 1 2 3 4 5 6 7 8 9 10 
(32.16/2) X 1 3 5 7a nO sews Isat ae 7 “19 
h= (32.16/2) Sill 4 9 16 25 36 649 64 81 100 

Value of g increases with latitude and decreases with elevation above sea-level. At 


Philadelphia, latitude 40 deg., g = 32.16. Everett’s formula for g is J 
g = 32.173 — 0.082 cos 2 lat. 45 deg. — 0.000003 height in ft. . . [22] 


ll 
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The standard value of g at latitude 45 deg. given by International Conference on Weights 


and Measures, Paris, 1901, is 32.1740. The value of V 2g decreases about 0.0004 per 
1000 ft. elevation above sea-level. For all ordinary calculations in the U. 8., g = 32.16, 
and V 2g = 8.02. In England, g = 32.2; V 2g = 8.025. C. S. Pierce gives limiting 
values in the U. S. as: At latitude 49 deg., at sea-level, g = 32.186; at latitude 25 deg., 
10,000 ft. above sea-level, g = 32.089. 

Local values of g are used in calculations involving local gravitational force, as falling 
bodies, lifting weights, and water powers. In all cases involving the expression w/g, the 
standard value, g = 32.1740 should be used. : 

CENTRIFUGAL FORCE.—A body revolving in a curved path of radius = FR ft. 
exerts a force, called centrifugal force, on the arm or cord that restrains it from moving 
in a straight line. If W = weight of body, lb., N = rev. per min., »v = linear velocity of 
center of gravity of body, ft. per sec., g = 32.174, | 


27RN 
Sir era [23] 
_ Wot We? WA? RN? _ WRN? _ : 

SE vats OPEC = Soggp = 0.00084084 WRN? Ib. . [24] 


If n = rev. per sec., F = 1.2270 Wrn?. 
The force that restrains the body from moving in a straight line, t.e., the tension in 
the cord or arm, is called centripetal force, and is equal and opposite to the centrifugal 


force. 
6. OSCILLATION AND PERCUSSION 


CENTER OF OSCILLATION.—A body oscillates about a fixed axis, outside of its 
center of gravity. The center of oscillation is a point on the line drawn from the center 
of gravity of the body, perpendicular to the axis, whose motion is the same as it would be 
were the entire mass of the body there concentrated and allowed to vibrate as a pendulum. 

RADIUS OF OSCILLATION is distance from center of oscillation to point of sus- 
pension = r = R?/l; R = radius of gyration, 1 = distance from point of suspension to 
center of gravity. Centers of suspension and oscillation are mutually convertible. The 
center of oscillation of a straight line, or uniform thin bar or cylinder of length LZ suspended 
from and oscillating about one end, is 2/3 Z from the axis. If the point of suspension is 
1/3 L, the center of oscillation is again 2/3 Z from the axis, 7.e., at end of bar. The time of 
oscillation ¢ is the same in both cases. If point of suspension is at center of gravity, in 
the simple equivalent pendulum Z = © andt = o, 

A sphere of radius R is suspended by a cord. Let h = distance of axis of motion to 
center of sphere, h’ = distance of center of oscillation to center of sphere, r = radius of 
oscillation = h + h’ = h + 2/5 (R?/h). If the sphere ogcillates about an axis tangent to 
the surface hh = Randr = R-+ 2/5 R. 


Table 3.—Length of Radius of Oscillation of Plane Figures 


Direction of Vibrations 


Figure Perpendicular to Plane of Figure In Plane of Figure 
Isosceles triangle. .............. 8/4 altitude Sigeinn. ciciaionitccelea cl] MOG ere ee Oe eee eee 
Circles ficdarayes. eigries ecererec ee cheer B/gdiameter.c} wii, setemictcin ees 3/4 height 
Parabolan. chess «neces crete b/y Height), qemreee ceeeec cleietteentee { 5/7 height + 1/3 parameter * 
4/7 height + 1/2 parameter + 


Reotangloites dari Rsehccdarars chivas ul] ce eee eyelets Oe eee ake nie eer ne 2/3 diagonal t 


* Suspended by vertex. + Suspended by middle of base. 4} Suspended by one angle. 


THE PENDULUM.—The Simple Pendulum is an ideal body concentrated. at the 
center of oscillation, suspended from a fixed point by a weightless string. A Compound 
Pendulum is a body of any form suspended from a fixed axis about which it oscillates by 
force of gravity. The equivalent simple pendulum has the same weight and the same 
moment of inertia referred to an axis through point of suspension, and it vibrates in the 
same time. The ordinary pendulum of given length vibrates in equal times when the 
angle of vibration does not exceed 2 deg. or 2 1/2 deg. on each side of the vertical. This 
property is isochronism. 

Let T = time of vibration, sec., 1 = length of simple pendulum, g = acceleration due 
to gravity, which is constant at a given locality. 7 = arV1/¢; since 7 = constant, 


To V1/g, and in a given locality To V1. If 1 = constant, then for any locality TxlvV g. 
If 4 ie constant, er" = wl; lxg, g=7?1/T*. This equation gives the force of 
gravity at any locality if / of a simple pendulum vibrating seconds at that locality is known. 
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At New York, 1 = 39.1017 in. = 3.2585 ft., and g = 32.16 ft. The time of vibration of 


any pendulum at New York = TV1/39.1017 = 0.16Vl. The length of a pendulum at 
New York, having a given time of vibration is] = 7? X 39.1017 in. 

The time of vibration may be varied by adding a weight or bob above the point of 
suspension, which lengthens time 7. By varying the height of the upper bob, 7 is varied 

Let W, w = weight of lower and upper bobs, lb., respectively, D, d = distance in ; 
alg ae sroel Neate eo from point of suspension. Then 46 a 

; - 5 — d’)}. us by adding a second 
be made to vibrate as slowly as long ones. . : Oe a ee 
c Conical Pendulum.—A weight suspended by a cord and revolving at a uniform speed 
in the circumference of a circular horizontal plane whose radius is r, the distance of the 
plane below the point of suspension being h, is held’ in equilibrium by three forces—the 
tension in the cord, the centrifugal force, which tends to increase the radius r, and the 
force of gravity acting downward. If v = velocity, ft. per sec. of the center of gravity 
of the weight, as it describes the circumference, g = 32.16, and r and h are taken in feet 
the Thy seconds of performing one revolution is (at New York or other place where 
g = 82. 
t = 2rr/o = Qn Vh/ 8; h = gt?/4n? = 0.8146 #2. 

If ¢ = 1 second, h = 0.8146 foot = 9.775 inches. 

CENTER OF PERCUSSION is identical with center of oscillation, and is the point 
at which the percussive action of a blow is the same as if the whole mass of the body were 
concentrated at the point. 

IMPACT.—Let m, m2 = mass of two inelastic bodies; 21, v2 = their respective 
velocities. Then if these two bodies collide, they will move on as one mass with a com- 
mon velocity v. (m, + m2)v = m1 v1 + met, and v = (mz + me v2)/(my + m2). If 
the bodies move in opposite directions, v = (m1 v1 — m222)/(my + m2). If mv, = m2 v2, 

_and the bodies impinge directly from opposite directions, v = 0; that is the bodies will 
be brought to rest. 

The Loss of Energy resulting from the impact of inelastic bodies is the sum of the 
energies lost and gained by the bodies respectively. 

1/9 my vy? + 1/2 mz v2? — 1/2 (my + m2)v2 = 1/2 mi (v1 — v)? + 1/2 ma(ve — 2)*. 

ExampLte.—Let m, = 10, mo = 8, 0)-= 12, 9 = 15. v= {(10 X 12) — (8 X 15)}/(10 + 8) = 0. 


Energy loss = (1/g X 10 X 122) + (1/2 X 8 X 15?) 
= {1/2 X 10 X (12 — 0)2} + {1/2 X 8 X (15 — 0)2} = 1620 ft.-lb. 
The lost energy does internal work on the bodies by changing their shape and heating them. 


For Imperfectly Elastic Bodies of elasticity e = f;/fe, 


2 m1 + mr. mee (v1 — V2), aye m0; + m2 , mee (v1 — 2) 
1. = = S SS ee ye SS eS 
m, + m2 my +m, ' m, + m2 m+ m2 ’ 


“where v’; and v's = respective velocities of the bodies after impact, f, = internal force 
tending to restore shape of body after compression, f, = force of compression, other 
notation being as before. 

For Perfectly Elastic Bodies, v’; — v’2 = v2 — 2; that is, relative velocities before 
and after impact are the same, and m, v0’; + m2 0’, = m1 01 + mz V2. 
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1. THE LAWS OF FRICTION 


References.—Thomsen, The Practice of Lubrication (McGraw-Hill); Battle, Industrial Oil 
Engineering (Lippincott); Archbutt and Deeley, Lubrication and Lubricants (Griffin, London); 
Thurston, Friction and Lost Work (John Wiley & Sons); Kimball and Barr, Elements of Machine 
Design (John Wiley & Sons). 

FRICTION is defined by Rankine as that force which acts between two bodies at their 
surface of contact so as to resist their sliding on each other, and which depends on the 
force with which the bodies are pressed together. 

Friction is either useful or harmful, depending on its relation to the mechanism or 
process in which it occurs. Examples of useful friction are brakes, self-locking mechanisms, 
bolted or riveted joints, heaping loose materials, etc. Friction is harmful in bearings, as it 
wastes power, and in pipes where it retards flow. Friction in static structures tends to 


* Staff revision. 
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“preserve them; in brakes it destroys material ; in well-lubricated bearings it is accompanied 
neither by wear of the bearings nor by deterioration of the lubricant. 
COEFFICIENT OF FRICTION.—The ratio of the force required to slide a body along 

“a horizontal plane surface to the weight of the body is called the coefficient of friction. 
It is equivalent to the tangent of the angle of repose, which is the angle of inclination, to the 
horizontal, of an inclined plane on which the body will just overcome its tendency to slide. 
The angle usually is denoted by 6, and the coefficient 

by for\: f=tan9@. If the inclined surface, Fig. 1a, upon R 

which a loaded block rests without motion, is made grad- Nn 

ually steeper until the block starts to slide, the angle at Ze AS 

which the sliding starts is the angle of repose for static PON 
friction. After the motion has begun, if the angle is not a: b. 
reduced, the block usually will accelerate down the incline. Fia. 1 

If the angle then be reduced until the block slides with uni- 

form velocity, the angle at which this occurs may be used to determine the friction opposing 
that particular velocity. The angle A shown in Fig. 1b is used as a measure of the manner in 
which granular materials may be heaped. This angle varies widely with the character of the 
material. Values of f fora wide variety of materials, both at rest and in motion, are given 
in Table 1. 


Table 1.—Coefficients of Friction of Various Materials * 
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Table 1.—Coefficients of Friction of Various Materials* — Continued 
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Earth Earth R -25-1.0}11 |Oak Oak 41 M | Dry -48 2 
34 R .8I- US fey: M | Soapy 164 2 
} et 2 NT Pte s* Al M 29 075 2 
Granite Granite M | Dry 304 yh Wy segs R 62 2 
Hemp rope Oak R | Dry 462 i Lihel piss tice R | Unct.44] .441 2 
ee ood 35 R | Dry 331 “ Br! M B15 2 
i be R | Dry 50 oe ie Saran M | Unct. 44) .143 2 
Leather Oak M | Dry 35 Bridtt “$43 R | Dry 543 2 
fe i M | Dry 335 ot aid R | Wet hi z 
25 i M | Wet 291 Rl Wes Sate M | Dry 19) 2 
‘< 25 - R | Dry 43 Des ge R | Dry 43 7) 
- 25 se R | Wet 79 2 |Sandstone Sandstone M | Dry 367 1 
- 26 M | Dry 516 2 |Stone Stone R | Dry 63 1 
i 26 = R | Dry 595 2 ‘33 Wood R | Dry .46-.60|10 
Limestone 87 | Limestone 37 | M | Dry 376 2 |Wood Stone Ribas 5 .40 11 
¥ e te | z Drs re 2 Hine pood R | Soapy | .358 1/12 

ry : oolen oolen 

fas | 2 Clot} Ceten} | M | Dry slo he 


* Compiled from data assembled by J. F. Spiegel for Kingsbury Machine Works. 
“ { A = abrasion; M = motion; R = rest. 

} Authorities: 1. Rennie, Experiments on Friction, Phil. Trans., Royal Soc., London, Vol. 119, 
1829. 2. Morin, Nouvelles Expériences sur le Frottement; faites a Metz, 1831 Annales des Mines 
3rd ser. vol. 4; faites a Metz 1832 Annales des Mines 3rd. ser. vol. 6; faites a Metz 1833 Annales 
des Mines 3rd. ser. vol. 10; or Paris, Bachelier 1832, 1834, 1835. Also Nouvelles Expériences sur 
l’ Adherence des Pierres et des Briques, le Frottement des Axes de Rotation, la Variation du Tension 
des Courroies ou Cordes sans Fin, Paris, Carillan Goeury 1838; Summary of the results of Coulomb, 
Rennie and Morin may be found in the paper of Brix, ‘‘ Uber die Reibung,’’ Verhandl. d. Vereins z. 
Forderung des Gewerbefleisses in Preussen, vol. 16, 1837. 3. Kingsbury, Experiments on the 
Friction of Screws, Trans. A.S.M.E., vol. xvii, 1896. 4. Stribeck, ‘‘Eigenschaften der Gelit- und 
Rollenlager, Zett. V.D.I., 1902. 5. Tower, First Reports on Friction Experiments, Proc., 1.M.E., 
March 1891. 6. Lasche, Die Reibungsverhiltnisse von Lagern mit hoher Umfangsgeschwindigkeit, 
Zeit. V.D.1., 1902. 7. Chase, Practice and Theory in Clutch Design, Trans. 8.A.H., 1921, Pt. II, 
8. Wenrich, University of Pittsburgh. 9. Unwin, Elements of Machine Design. 10. Hiitte. 
Ingenieurs Taschenbuch, 26th Edition. 11. Rankine, Applied Mechanics. 12. Lesley, Inst. Soc. 
Nav. Arch. & Mar. Eng., 1904. 

1 Wrought Iron. 2Slow. 3Copious. 4Soft. 5Journal. 6 Ordinary. 7 Thrust bearing. 
8 Low practical value. 950 r.p.m. 10 Oil viscosity, 150 Saybolt Universal sec. 11500 r.p.m. 

122000 r.p.m. 134000 r.p.m. l4Shell. 15 Velocity, 13.2 ft. per sec.; pressure, 14.2-356 lb. per 
sq. in. 16Collar bearing. 17 50-145 r.p.m.; pressure, 75-90 lb. per sq. in. 18 W.M. = white 
metal. 19 Velocity, 3-66 ft. per sec.; pressure, 14.2-214 lb. persq.in. 29 Siphon lubrication; rape 
oil. 22 Velocity, 13.2 ft. per sec.; pressure, 14.2-712 Ib. per sq.in. %3 Velocity, 1.75-7.85 ft. per 
sec.; pressure, 100-520 Ib. persq.in. 24 Onlengthwise grain. 2} Onedge. %6 On flat. 27 Greasy. 
28 Lignum Vitae. 29 Tallow or lard. 39 Asbestos fabric. 31 Water-soaked. 82 Cork composition. 
33 Stone, gravel. %4Including shingle and gravel. 35 Polished. %6 Rough. 87 Hard. #8 Damp 
mortar. 39 Dry. 40End grain. 4! Grains parallel. 42 Grains crossed. 43 End grain or parallel 
grain. 44 Unctuous. 


FRICTION OF REST AND OF MOTION.—The force required to start a body sliding 
is called the friction of rest, and the force required to continue its sliding after having 
started is called the friction of motion. Except at very 
low velocities, sliding friction is less than the friction of 
rest. If P is the force with which two bodies, sliding on 
each other, are pressed together, their motion is resisted 
by a force R acting in a direction opposite to the direction 
of motion, which is called the frictional resistance, and 
R = fP, where f is the coefficient of sliding friction. 

Minimum Starting Frictidn.—Starting friction, neg- 
lecting acceleration, can be reduced to zero if the surfaces 
are separated by a liquid of low viscosity, as shown in y 
Fig. 2. Liquid is pumped into the recess at the center of Fia. 2 
the disc under such pressure that when the flow reaches , . 
the edge of the plate the load is supported entirely by a fluid film. : This method is: 
used for starting oil film bearings, the lubricating oil being the pressure liquid. 
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Starting Friction of Newly-finished Bearing Surfaces.—The following summarizes recent (1937) 
tests of newly finished surfaces to determine the influence of method of finishing on the coefficient of 
starting friction in the absence of vibration. The tests were made with a babbitt-faced shoe, of 60.7 
aq. in. area, scraped to a surface plate, opposed to a close-grained cast-iron surface, finish turned and 
japped with fairly coarse carborundum. The surfaces were immersed in light oil, and subjected to a 
load of over 300 lb. per sq. in. for several hours. The coefficient of starting friction was as high 
as 0.66. It was reduced to as low as 0.21 by more refined finishes. The lowest coefficients were 
found when the cast-iron surfaces had been scrubbed by rotation, pressed by a leather-covered block, 
using lubricating oil impregnated with a very fine abrasive. The direction of motion during test (so 
long as it is concentric), seems to have little influence on the coefficient of friction. 

Some of the values of starting coefficient of friction determined were: Lard oil, load applied for 
2 br., f = 0.18; castor oil, load applied for 113 hr., f = 0.25; light mineral oil, viscosity 150 Saybolt 
universal seconds, load applied 14 to 18 hr., f = 0.30. Kerosene gave higher values than the mineral 
oil. The conclusions drawn from the test were: In the absence of vibration, the starting friction 
coefficient is a function of the newness of the surfaces, of the methods of finishing employed, of the 
time which the surfaces have been pressed together, of the pressure acting on them, of the nature and 
viscosity of the lubricating oil in which the surfaces are immersed, and of the area of the smaller of 
the two faces. When the surfaces are loaded to around 300 lb. per sq. in. and have an area of 60 
aq. in., the coefficient of static friction in the absence of vibration may be expected to be below 0.50 
for new faces, and below 0.20 for those in service. The influence of electrical vibration is believed to 
reduce these values 20% or more. 

Influence of Surface Finish on Starting Friction and Friction at Low Speed.— Howarth’s experi- 
ments on a low speed and other tests of Kingsbury thrust bearings (Trans. A.S.M.E., xli, p. 685, 1919) 
show the variation, with speed and load, of friction of motion in a small thrust bearing of a mean 
diameter of 9.375 in., having four babbitt-faced shoes, and a revolving cast-iron runner. The total 
shoe area was varied from 71.5 sq. in. to 10 sq. in. in order to test pressures ranging from 140 to 1000 
lb. per sq. in. Ina typical test, the load was 600 lb. persq.in. Machine oil, of 5.345 Saybolt uni- 
versal seconds viscosity at the test temperature, was used as lubricant, the surfaces being always sub- 
merged. The test was started at 16 r.p.m., speed being reduced gradually to 1/g r.p.m. The fric- 
tion coefficient increased gradually, but irregularly, from about 0.0015 at 16 r.p.m. to about 0.132 at 
1/gr.p.m. The speed then was gradually increased without changing the load. The friction coeffi- 
cients determined for the increasing speeds were much lower than that for decreasing speeds. This 
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was explained by the improvement of bearing surfaces due to the long running at low speed. During 
these tests friction coefficients for starting from rest were found to vary from 0.15 to 0.20. These 
values, therefore, may be considered satisfactory for bearing surfaces that have been in operation for 
some time under favorable conditions in which a number of starts and stops have gradually brought 
the surfaces to a condition favorable to such starting when immersed in an oil bath. 

Maximum Friction.—When two metals are sweated or brazed together, the force 
required to separate them transversely at the joint is less a function of the pressure than of 
the transverse shearing strength of the metal bond. This might be a combination of the 
breaking of the bond between the soft and hard material and the actual shearing of the soft 
material on itself. The force required for such separation cannot consistently be expressed 
by means of a coefficient of friction. 

INTERLOCKING FRICTION.—If two surfaces interlock, as in a square thread screw 
Fig. 3a, the force required to slide one on the other depends more on strength of the mate- 
rials and proportion of interlocking than on the load acting between them. If the surfaces 
are free to move vertically against a load, Fig. 3b, the force required to slide them laterally 
would be a combination of sliding friction and lifting of the load. When an irregular hard 
surface presses against a soft one, Fig. 3c, the resistance offered to sliding one over the other 
will depend on the normal load, on the sliding friction, on resistance to deformation of the 
soft surface, and on the strength of the softer surface as it might be broken down because of 
interlocking. Fig. 3d illustrates abrading frictional resistance to sliding of one surface over 
another, as & saw or file. ~The greater the normal pressure on the saw or file, the 
more will it cut into the lower block and the greater will be the resistance offered to 
transverse motion. : 

INFLUENCE OF VIBRATION.—Tests to determine starting friction show coeffi- 
cients of friction to be much higher in the absence of vibration than in its presence, and that 
friction decreases as the disturbance by vibration increases. Vibration similarly reduces 
the friction of motion so long as metallic contact is present in any considerable degree 
With perfect lubrication, bearing surfaces are completely separated by lubricating films, 
and vibration does not appear to change the coefficient of friction of motion. 
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ROLLING FRICTION is the force required to roll a cylindrical or spherical body on 
a plane or on a curved surface. It depends on the nature of the surfaces and on the force 
with which they are pressed together, but is different from ordinary, or sliding, friction 

Rolling friction is a consequence of the irregularities of form and the roughness of 
surface of bodies rolling one over the other. Its laws are not yet definitely established in 
ag, aed a the pee A a ae exists in experiment as to how much of the resistance 
is due to roughness of surface, how much to origi i i 
and how much to distortion under the load. ett enrol sa 

Coefficients of Rolling Friction—Let R = resistance applied at the circumference of 
the wheel, W = total weight, r = radius of the wheel, and f = a coefficient. Then R = 
{W +r. The value of fis very variable. Coulomb gives 0.06 for wood, 0.005 for metal 
where W is in pounds and r in feet. Tredgold made the value of f for iron on iron 0.002. 
For wagons on soft soil Morin found f = 0.065, and on hard smooth roads 0.002. 

A Committee of the Society of Arts (Clark, R. T. D.) reported a loaded omnibus to 
exhibit a resistance on various loads as below: 


Pavement Speed per hr. Coefficient Resistance 
MASA DVES iar. d'a ha seis e's. 6 ate CoPeiate A Meee 3 aise © 2.87 miles 0.007 17.41 
Davaiwe ‘ ; .41 per ton 
SADUALG Ee ey Sate cieietade Se aera ao pee es ce bn ees 3560 Met 0.0121 ZT MN Aes 
EVN OGGI hel ichshyish bial eva aieie SIA Sorel SS oe be ie tiow aie BS Alnwae 0.0185 Al600 mie 
MICRA RTAVEIOUN, stile serie see See oe biw.elS sides 334 5itee. 0.0199 44.48 “ 
MMneadam;) granites News, <:sfeeia ses hwlssif 0c. c ows o.0 s Sind ee 0.0451 Ot 095 a4 


Thurston gives the value of f for ordinary railroads, 0.003; well-laid railroad track, 
0.002; best possible railroad track, 0.001. The friction of pneumatic tires on roads is dis- 
cussed in Kent’s Mechanical Engineers’ Handbook—Power, p. 14-55, forming Vol. 2 of 
this series. 
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GRANULAR FRICTION.—The friction required to move one surface over another 
when granular material is placed between them probably is a combination of several kinds 
of interaction. The simplest condition is that in which the granular particles turn over 
and over without interference (Fig. 4a). Fig. 4b indicates how the granular particles may 
become interlocked so they will abrade each other and may cut both surfaces when motion 
occurs. Fig. 4c represents granular particles embedded in the softer surface and acting as 
cutters when moved on the harder surface. 

SKIDDING FRICTION results from slipping of rubber tires on a pavement. The 
friction depends on the type of tire surface and conditions of the pavement. With rough 
pavement and smooth tires, high spots on the pavement will penetrate any film that is 
formed and project into the rubber, thus diminishing tendency to skid. With a smooth 
pavement and tires, the film of water, clay or pulpy material found on roads, will completely 
separate the surfaces. The tire then will slide freely in any direction. See Fig. 5a. 

In the non-skid tire, Fig. 5b, the rubber surface is broken up into small faces, with deep 
grooves between. The theory of lubrication shows that the thickness of film formed when 
sliding occurs decreases as the 


supporting area for a given load 3 
decreases, and the films will more 
quickly leak from between the sur- = rm 

a. ti) 


faces and permit them to come 

together. On rough roads the differ- Fic. 5 

ence between the action of smooth 

and non-skid tires is small. Even non-skid tire surfaces are apt to slip on pulpy 
material or on clay, since such materials build up much thicker films than are possible 
with clear water. 

FLUID FRICTION includes the frictional resistance to motion of: Fluids in containers, 
as the flow of water or gas in pipes; of solid bodies completely separated by a film of fluid, 
as a perfectly lubricated bearing; of solid partially or wholly immersed in a fluid, as a 
boat moving through water. 

LAWS OF FRICTION.—The laws of friction, first formulated by Morin about 1830, 
have been modified from time to time by the work of later experimenters. The following 
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paragraphs form a brief statement of the generally-accepted laws, based on present-day 
ractice. 

: Laws of Friction for Unlubricated Surfaces.—1. Friction varies approximately as the 

normal pressure with which the rubbing surfaces are pressed together. 

2. Friction is approximately independent of the area of the surfaces, but is slightly 
greater for small surfaces than for large surfaces. F 

3. Friction decreases with increase of velocity, except at very low velocity, and with 
soft surfaces. 

Laws of Friction for Lubricated Surfaces.— Perfect Lubrication, t.e., surfaces completely 
separated by a film of lubricant: 

4. The coefficient of friction is independent of the materials of the surfaces. 

5. The coefficient of friction varies directly with the viscosity of the lubricant, which 
varies inversely with temperature of the lubricant. 

6. The coefficient of friction varies inversely as the unit pressure, and directly as the 
velocity. 

7. The coefficient of friction varies inversely as the mean film thickness of the lubricat- 
ing medium. 

8. Mean film thickness varies directly with velocity and inversely as the temperature 
and unit pressure. 

For a full discussion of the friction of perfectly lubricated bearings, see p. 13-44. 

Imperfect Lubrication, i.e., surfaces partially separated by a film of lubricant, 
may range from almost complete separation of the surfaces to almost complete 
contact. 

9. The coefficient of friction increases with increase of pressure between surfaces. 

10. The coefficient of friction decreases with increase of relative velocity between the 
surfaces. 

Laws of Fluid Friction.—Thurston states that for all fluids, whether liquid or gaseous, 
the resistance is: 1. Independent of the pressure between the masses in contact; 2. Directly 
proportional to the area of rubbing-surface; 3. Proportional to the square of the relative 
velocity at moderate and high speeds, and to the velocity nearly at low speeds; 4. Inde- 
pendent of the nature of the surfaces of the solid against which the stream may flow, but 
dependent to some extent upon their degree of roughness; 5. Proportional to the density 
of the fluid, and related in some way to its viscosity. 

Fluid friction, as related to the flow of liquids in pipes, is discussed in Kent’s Mechani- 
cal Engineers’ Handbook—Power, p. 4-56, forming Vol. 2 of this series. 

LOW FRICTION COEFFICIENTS.—Friction coefficients frequently are as low as 
0.001 in journal and thrust bearings in operation with perfect lubrication. Much lower 
values have been obtained experimentally. Fig. 6 shows coefficients obtained by S. J. 
Needs in the laboratory of Albert S. Kingsbury, using a 120-deg. fitted bearing 4 in. wide, 
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4 in. diameter. The value 0.000183 is the lowest known value obtained in a bearing lub- 
ricated by oil. 

Fig. 7 indicates that the viscosity of the lubricant may increase considerably with pres- 
sure. The three oils had identical viscosities at the beginning of the test, were subjected 
to the same series of loads, and run at the same speed of 11.06 r.p.m. The Valvoline AAX 
oil showed the greatest increase of viscosity with load. The least increase was shown by 
glycerine. Castor oil viscosity increased an intermediate amount. In these tests the 
bearing always operated under fluid film conditions, and the bearing surfaces were com- 
pletely separated. 


2. FRICTION OF MACHINE ELEMENTS 


FRICTION OF BEARINGS.—For a detailed discussion of the friction of bearings, see 
pp. 13-03 to 13-58. The following data, from various sources, are for general guidance only. 
For design, in cases where friction is an important factor, reference should be made to the 
pages above cited. ; 

FRICTION OF JOURNALS.—The friction of journals usually is expressed in terms 
of units of projected area, that is, d X 1, where d = diameter and J = length of journal. 
Unwin states that the friction of journals must lie between 7fP/2 and 4fP/x, where f = 
coefficient of friction and P = load on journal. For journals in ordinary condition the 
value of fP usually is sufficiently accurate. Values of f vary according to different authori- 
ties. Unwin gives the following: 


Authority. Si Conditions. 
Micron Cash 253.0. rere eee), 0.05 to 0.07 Good journals, well lubricated 
Riihlmann & Waltjen............ 0.02 to 0.03 Wrought-iron on gun metal 
TES Gta 2 ee ai eee ie ee 0.009 to 0.01 Med «white metal* 
“2a eh eee ng TE pes acetal 0.014 Se “gun metal* 
~ Bokelberg & Welkner........... 0.0028 Small loads, low velocitiest 
MY i ae ee cee 0.013 Heavy loads, high velocitiest 


The work lost in friction, in ft.-lb. per minute is W = fPan(d/12), where n = rev. per 
Ininute, d = diam. of journal, in., other notation as above. 
The friction of a journal is influenced by the character and quantity of lubrication. 


Below are the results of experiments on lubricated journals. 


Experiments on Friction of a Journal Lubricated by an Oil-bath (reported by the Committee 
on Friction, Proc. Inst. M. E,, Nov., 1883) show that the absolute friction, that is, the absolute 
tangential force per square inch of bearing, required to resist the tendency of the brass to go round 
with the journal, is nearly a constant under all loads, within ordinary working limits. Most cer- 
tainly it does not increase in direct proportion to the load, as it should do according to the ordinary 
theory of solid friction. The results of these experiments seem to show that the friction of a per- 
fectly lubricated journal follows the laws of liquid friction much more closely than those of solid 

- friction. They show that under these circumstances the friction is nearly independent of the pres- 
sure per square inch, and that it increases with the velocity, though at a rate not nearly so rapid 
as the square of the velocity. See Table 2. 

The experiments indicate a great diminution in the friction as the temperature rises. With 
Jard-oil, at a speed of 450 r.p.m., the coefficient of friction at 120° F. is only one-third of the coefficient 
at 60° F. See Table 3. 

In the experiments, the journal was of steel, 4 in. diameter and 6 in. long. A gun-metal brass, 
embracing somewhat less than half the circumference of the journal, rested on its upper side, on 
which the load was applied. When the bottom of the journal was immersed in oil, and the oil there- 
fore carried under the brass by rotation of the journal, the greatest load carried with rape-oil was 
573 Ib. per sq. in., and with mineral oil 625 Ib. 


Table 2.—Variation of Coefficient of Friction with Speed and Pressure 
Nominal Load 


471 


Feet per Minute ber sq. int 
Coefficient of setae , ¥ 5 be fe a 
0024 415 Ib. 


Temperature, deg. F. 110 100 90 80 70 60 
se Bete 6s Youeite. ote ORD + ete eipretisin; « 0,0044 0.0051 0.006 0.0073 0.0092 0.0119 
cid De gts ee ae eee 0.00451 | 0.00518 | 0.00608 | 0.00733 | 0.00964 | 0. 01252 


* Railway journals well lubricated. 


+ In these experiments f was less for gun metal than for white metal. 
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Table 4.—Coefficients of Friction of Journal with Oil-bath 
Nominal Load, lb. per sq. in. 


OR ee a 1 Sa Nake a eS SS es 
Lubricant in Bath 625 ZO eso In ees Ong 20> | 153 | 100 
Coefficient of Friction 
BardoilslS57ftaper mine. ps es oes eels s/s re pia 0.0009 {0.0012 {0.0014 |0.0020 |0.0027 |0.0042 
CM REA 7 My By «racers Sinoks eves ops hays bonrymneeteyets .0017 | .0021 | .0029 | .0042 | .0052 | .009 
Mineral grease: 157 ft. per min.........-. 0014 | .0016 | .0022 | .0034 | .0038 | .0076 
yi a AL) tes Si cameo cisistelevecstore .0022 | .0027 | .004 0066 | .0083 | .0151 
Sperm-Ouswl57 £6. DEY WIN, cc cc ciciers cee © «fares ania els seized | .0015 | .0011 | .0016 | .0019 | .003 
ee Cea 7 [ce a eames een Meee exe che eilivic oueiehortell areiey atetets A .0019 | .0027 | .0037 | .0064 
Rape-oil: 157 ft. per min...... Free .001 s .0008 | . ‘ 004 
oS OES Yb a ee ah Or irae. <1 rarer ce | Cn ic 001 ) 5 JOO1G.] c. re .007 
Mineral oil: 157 ft. per min............. .0012 |. 200T41~. 0021 "Tee oe .004 
CA] eon me lisy i aeieteteiserstate [saareasrer ster 0018 | . 500244) .0035 hs .a5 os. .007 
Rape-oil fed by ae 157 £6 per. min® Joi coi. «eee tones dee ee : 30098) Nee. Se 0125 
lubricator: S14 ee serene Lavehoreie aes otic eter eeketetenet ers < SOO7 ZHI derse.se .0152 
Rape-oil pad under 157 £te peri mim sips. Ye oasis 2s -shee betes otek 2 Q1059| 28 eee 0099 
journal: SA ohh eek Soe fat.s CE ees . (0078 aoe: .0133 


In experiments with ordinary lubrication, the oil being fed in at the center of the top of the 
brass, and a distributing groove being cut in the brass parallel to the axis of the journal, the bearing 
would not run cool even with a load of but 100 lb. per sq. in., the oil being pressed out from the 
bearing-surface and through the oil-hole, instead of being carried in. Introducing the oil at the 
sides through two parallel grooves, gave apparently satisfactory lubrication, but the bearing seized 
at a pressure of 380 lb. per sq. in. 

When the oil was introduced through two oil-holes, one near each end of the brass, and each 
connected with a curved groove, the brass refused to take its oil or run cool, and seized with a load 
of only 200 lb. per sq. in. 

With an oil-pad under the journal feeding rape-oil, the bearing fairly carried 551 lb. Mr. 
Tower’s conclusion from these experiments is that the friction depends on the quantity and uni- 
formity of distribution of the oil, and may be anything between the oil-bath results and seizing, 
according to the perfection or imperfection of the lubrication. The lubrication may be very small, 
giving a coefficient of 1/1909; but it appeared as though it could not be diminished and the friction 
increased much beyond this point without imminent risk of heating and seizing. The oil-bath 
probably represents the most perfect lubrication possible, and the limit beyond which friction can- 
not be reduced by lubrication. The experiments show that with speeds of from 100 to 200 ft. per 
minute, by properly proportioning the bearing-surface to the load, it is possible to reduce the coeffi- 
cient of friction to as low as 0.001. A coefficient of 0.00066 is easily attainable, and probably is 
frequently attained, in ordinary engine-bearings in which the direction of the force is rapidly alter- 
nating and the oil has an opportunity to get between the surfaces, while the duration of the force in 
one direction is not sufficient to allow time for the oil film to be squeezed out. 

Observations on the behavior of the apparatus gave reason to believe that with perfect lubrica- 
tion the speed of minimum friction was from 100 to 150 ft. per minute, and that this speed of 
minimum friction tends to be higher with an increase of load, and also with less perfect lubrication. 
By the speed of minimum friction is meant that speed in approaching which from rest the friction 
diminishes, and above which the friction increases. Table 4 gives coefficients of friction as deter- 
mined in these experiments. 


Comparative friction of different lubricants under same circumstances, temperature 
90° F’., oil-bath: sperm-oil, 100; rape-oil, 106; mineral oil, 129; lard, 135; olive oil, 135; 
mineral grease, 217. 

Value of Anti-friction Metals.—According to Prof. J. E. Denton the various white 
metals available for lining brasses do not afford coefficients of friction lower than can be 
obtained with bare brass, but they are less liable to ‘‘overheating,”’ because of the superior- 
ity of such material over bronze in ability to permit of abrasion or crushing, without 
excessive increase of friction. Thurston (Friction and Lost Work) says that gun-bronze, 
Babbitt, and other soft white alloys have substantially the same friction; in other words, 
the friction is determined by the nature of the unguent and not by that of the rubbing- 
surfaces, when the latter are in good order. The soft metals run at higher temperatures 
than the bronze. This, however, does not necessarily indicate a serious defect, but simply 
deficient conductivity. The value of the white alloys for bearings lies mainly in their 
ready reduction to a smooth surface after any local or general injury by alteration of either 
surface of form. See Bearing metals, pp. 4-62 to 4-67. 

Ball Bearings.—The friction of ball bearings varies with the design and construction 
of the bearing. In general, it decreases with increase of load, and is independent of speed 
and temperature. Stribeck found the coefficient of friction in one type of bearing at 
65 r.p.m. to vary from f = 0.0033 with a load of 838 lb. to f = 0.0015 with a load of 


66141b. At 780 r.p.m, the same bearings showed f = 0.0037 and f = 0.0018, respectively, 
at 838 lb. and 6614 lb. loads. 
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Goodman gives the following ranges for f in various types of ball bearings: Cylindrical, 
2-point bearing, f = 0.0012 to 0.0018; thrust, 2-point bearing, f = 0.0008 to 0.0012; 
thrust, 3-point bearing, f = 0.0018 (average); thrust, 4-point bearing, f = 0.0055. 

Roller Bearings.—The coefficient of friction of roller bearings decreases with increase 
of load and with increase of temperature. It seems to be independent of the speed. 
Goodman gives values at loads of 2000 and 10,000 lb. respectively, of f = 0.0131 to 0.0072 
for 40 r.p.m., and of f = 0.0053 to 0.0024 for 400 r.p.m. 

BELTING.—For data on the coefficient of friction of belting, see pp. 24-15 and 24-36. 

GEARING.—The friction of gearing depends on the type, the material of the gears, 
the quality of workmanship, quality of lubrication, and the form of the teeth. Values 
given below should be used with caution, as they are applicable only under conditions 
identical with those under which the determination was made. 

Spur Gears.—Wilfred Lewis gives the following as the friction losses F of various types 
of spur gears, in which p = circular pitch: 20-deg. stub gear, addendum of 0.24 jis << GAS 
22 1/9-deg. gear, addendum of 0.28 p, F = 1% approx.; 14 1/o-deg. gear, addendum of 
0.32 p, F = 1.3% approx. Other investigators report friction losses of cut gears in the 
neighborhood of 1%. The length of addendum has greater effect on the friction than has 
the angle of obliquity. 

Bevel Gears.—Friction losses have been reported by various investigators, ranging 
from 1% under exceptionally good conditions of workmanship and lubrication to 8.6% 
under less favorable conditions. 

Helical Gears.—Friction losses in helical gears are composed of the tooth friction 
losses, which correspond to those of spur gears, and the losses resulting from the transverse 
sliding of the teeth on each other. The ratio F; of lost work, due to this latter cause, to 
the useful work may be expressed as 

F, = {sina(@ + @)/sinB sin (a + 6)} — 1 
in which @ and 8 are, respectively, the helical angles of the gears and @ is the angle of 
repose, determined from the coefficient of friction, t.e., f = tan 0. 

: Worm Gearing.—Let 8 = angle of inclination of worm thread to its axis, P = force 
acting on pitch line of worm in the plane of rotation, R = resistance acting at pitch line 
of worm-wheel in its plane of rotation, 6 = angle of repose of metal of worm on metal of 
wheel, f = coefficient of friction = tan 6, 71) = radius of worm = 1.5p to 3p usually, 
r2 = radius of wheel, p = pitch of teeth of wheel, and p/n = axial pitch of worm, n being 
the number of threads on the worm. Then 


Pee leah tan p. 


2 Ee ek ce pa, 
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Taking f = 0.15, Efficiency = np + (np + 17), approximately. 

Friction Gearing.—See p. 14-03. 

FRICTION OF HYDRAULIC PLUNGER PACKING.—Hiitte (15th edition, vol. 1, 
p. 202) says: ‘‘For stuffing-boxes with hemp, cotton or leather packing, with water pres- 
sures between 1 and 50 atmospheres, the frictional loss depends on the water pressure, the 
circumference of the packed surface, and a coefficient u, which is constant for this range 
of pressure. The loss is independent of the depth of stuffing-box or leather ring, and is 
given by the formula F = Kpd, where F = total frictional loss, lb., p = pressure, lb. per 
sq. in., d = diameter of plunger, in. K is a coefficient which depends on the kind and 
condition of the packing, and is given as follows for various cases: 

For cotton or hemp, loose or braided, dipped in hot tallow, plungers smooth, glands 
not pulled down too tight, packing therefore retaining its elasticity, dimensions such as 
usually occur, K = 0.072. 

Same conditions, after packing is some months old, K = 0.132. 

Materials the same, but with hard packing, unfavorable conditions, etc., K = as much 
as 0.299. 

Leather packing, soft leather, well made, etc., K = 0.036 to 0.084. 

Hard, stiffly tanned leather, K = 0.12 to 0.156. 

Unfavorable conditions, rough plungers, gritty water, etc., K = up to 0.239. — 

Weisbach-Hermann, in Mechanics of Hoisting Machinery, gives a formula which when 
translated into the same notation as the one in Hiitte is 

F = 0.0312 pd to 0.0767 pd. 
ince the total pressure on a plunger is 1/4 rd? p, the ratio of the loss of pressure to the 
age ee is rae / 1/4 2d? p, or using the extreme values ot K, 0.0312 and 0.299, the 
ratio ranges from 0.04/d to 0.38/d, or from 4 to 38% divided by the diameter in inches. 
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Walter Ferris (Am. Mach., Feb. 3, 1898) derives from the formula given above the fol- 
lowing formula for the pressure produced by a hemp-packed hydraulic intensifier made 
with two plungers of different diameters: 

po = pi{(A — KD) + (a+kd}, 
where p2 = pressure per sq. in. produced by the intensifier, p1 = initial pressure, A = area 
and D = diam. of the larger plunger, a = area and d = diam. of the smaller plunger, and 
K an experimental coefficient. He gives the following results of tests of an intensifier 
with a small plunger 8 in. diam. and two large plungers, 14 1/4 and 17 3/4 in., either one of 
which could be used as ‘desired. 


Diam oflarge, plunger, 11 gies sesse sempre geielae « ars «, ore 14 1/4 1411/4 173/4 17 3/4 
Jnrtial pressure; Ib; per BQ. Wicacr<raraws os shoiala epee 285 475 335 350 
Intensified pressure, lb. per sq. iN............-. 750 1450 1450 1510 
Intensified if there were no friction............. 905 1505 1650 1725 
Intensified calculated by formula*............. 806 1433 1572 1643 
Hficiency of machine youd sqm ely b ers Go: ervte sre eiroret 6 0.83 0.965 0.88 0.875 


* Assuming K = 0.2. Efficiency calculated by formula in each case = 0.953. 


FRICTION OF KEYS AND COTTERS.—In a taper key, the angle between the tapered 

sides of which is a, the force required to drive the key home is 

F = P{tan (6+ a) + tan 6}, 
where P = pressure on the key normal to one of the tapered sides, and @ = angle of repose 
of the surfaces in contact. 

The force required to drive the key out is 

F, = P{tan (6 — a) + tan 6}. 

The limiting value of a is 26, for if « > 20 the key will not remain in position. If f = 0.08, 
6 = 4.5 deg. The greatest angle of taper, therefore, is 9 deg. or a taper of approximately 
lin 7. Similarly for cotters, where a1, and a2, respectively, are the angles made by the two 
edges of the cotter with a center line normal to the line of pressure. 

F = P{tan (6 + a1) + tan (8+ a,)}, 
and F, = P{tan (6 — a1) + tan (6 — az)}. 
As before, the cotter will slip out if (a: + a2) > 20, which gives a limiting value of 
(a, + a2) = 9 deg. when f = 0.08. 

FRICTION OF ROPE SHEAVES.—Unwin gives f = 0.28 for rope on a metal pulley. 
With ropes in grooves whose sides make an angle of 45 deg. the pressure between the rope 
and the sides of the groove is greater than the force pressing the rope into the groove, the 
ratio being (cosec 6/2): 1, where @ = angle of inclination of groove. The actual coefficient 
of friction of a rope in a sheave groove then is 

f = 0.28 X cosec 1/2 4, 
giving for a 45-deg. groove f = 0.7. 

FRICTION OF SCREWS.—+See also p. 8-11. The coefficient of friction of square 
thread screws 1.425 in., outside diam., 0.33 in. pitch was determined by Kingsbury to 
range from f = 0,009 to 0.25 with lard oil lubrication, f = 0.11 to 0.19 with heavy machin- 
ery oil, and f = 0.03 to 0.15 with heavy oil and graphite. Variation in axial pressure 
apparently had no effect on values of f, nor did f change appreciably with variation of the 
metals in contact. 

FRICTION OF STEAM ENGINES.—For data on the friction of steam engines, see 
Kent's Mechanical Engineers’ Handbook—Power, p. 7-28, forming Vol. 2 of this series. 

FRICTION OF V GUIDES.—Let P be the foree pressing a V-shaped block into 
V-guides, the angle between the faces of the guides being 8. The frictional resistance R 
to the movement of the block along the guides will be 


R = fP/sin (1/2 8), 
where f = coefficient of friction between the metals of the guides and blocks, 
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“SSureatcat Sxase O4A Berea 
ss FASTENINGS © 


*» 


TABLE OF CONTENTS 


SCREWS AND SCREW FASTENINGS 


Forma of Thread's 2 72)2. 2% 1 Se AR nth ta wicenrs oe Se wa Seine tie Seana 
Screw. Lhread ‘Standards s2795 70 26. «cca ceede a fale Sooo aace erates ae eae carne oot aah neo eee 
BoltsSiNuts: atid 'Serews ss discubrs Lh eres allele fe ws tale ee Seater em aise eve oe, are wha tel oo etetenars oe erated 
Strength of .Fastenings \ jee. rela sialon ans Saedae  ataiei nia eas atte at Seaton Seen 


9-02 


FASTENINGS 


SCREWS AND SCREW FASTENINGS 


CLASSIFICATION.—Screws and bolts may be classified, according to use, into 
two general classes: A. Screws for transmitting power. B. Screw fastenings. Class B 
may be further subdivided into: 1. Bolts; 2. Studs; 3. Machine screws; 4. Cap-screws 
or Tap-bolts; 5. Set-screws; 6. T-head bolts; 7. Coupling bolts; 8. Hook bolts; 9. Auto- 
mobile bolts; 10. Carriage bolts; 11. Stove bolts; 12. Expansion bolts; 13. Foundation 
bolts; 14. Eye-bolts; 15. Stay-bolts; 16. Patch bolts; 17. Wood screws; 18. Lag 
screws and other special screws and bolts. 


1. FORMS OF THREAD 


The form of thread depends on the service required and on the engineering standards 
of the country in which the thread is used. In general, the full V-thread and the modified 
V-thread are best adapted for fastenings. These combine strength and cheapness; the 
inefficiency of the V-thread in transmitting power lessens the liability of unscrewing. 

POWER-TRANSMISSION THREADS.—Three forms of threads are adapted to the 
* transmission of power: a. The square thread, Fig. 1, has the highest efficiency in trans- 
mitting power. It is expensive to make and is not easily compensated for wear. 6. The 
so-called Acme thread, Fig. 2, is not so expensive to cut as the square thread, and wear 
can be compensated by means of a longitudinally split nut. Its efficiency in trans- 
mitting power is less than that of the square thread. c. The buttress thread, Fig. 3, is 
used for the transmission of power in one direction only. The driving face is perpendicular 
to the axis of the screw; the back face makes an angle, usually 45 deg., with the axis. 
This combination gives the efficiency of the square thread and the strength of the V-thread. 

Besides the threads referred to, the standard pipe thread may be considered a form of 
fastening. See Kent’s Mechanical Engineers’ Handbook—Power, p. 5-40, forming Vol. 2 
of this series. 


a 


Fra. 3. Buttress Thread 


SQUARE THREAD.—The proportions of square threads have never been standardized, 
but the practice of Wm. Sellers & Co. is given in Table 1. 

THE ACME SCREW THREAD.—The Acme thread is an adaptation of the commonly- 
used style of worm thread and is intended to take the place of the square thread. Itisa 
little shallower than the worm thread, but the same depth as the square thread, and much 


Table 1.—Proportions of Square Threads 
William Sellers & Co., Philadelphia 


i Threads Root Threads Root 
in. in. jam., in. : per in. Diam., in. ' per in. Diam., in. 
1 10 , 31g 1.0 13/4 BG: 
3 8 é 3 1. 2084 13/4 Pol) 
1/2 61/2 ; 21/9 1.4 1 5/g 2.962 
5/8 51/2 ; 21/4 1,612 11/2 3.168 
3/4 5 : 21/4 1.862 11/2 3.418 
7/8 41/2 , 2 2.0626 
1 4 ; 2 2.3126 
I 
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Table 2.—Proportions of Acme Standard Thread. (See Fig. 2) 


Dimensions in inches 


Threads of ab Bottom | Pitch, Threads Bottom 

Dp 12s Thread, Top of of Dp DEE of 
ua d Thread, Thread, ame Thread, 

tf v < ie 
2 1/2 1.010 0.7414 | 0.7362 2/3 11/2 0.2419 
17/3 8/15 0.9475 . 6950 . 6897 5/3 1 3/5 2264 
13/4 4/7 . 8850 . 6487 . 6435 1/g 2 1801 
1 5/g 8/13 . 8225 . 6025 33975 1/3 3 1183 
11/2 2/3 . 7600 .5560 .5508 1/4 4 0875 
1 3/g 8/11 6975 .5097 .5045 1/5 5 0689 
11/4 4/5, . 635 4633 . 4581 V/g 6 0565 
11/g 8/9 wDILD .4170 .4118 1/7 7 0478 
1 1 ; -510 .3707 .3655 1/g 8 0411 
7/8 11/7 .4475 . 3243 ~3191 Vg 9 .0361 
3/4 11/3 . 385 . 2780 . 2728 1/19 10 .0319 


stronger than the latter. The angle of the thread is 29 deg. The proportions are given 
by the following formulas: 


p = pitch = (1/No. of threads perinch) . . . . . . . [JJ 
d’= depth = 0050! 10.010). eg CP ee Se ee el 
7 ;=a6.0n top.ol thread. = p DG OLSt0t. (5 een ee een 


f’ = flat at bottom of thread = p X 0.38707—0.0052 . . . [4] 
See also Fig. 2 and Table 2. 


2. SCREW THREAD STANDARDS 


The screw threads generally used in the United States conform to the dimensions of 
the American Standard Screw Threads as published by the American Standards Associ- 
ation. Tables 3 to 11 show the dimensions and tolerances of the various classes of threads 
covered by this standard. Five series of screw threads are covered, differing in the 
diameter-pitch relations of the threads, but all using the American National Standard 
form of thread. 

FORM OF THREAD.—The American National Standard form of thread profile is 
the form previously known as the United States Standard or Sellers profile. The basic 
angle of thread between the sides of the thread, measured in an axial plane, is 60 deg. 
The basic width of flat at the root and crest of the thread is 


P= Lap = O825ip™ oh ee ee eee | 


where F = width of flat, and p = pitch of thread, both in inches. 
The basic depth of the thread form is 


h = 0.649519 p = 0.649519/n . . . 2... 6 


where h = depth of thread, in.; » = number of threads per inch. 

Clearance in Nut at Minor Diameter—The screw thread in the nut is so truncated 
that the basic depth of the thread is reduced by one-sixth or more, depending on the size 
and pitch, to provide a clearance at the minor diameter of the thread. 

Clearance in Nut at Major Diameter is provided by decreasing the depth of the trunca- 
tion triangle any desired amount down to one-third of its theoretical value. 


DEFINITIONS.—The more important terms are defined below. See also Figs. 4and 5. 

Major Diameter is the largest diameter of a screw thread. It applies both to internal and 
external threads. 

Minor Diameter is the smallest diameter of a screw thread. The term applies to both internal 
and external threads. 

Pitch Diameter is the diameter of an imaginary cylinder whose surface would pass through the 
threads at such points as to make equal the width of the threads and the width of the spaces cut 
by the surface of the cylinder. 

Pitch is the distance from a point on a screw thread to a corresponding point on the next thread, 
measured parallel to the axis. Pitch, in inches, equals (1/ No. of threads per inch). 

Lead is the distance a screw thread advances axially in one turn. Ona single-thread screw 
lead and pitch are identical. On double-thread screws, lead is twice the pitch. On triple-thread 
screws, lead is three times the pitch, etc. 

Angle of Thread is the angle included between the sides of the thread, measured in an axial plane. 

Helix Angle is the angle made by the helix of the thread, at the pitch diameter, with a plane 
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eee the axis. The tangent of the helix angle S = L/rE, where L = lead, and £ = the 
Crest is the top surface joining the two sides of a thread. 
Root is the bottom surface joining the sides of two adjacent threads. 
Side is the surface of the thread connecting the crest with the root. 
Depth of Thread is the distance between crest and root, measured normal to the axis 
Length of Engagement is the length of contact between two mating parts, measured axially 
Depth of Engagement is the depth of thread contact of two mating parts, measured radially. 


DEFINITIONS RELATING TO FITS.—Basic Size is the theoretical or nominal standard siza 
from which all variations are made. 

Crest Clearance is the space between the crest of a thread and the root of its mating thread. 

Allowance is an intentional difference in the dimensions of mating parts. It is the minim 
clearance or the maximum interference between mating parts. See Table 4. 
: Tolerance is the amount of variation permitted in the size of a part. In Tables 5 to 11 tolerance 
is the difference between the maximum and the minimum dimensions given. 

Limits are the extreme permissible dimensions of a part. 

Fit is the relation between two mating parts with reference to ease of assembly. Quality of fit 
depends both on the relative size and the quality of finish of mating parts. 
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SCREW THREAD SERIES.—The five series of screw threads are as follows: 
Coarse Thread Series is the former United States Standard, supplemented in the sizes 
~ below 1/4 in. by a part of the standard proportions for machine screws established by the 
A.S.M.E. in 1907. General dimensions are givenin Table 3. This series is recommended 
for general use. 

Fine Thread Series is in accordance with the former regular screw thread series estab- 
lished by the S.A.E. in 1911, supplemented below 1/4 in. by sizes selected from the standard 
proportions for machine screws established by the A.S.M.E.in 1907. General dimensions 
are given in Table 3. 

8-pitch-thread Series is a series in which the number of threads per inch is constant at 
8 irrespective of the diameter. Used on bolts for high-pressure pipe flanges, cylinder-head 
studs, and cylinder fastenings against pressure, in which it is required that an initial 
tension be set up in the fastening by elastic deformation of the fastening. To procure 
proper initial tension it is not practicable that the pitch should increase with the diameter 
of the thread because the torque required to assemble the fastening would be excessive. 
Limiting dimensions are given in Table 10. 

12-pitch-thread Series.—12-pitch threads from 1/2 in. to and including 1 3/4 in. are 
used in boiler practice. This requires that a worn stud hole be retapped with a tap of the 
next larger size, the increment being 1/15 in. throughout most of the range. These threads 
are widely used also in machine construction for thin nuts on shafts and sleeves. Shoulder 
diameters should be limited to steps of not less than 1/gin. 12-pitch is the coarsest pitch 
in general use that will permit a threaded collar which screws on a threaded shoulder to 
fit over a shaft, the difference between shoulder and shaft being 1/g in. 

16-pitch-thread Series is a uniform-pitch series for applications requiring a very fine 
thread. It is intended primarily for use on threaded adjusting collars and bearing retain- 


ing nuts. Limiting dimensions are given in Table 11. 
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Table 3.—General Dimensions of Coarse-thread and Fine-thread Series Screw Threads 
(A.S.A. Standard B1.1—1935) For Limiting Dimensions, see Tables 5 to 9 


Basic Diameters Thread Data 
Threads| Major | Pitch | Minor Basic | Basic pg Helix | Basic 
Rise Diam- | Diam- | Diam-| Pitch * |Depth of|/Width of AEMAOR Angle | Area jy 
per jo : : 
Tneh eter, eter, eter, P, Thread,| Flat, Thamctas at Basic of Section 
, D E K, in. h, p/8, Pitch | at Root, 
n pees rete 5 m 5 of Nut, 5 - 
in. in. in. in. in. by Dhan: Diam. | sq. in. 
Coarse-thread Series 

No.1 64 0.0730 {0.0629 {0.0527 J0.0156250 |0.01015 |0.00195 | 0.00065 4° 31’| 0.0022 
2 56 .0860 | .0744 | .0628 | .0178571 | .01160 | .00223 .00074 | 4° 22’ .0031 

3) 48 .0990 | .0855 | .0719 | .0208333 | .01353 | .00260 .00087 | 4° 26’| .0041 

4 40 .1120 | .0958 | .0795 | .0250000 | .01624 | .00312 .00104 | 4° 45’ 0050 

5 40 .1250 | .1088 | .0925 | .0250000 | .01624 | .00312 .00104 | 4° II’ . 0067 

6| 32 . 1380 | .1177 | .0974 | .0312500 | .02030 | .00391 00130 | 4° 50’| .0075 
Sijesz .1640 | .1437 | .1234 |] .0312500 | .02030 | .00391 .00130 | 3° 58’}| .0120 
10 24 .1900 | .1629 | .1359 | .0416667 | .02706 | .00521 .00174 | 4° 39 0145 
12 24 .2160 | .1889 | .1619 | .0416667 | .02706 | .00521 200174, |: 43-eF .0206 
1/4} 20 .2500 | .2175 | .1850 | .0500000 | .03248 | .00625 .00208 | 4° II’ .0269 
5/16 18 .3125 | .2764 | .2403 | .0555556 | .03608 | .00694 . 00231 3° 40’ 0454 
3/g| 16 .3750 | .3344 | .2938 | .0625000 | .04059 | .00781 .00260 | 3° 24 .0678 
7/16| 14 74375: 1 23911 .3447 | .0714286 | .04639 | .00893 . 00298 ao 20" 0933 
lo] BS .5000 | .4500 | .4001 | .0769231 | .04996 | .00962 . 00321 Se yg Pay 
9/16} 12 5625 | .5084 | .4542 | .0833333 | .05413 | .01042 . 00347 py . 1620 
5/g} 11 -6250 | .5660 | .5069 | .0909091 | .05905 | .01136 . 00379 22756’ .2018 
3/4} 10 7500 | .6850 | .6201 | .1000000 | .06495 | .01250 00417 2° 40’ . 3020 
7/8 9 8750 | .8028 | .7307 |] . 1111111 | .07217 | .01389 00463 29 3) 4193 

1 8 1.0000 | .9188 | .8376 | .1250000 | .08119 | .01562 .00521 ayaa -5510 
1 1/g Z 1.1250 |1.0322 | .9394 | .1428571 | .09279 | .01786 00595 22° St" 6931 
11/4 7 1.2500 |1.1572 |1.0644 | .1428571 | .09279 | .01786 00595 ra Od . 8898 
13/g 6 1.3750 |1.2667 |1.1585 | . 1666667 | .10825 | .02083 . 00694 2° 24 | 1.0541 
11/9 6 1.5000 |1.3917 |1.2835 | .1666667 | .10825 | .02083 . 00694 ow 12938 
13/4 5 1.7500 |1.6201 |1.4902 | .2000000 | .12990 | .02500 . 00833 2° 15’ | 1.7441 
2 4 1/o]/2.0000 |1.8557 }1.7113 | .2222222 | . 14434 | .02778 00926 2° TY) 223001 
21/4 4 1/9]/2.2500 |2.1057 |1.9613 | .2222222 | . 14434 | .02778 .00926 Lo 55! | 3.0212 
21/2 4 2.5000 |2.3376 {2.1752 | .2500000 | . 16238} .03125 01042 | 1° 57’ | 3.7161 
23/4 4 2.7500 |2.5876 |2.4252 | .2500000 | . 16238 | .03125 01042 1° 46’ | 4.6194 
3 4 3.0000 |2.8376 |2.6752 | .2500000 | . 16238 | .03125 01042 | 1° 36’| 5.6209 
31/4 4 3.2500 |3.0876 |2.9252 | .2500000 | .16238 | .03125 .01042 | 1° 2% | 6.7205 
31/9 4 3.5000 |3.3376 |3.1752 | .2500000 | .16238 | .03125 .01042 1S 224) 29183) 
33/4 4 3.7500 |3.5876 |3.4252 | .2500000 | .16238 | .03125 01042 1° 16 | 9.2143 
4 4 4.0000 |3. 8376 |3.6752 | .2500000 | . 16238 | .03125 01042 1° 11’ |10. 6084 

Fine-thread Series 

No.0 80 0.0600 |0.0519 {0.0438 ]0.0125000 |0.00812 |0.00156 | 0.00052 | 4° 23’/ 0.0015 
| 72 .0730 | .0640 | .0550 | .0138889 | .00902 | .00174 00058 3S St “0024 

2 64 .0860 | .0759 | .0657 | .0156250 | .01015 | .00195 . 00065 3°45" “0034 

3 56 .0990 | .0874 | .0758 | .0178571 | .01160 | .00223 . 00074 SIO £4 “0045 

4 48 .1120 | .0985 | .0849 ] .0208333 | .01353 | .00260 .00087 | 3° 51’ "0057 

5 44 .1250 | .1102 | .0955 | .0227273 | .01476 | .00284 00095 3° 45’ “0072 

6 40 . 1380 | .1218 | .1055 | .0250000 | .01624 | .00312 .00104 | 3° 44 0087 

8 36 . 1640 | .1460 | .1279 | .0277778 | .01804 | .00347 -00116 | 3° 28 (0128 
10 32 .1900 | .1697 | .1494 | .0312500 | .02030 | .00391 - 001308 1'3% 217 ‘0175 
12 28 .2160 | .1928 | .1696 | .0357143 | .02320 | .00446 -00149 | 3° 22’ "0226 
1/4} 28 -2500 | .2268 | .2036 | .0357143 | .02320 | .00446 00149 | 2° 52’ “0326 
5/16 24 -3125 | .2854 | .2584] .0416667 | .02706 | .00521 00174 2° 40’ 0524 
3/g} 24 -3750 | .3479 | .3209 | .0416667 | .02706 | .00521 00174 | 2° 11’ “0809 
7/16, 20 -4375 | .4050 | .3725 | .0500000 | .03248 | .00625 00208 | 2° 157| 1090 
1/2 20 .5000 | .4675 | .4350 | .0500000 | .03248 | .00625 00208 1257" i 1486 
9/16} 18 .5625 | .5264 | .4903 | .0555556 | .03608 | .00694 002379 1% 55” "1888 
5/s} «18 -6250 | .5889 | .5528 | .0555556 | .03608 | .00694 .00231 | 1° 43’ 2400 
3/4) 16 -7500 | .7094 | .6688 | .0625000 | .04059 | .00781 00260 | 1° 36 (3513 
7/3) 14 | .8750 | .8286 | .7822 | .0714286 | .04639 | 00893 | 100298 | 1° 34| 4805 

] 14 1,0000 | .9536 | .9072 | .0714286 | .04639 | .00893 . 00298 2 27 f 6464 
11/g) 12) {1.1250 |1.0709 |1.0167 | .0833333 | .05413 | .01042 00347 | 19°25" “8118 
11/4) 12 |1.2500 |1.1959 |1.1417 | .0833333 | .05413 | .01042 "00347 ToPG? 1.0238 
] v8 12 1.3750 |1.3209 |1.2667 | .0833333 | .05413 | .01042 "00347 Tomegeiy 2602 
1 1/9 12 1.5000 |1. Lis . 0833333 | 05413 | .01042 . 00347 tees HRS 212 


* This column is given to seven decimal places for computation purposes only. 


+ Equals 7 K?/4. Basic areas are given for roughl i i 

/ : ghly computing ultimat 
Actual strength, computed from ultimate strength of the SBRGHEL will dogondt on dor ainnten 
sectional area at root of thread and an increment contributed by the thread itself. heb, 
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SCREW THREAD FITS.—The four classes of screw thread fits covered by the Amer- 
ican Standard range from Class 1, the loosest, to Class 4, the closest. They are produced 
by the application of specific tolerances, or tolerances together with allowances. Allow- 
ances are applicable, in the case of the screw only, to the basic pitch diameter of the thread 
which is the same for both external and internal threads of like size and pitch. Tolerances 
are applied plus to the hole, and minus to the screw. The several classes of fits are 
described below. 

Class 1 Fit.—A screw and hole threaded to Class 1 specifications never will produce a 
close fit, and there always will be ‘‘ play’ or looseness. This fit is recommended for 
screw thread work where clearance between mating parts is essential for rapid assembly, 
and where shake or play is unobjectionable. In the Class 1 fit, the maximum nut is basic 
and the maximum screw is below basic. The major diameter and pitch diameter of the 
maximum screw are below the basic dimensions by the amount of the allowance specified 
in Table 4. The tolerance on the nut is plus. The tolerance on the screw is minus. 
Pitch-diameter tolerances for a screw or nut of a given pitch are givenin Table 4. Limit- 
ing dimensions are given in Table 5. 

Class 2 Fit——A screw and hole threaded to Class 2 specifications may vary from a fit 
with no play when pitch diameters of the mating parts are at their common basic value, 
to a fit with some play in the case of a minimum screw and a maximum hole, when the 
total pitch diameter tolerance has been applied to both parts. This fit represents a high 
quality of screw thread product. It is recommended for the majority of interchangeable 


Table 4.—Allowances and Tolerances for Screws and Nuts 
A.S.A. Standard B1.1—1935 


Class 1 Fit 


Class 2 Fit § 
Coarse- and Fine- 


Class 3 Fit § 
Coarse- and Fine- 


Class 4 Fit 
Coarse- and Fine- 


Coarse Thread Series Only Thread Series Only Thread Series Only Thread Series Only 
Threads Pitch Vari Pitch Pitch 
per low.| Dia™-| Lead ants Diam-| Lead Diam-| Lea 
Inch AlloW-| eter | Vari-| ¢ eter | Vari- eter | Vari- 
ry Toler-| ation, Toler- | ation, Toler- | ation, 
ance, | in.f ance, | in.f ance, in.t 
in. i 
SOME eee ee melee: eel eeeees- M0017. |0.000511 2° 36° 10:0013'10:0004 | 1°59 Jessa) cet.) csc 3 feaeencs 
Pome Sees eae ten ieee 1 cOOES)|| 0005! 2° 28) 100130004 | 18477 fcc cif). s\etete-||\e/sle 2+ i] wie batere's 
64 [0.0007 |0.0026 |0.0008 | 3° 10’ | .0019| .0005} 2° 19’ | .0014| .0004| 1° 43’]......)......)......J....0.. 
56 .0008 | .0028} .0008} 3° 0’ | .0020| .0006| 2° 8} .0015| .0004) 1°36’]......]......)......}....... 
48 £0009;|' 003 1i120009 182°50/ 1.0022'| .0006)|| :2° 1/1}. 0016} 20005 | 1° 280). sai cele celee leew ae ae 
am ee ee rele 2 eer = 81200251] 0007) 12 56':8820016 }0005.) 12K |. aie... fl Alen. | opeieeierals 
40 0010} .0034] .0010 | 2°36’ | .0024.)°.0007| 1° 50’ | 0017} 0005) 1° 18’ J......)...... |... [een eee 
en ee een ee eee e025 1 000718 43-1) 0018 | 00051 Testa foc tial ceil dale enim aecnee 
32 FOOTIE GOSS I OOl leer o BLOO27 | 20008) 1239/11 (00191) 0005) 219 108 Tc. 5 ce osicie all's alone «fle sieie v0.0 
OFS | he ces aces sal Canna (ance 
24 0013} .0046 | .0013 
20 .0015} .0051 | .0015 
18 0016 | .0057 | .0016 
16 .0018 | .0063 | .0018 
14 .0021 | .0070 | .0020 
13 .0022 | .0074 |} .0021 
12 .0024 | .0079 | .0023 
11 0026 | .0085 | .0025 
10 .0028 | .0092 | .0027 
9 .0031 | .0100 | .0029 
8 0034} .O111 | .0032 
7 .0039 | .0124 | .0036 
6 0044 | .0145| .0042 
5 0052 | .0169| .0049 
41/2} .0057 | .0184) .0053 
4 .0204 | .0059 


* ly to screw only; the nut is basic. ; 
"P Sete a between any two threads not farther apart than the length of engagement 
i bsorb one-half the pitch diameter tolerance. ’ , 
id ik meres We alt anile which would absorb one-half the pitch diameter tolerance. 
Allowance is zero. $ i 
; Negative allowance applies to screw only; the nut is basic. 
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screw thread work. In the Class 2 fit the minimum nut and the maximum screw are basic. 
The tolerance on the nut is plus and on the screw minus. Allowance between pitch diam- 
eters of maximum screw and minimum nuts is zero for all pitches and diameters. ; Pitch 
diameter tolerances for screw or nut of a given pitch are specified in Table 4. Limiting 
dimensions are given in Tables 6 and 10. 

Class 3 Fit—A screw and hole threaded to Class 3 specifications may vary from a 
fit with no play, when pitch diameter of both mating parts is at their common basic value, 
to a fit with a play of about 70% of that allowed under Class 2. This is obtained with a 
minimum screw and a maximum hole when the total Class 3 pitch diameter tolerance 
has been applied to both parts. Class 3 fits are recommended only where the high cost 
of precision tools, and continual checking of tools and products, is warranted. In the 
Class 3 fit, the minimum nut and the maximum screw are basic. The tolerance on the 
nut is plus and on thescrewisminus. The allowance between pitch diameters of maximum 
screw and minimum nut is zero for all pitches and diameters. Pitch diameter tolerances 
for screw or nut of a given pitch in the coarse- and fine-thread series are specified in 
Table 4. Limiting dimensions for the coarse- and fine-thread series are given in Table 7 

(Continued on p. 9-13) 

Table 5.—Limiting Dimensions, Coarse-thread Series Screw Threads, Class 1 Fits 

A.S.A. Standard B1.1—1935 


Screw Nut 

Threads| Major Diameter,|Pitch Diameter, Minor | Major |pitch Diameter,| Minor Diameter, 

. . . iam- | Diam- . A 

Size per in. in.f in. in. 
Inch? |= tii S85 | 5 ery eee sil eter, Sten | er 
Max.* | Min. | Max.*| Min. Mat Mint s| Min. | Max. | Min. | Max. 

No. | 64 0.0723 | 0.0671 | 0.0622 | 0.0596 | 0.0531 | 0.0730 | 0.0629 | 0.0655 | 0.0561 | 0.0623 
2 56 -0852) .0796| .0736| .0708| .0633] .0860| .0744] .0772| .0667| .0737 
3 48 -0981} .0919| .0846/ .0815| .0725]} .0990| .0855| .0886] .0764] .0841 
4 40 - 1110} .1042] .0948) .0914]) .0803] .1120] .0958] .0992] .0849| .0938 
5 40 -1240) .1172} .1078| .1044]) .0933] .1250| .1088| .1122] .0979] .1062 
6 5. - 1369] .1293) .1166) .1128] .0986] .1380] .1177| .1215|-.1042| .1145 
8 32 - 1629) 21553] .1426] .1388}] .1246] .1640] .1437] .1475| .1302] .1384 
10 24 - 1887] 11795) £1616} 11570] .1376] .1900} .1629| .1675] .1449 1559 
12 24 -2147) .2055] .1876}) .1830} .1636] .2160] .1889| .1935| .1709| .1801 
1/4 20 -2485| .2383) .2160) .2109| 11872] .2500] .2175]| .2226] .1959 . 2060 
5/16 18 -3109| .2995| .2748] .2691 .2427 .3125| .2764}) .2821 925241.) .2630 
3/8 16 .3732| ,3606|) .3326| .3263| .2965] .3750| .3344| .3407] .3073 3184 
7/16 14 -4354] .4214] .3890] .3820| .3478] .4375| .3911| .398T .3602} 3721 
I/o 13 -4978| .4830| .4478| .4404| .4034] .5000] .4500| .4574 -4167| .4290 
9/16 12 -5601} .5443} .5060] .4981] 1.4579] .5625| .5084| .5163 -4723| .4850 
5/g 11 -6224) .6054| .5634] .5549] .5109} .6250| .5660| .5745 .5266| .5397 
3/4 10 -7472| .7288| .6822| .6730| .6245] .7500| .6850| .6942 -6417] .6553 
7/8 9 -8719} .8519| .7997| .7897| .7356]| .8750] .8028 8128] .7547]| .7689 
8 -9966] .9744] .9154] .9043] .843211.0000| .9188 -9299] .8647] .8795 
7 1.1211} 1.0963 | 1.0283] 1.0159] .9458]11.1250] 1.0322 1.0446| .9704| .9858 
7 1.2461 | 1.2213] 1.1533} 1.1409] 1.0708 | 1.2500] 1.1572 1.1696] 1.0954] 1.1108 
6 1.3706 | 1.3416 | 1.2623 | 1.2478] 1.1661 | 1.3750] 1.2667 1.2812] 1.1946] 1.2126 
6 1.4956] 1.4666 | 1.3873} 1.3728] 1.2911 | 1.5000 1.3917 | 1.4062] 1.3196] 1.3376 
5. 1.7448] 1.7110] 1.6149} 1.5980] 1.4994 | 1.7500] 1.6201 1.6370 | 1.5335] 1.5551 
4 1/9] 1.9943] 1.9575] 1.8500] 1.8316] 1.7217 | 2.0000 1.8557 | 1.8741] 1.7594] 1.7835 
4 1/2! 2.2443 | 2.2075 | 2.1000 | 2.0816] 1.9717] 2 2500 | 2.1057 | 2.1241 | 2.0094 | 2.0335 
4 2.4936 | 2.4528 | 2.3312] 2.3108] 2.1869 | 2.5000 2.3376 | 2.3580 | 2.2294 | 2.2564 
4 2.7436 | 2.7028 | 2.5812] 2.5608 | 2.4369 | 2.7500 2.5876 | 2.6080 | 2.4794 | 2.5064 
4 2.9936 | 2.9528 | 2.8312] 2.8108] 2.6869 | 3.0000 | 2.8376 2.8580 | 2.7294 | 2.7564 
4 3.2436 | 3.2028 | 3.0812 | 3.0608] 2.9369 | 3.2500 3.0876 | 3.1080 | 2.9794 | 3.0064 
4 3.4936 | 3.4528 | 3.3312] 3.3108] 3.1869 | 3.5000 3.3376 | 3.3580 | 3.2294 | 3.2564 
4 3.7436 | 3.7028 | 3.5812] 3.5608 | 3. 4369 3.7500 | 3.5876 | 3.6080 | 3.4794 3.5064 
4 3.9936 | 3.9528 | 3.8312] 3.8108] 3.6869 | 4 0000 | 3.8376 | 3.8580 | 3.7294 | 3.7564 


* Below basic; see Class 1 Fits, p. 9-07. 
t Dimensions are figured to the intersection of the 
and root. Minimum flat at root equals 1/g p. 
j eg diameter. 
imensions given are produced only with tap having theoretically sharp corners. Threaded 
holes must not reject correct basic ‘‘Go’’ gage through interference between gage and rounded 
ace A le in hole ee es Made tap. gee flat at root equals 1/94 p. 
J 2 De tolerances specified, 7.e, (max. pitch diam.— min, pitch diam. i i 
variations in lead and angle.’ ; ie Smee Petes pends 


worn tool arc with a center line through crest 
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Table 6.—Limiting Dimensions of Screw Thr i 
i eads, Class 2 Fits 
A.8.A. Standard B1.1—1935, All dimensions ininches. 


Screw Nut 


Threads 


Size er Major Diam. | Pitch Di Minor | Major | p; : : : 
ed ee as at Seer bf Pia Diam., soi Diam. 7 | Minor Diam. 
x. in. ax.* | Min. | Max.t | Min.*§] Min.* | Max. | Min. | Max. 
Coarse-thread Series 
No. | 64 0.0730 | 0.0678 | 0.0629 | 0.0610 | 0.0538] 0.0730 | 0.0629 | 0.06 
2| 56 .0860| .0804| .0744| .0724| .06411 .0860| .0744 “o764 0667 Po7a7 
3 48 -0990} .0928} .0855| .0833| .0734] .0990] .0855] .0877 .0764 0841 
4 40 -1120}) .1052|) .0958] .0934] .0813] .1120]-.0958] .0982!] .0849 "0938 
5 40 -1250] .1182) .1088] .1064}] .0943] .1250] .1088] .1112 0979 “1062 
6 32 - 1380] .1304] 11177] .1150] .0997} £1380] .1177] .1204| .1042 “1145 
8 32 -1640] .1564] .1437] .1410] 1.1257] .1640] .1437] .1464] .1302 1384 
10 24 -1900} .1808} .1629| .1596| .1389] .1900] .1629|] .1662] .1449 j 1559 
12 24 +2160) .2068| .1889| .1856| .1649] .2160}] .1889} .1922] .1709 1801 
1/4 20 o2000) | 2398}, 2175) 62139 | % 1887 }) 62500 |) £2175:|' £2211 | . 1959 “2060 
5/16 18 £3125.) 155001 .2764| .2723| .2443] .3125| .2764] .2805] .2524 2630 
3/g 16 -3750} .3624| .3344] .3299| .2983] .3750| .3344] .3389] .3073 "3184 
7/16 14 -4375| .4235| .3911 . 3862] .3499] .4375] .3911] .3960] .3602 3721 
1/2 13 .5000} .4852] .4500 -4448] .4056] .5000} .4500| .4552| .4167 “4290 
9/16 12 -5625| .5467] .5084) .5028] .4603] .5625| .5084] .5140| .4723] .4850 
5/g 11 -6250} .6080} .5660] .5601} .5135] .6250| .5660] .5719|] .5266| .5397 
3/4 10 .7500} .7316| .6850] .6786| .6273] .7500| .6850| .6914] .6417| .6553 
7/8 9 -8750} .8550} .8028} .7958|) .7387] .8750| .8028| .8098] .7547| .7689 
1 8 1.0000} .9778| .9188] .9112] .8466] 1.0000] .9188| .9264] .8647]| .8795 
11/g 7 1.1250 | 1.1002 | 1.0322 | 1.0237] .9497] 1.1250] 1.0322] 1.0407] .9704] .9858 
11/4 7 1.2500 | 1.2252} 1.1572 | 1.1487] 1.0747] 1.2500] 1.1572] 1.1657] 1.0954 | 1.1108 
13/g 6 1.3750 | 1.3460} 1.2667} 1.2566] 1.1705] 1.3750] 1.2667 | 1.2768] 1.1946] 1.2126 
11/9 6 1.5000 | 1.4710 | 1.3917] 1.3816] 1.2955] 1.5000 | 1.3917] 1.4018] 1.3196] 1.3376 
1 3/4 5 1.7500 | 1.7162] 1.6201 | 1.6085} 1.5046] 1.7500 | 1.6201 | 1.6317] 1.5335] 1.5551 
z 41/q | 2.0000 | 1.9632] 1.8557] 1.8430] 1.7274] 2.0000 | 1.8557] 1.8684 | 1.7594] 1.7835 
21/4 41/2} 2.2500 | 2.2132 | 2.1057 | 2.0930 | 1.9774] 2.2500 | 2.1057 | 2.1184 | 2.0094 | 2.0335 
21/2 4 2.5000 | 2.4592 | 2.3376 | 2.3236] 2.1933] 2.5000 | 2.3376 | 2.3516] 2.2294 | 2.2564 
23/4 4 2.7500 | 2.7092 | 2.5876 | 2.5736 | 2.4433] 2.7500 | 2.5876 | 2.6016] 2.4794 | 2.5064 
3 4 3.0000 | 2.9592 | 2.8376 | 2.8236} 2.6933] 3.0000 | 2.8376 | 2.8516 | 2.7294 | 2.7564 
31/4 4 3.2500 | 3.2092 | 3.0876 | 3.0736] 2.9433] 3.2500 | 3.0876 | 3.1016] 2.9794 | 3.0064 
31/o 4 3.5000 | 3.4592 | 3.3376 | 3.3236 | 3.1933] 3.5000 | 3.3376 | 3.3516 | 3.2294 | 3.2564 
33/4 4 3.7500 | 3.7092 | 3.5876 | 3.5736 | 3.4433] 3.7500 | 3.5876 | 3.6016 | 3.4794 | 3.5064 
4 4 | 4.0000 | 3.9592'| 3.8376 | 3.8236 | 3.6933] 4.0000 | 3.8376 | 3.8516 | 3.7294 | 3.7564 
Fine-thread Series 

No. 0 0.0502 | 0.0447 | 0.0600 | 0.0519 | 0.0536 | 0.0465 | 0.0514 
1 .0622} .0560 .0730| .0640} .0658) .0580| .0634 
2 .0740} .0668 .0860} .0759| .0778) .0691 .0746 
3 .0854| .0771 .0990| .0874| .0894| .0797) .0856 
4 .0963 |} .0864 .1120} .0985| .1007] .0894] .0960 
5 .1079} .0971 .1250] .1102] .1125| .1004] .1068 
6 .1194} .1073} .1380} .1218}) .1242] .1109] .1179 
8 .1435} .1299} .1640] .1460] .1485] .1339] .1402 
10 .1670} .1517} .1900] .1697] .1724] .1562] .1624 
12 b1897 |e an7Z2200 22160 | e1926 295917 1773 1) 31835 
1/4 £22374) | #2062 19 2500)\) 2268) 2299) . 20S! s2073 
5/16 .2821} .2614] 1.3125] .2854] .2887] .2674| .2739 
3/g .3446] .3239] .3750) .3479) .3512] .3299|] .3364 
7/16 .4014] .3762 .4375| .4050] .4086| .3834] .3906 
1/p .4639| .4387 .5000| .4675) .4711 -4459| .4531 
9/16 '5223| .4943| .5625| .5264] .5305| .5024] .5100 
5/g 5848} .5568] .6250) .5889|) .5930)} .5649} .5725 
3/4 .7049| .6733] .7500) .7094] .7139} .6823] .6903 
1/3 8237] .7874] .8750|] .8286| .8335| .7977)| .8062 
1 .9487] .9124] 1.0000} .9536] .9585] .9227] .9312 
11/g 1,0653 | 1.0228] 1.1250] 1.0709 | 1.0765] 1.0348] 1.0438 
11/4 1, 1903 | 1.1478] 1.2500] 1.1959] 1.2015] 1.1598] 1. 1688 
1 3/g 1 M3 1.3750] 1,3209 | 1.3265] 1.2848] 1.2938 
1 1/o 1 IE 1.5000 |] 1.4459 | 1.4515] 1.4098] 1.4188 


* Basic diameter. + Threaded portion only of unfinished hot-rolled material. 

t Dimensions are figured to the intersection of the worn tool are with a center line through 
crest and root. Minimum flat at root equals 1/g p. } . 

§ Dimensions given are produced only with tap having theoretically sharp corners. Threaded 
~ hole must not reject correct basic ‘‘Go”’ gage through interference between gage and rounded root 
of thread in hole due to worn tap. Minimum flat at root. equals 1/94 p. 3 : 

4 The tolerances specified, 7.e, (max. pitch diam.— min. pitch diam.), are cumulative and include 


variations in lead and angle. 
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Table 7.—Limiting Dimensions of Screw Threads, Class 3 Fits 
A.S.A. Standard B1.1—1935. All dimensions in inches. 


Screw Nut 


Threads Min Mas 
Size per |Major Diameter|Pitch Diameter § aes Sonat, Pitch Diameter, §|Minor Diameter 
Inch |Max*| Min. | Max.* | Min. | Max.t | Min.*t] Min* | Max. | Min. | Max. 


Coarse-thread Series 
No. 1 64 0.0730 | 0.0692 | 0.0629 | 0.0615 | 0.0538] 0.0730 | 0.0629 | 0.0643] 0.0561 | 0.0623 


56 | .0860| .0820] .0744| .0729| .0641] .0860| .0744| .0759| .0667| .0737 
3 | 48 :0990 | .0946| .0855| .0839| .0734{ .0990| .0855| .0871| .0764| 0841 
4| 40 | .1120] .1072} 0958] .0941| .0813] .1120| .0958| .0975| 0849! .0938 
5 | 40 :1250} .1202| .1088] .1071| 10943] .1250] .1088| .1105| .0979| _1062 
6 | 32 | .1380] 11326] 11177] .1158| .0997] .1380] .1177| .1196] .1042| 11145 
8 | 32 | .1640] 11586] 11437] .1418| .1257| .1640] .1437| .1456| .1302| _1384 
10 | 24 | .1900] .1834] .1629] .1605] .1389] .1900] .1629| 11653] |1449| |1559 
12 |, 24 .2160 | .2094] .1889| .1865| .1649| .2160] .1889] .1913| [1709] _1801 
4 | 20 | .2500] .2428] 12175] .2149| .1887| .2500] .2175| .2201| 11959] _2060 
5/ig| 18 | .3125| .3043| .2764| .2734| 12443] .3125| .2764| 12794] |2524] |2630 
3/g | 16 | .3750| .3660| .3344] .3312| .2983] .3750| .3344| .3376| .3073| |3184 
7e| 14 | .4375| .4277| .3911| .3875| 3499] .4375| .3911| .3947] 36021 °3721 
2 | 13 | .5000| .4896| .4500] .4463| .4056| .5000| .4500| .4537] .4167| _4290 
9/16] 12 | .5626] .5513| .5084] .5044] .4603] .5625| .5084| .5124] |4723| 14850 
Se. heck .6250| .6132]} .5660| 5618] .5135] .6250] .5660| .5702| .5266| |5397 
8/4 | 10 | .7500| .7372| 6850] .6805| .6273| .7500| 16850] .6895] (6417! 6553 
7g | 9 | .8750} .8610| .8028| .7979| .7387| .8750| .8028| .8077| .7547| |7689 
1 8 | 1.0000] .9848} .9188| 9134] .8466] 1.0000] 9188] .9242| |8647| (8795 
1g | 7 | 1.1250} 1.1080] 1.0322] 1.0263] .9497] 1.1250] 1.0322] 1.0381] |9704] |9858 
1/4} 7 | 1.2500 | 1.2330] 1.1572] 1.1513 | 1.0747] 1.2500] 1.1572 | 1.1631] 1.0954] 1.1108 
13/g | 6 | 1.3750 | 1.3548] 1.2667 | 1.2596] 1.1705] 1.3750| 1.2667 | 1.2738] 1.19461 1.2126 
11/2 | 6 | 1.5000} 1.4798] 1.3917] 1.3846] 1.2955] 1.5000] 1.3917 | 1.39881 1.3196 | 1.3376 
13/, | 5 | 1.7500] 1.7268] 1.6201] 1.6119| 1.5046] 1.7500| 1.6201 | 1.6283] 1.5335 | 1.5551 
2 41/2 | 2.0000 | 1.9746 | 1.8557] 1.8468] 1.7274] 2.0000] 1.8557 | 1.8646] 1.7594] 1.7835 
21/4 | 41/| 2.2500 | 2.2246 | 2.1057| 2.0968 | 1.9774] 2.2500] 2.1057 | 2.1146] 2.0094 | 2.0335 
2/2 | 4 | 2.5000 | 2.4720 | 2.3376 | 2.3279] 2.1933] 2.5000] 2.3376 | 2.3473 | 2.2204 | 2.2566 
23/4 | 4 | 2.7500 | 2.7220] 2.5876 | 2.5779 | 2.4433] 2.7500] 2.5876 | 2.5973| 2.4794 | 2.5064 
3 4 | 3.0000 | 2.9720 | 2.8376 | 2.8279 | 2.6933] 3.0000] 2.8376 | 2.8473 | 2.7294 | 2.7564 
31/4 | 4 | 3.2500 | 3.2220] 3.0876| 3.0779 | 2.9433] 3.2500| 3.0876 | 3.0973 | 2.9794 | 3.0064 
31/2 | 4 | 3.5000 | 3. 4720] 3.3376 | 3.3279 | 3.1933] 3.5000] 3.3376 | 3.3473| 3.2204 | 3.2564 
33/4 | 4 | 3.7500 | 3.7220] 3.5876 | 3.5779 | 3.4433] 3.7500| 3.5876 | 3.5973 | 3.4794 | 3. 5064 
4 4 | 4.0000 | 3.9720 | 3.8376 | 3.8279 | 3.6933| 4.0000| 3.8376 | 3.8473 | 3.7294] 3.7564 
Finethread Series 
No.0 | 80 | 0.0600 | 0.0566] 0.0519 | 0.0506 | 0.0447] 0.06001 0.0519 

ie} ze .0730| .0694| .0640] .0627| .0560} 0730! .0640 mee aes es 
2| 64 -0860| .0822] .0759| .0745| .0668] .0860] .0759| .0773| ‘06011 ‘0746 
a |) 56 -0990] .0950} .0874| 0859] 10771] .0990| .0874| .0889| 107971 ‘oase 
4] 48 | .1120] .1076] .0985] 10969] 10864] 1120] 10985! -1001| “0894{ ‘o9¢0 
5 | 44 | .1250] .1204] .1102] 11086] .0971] :1250] 1102] :1118] ‘1004| “toes 
6 | 40 -1380} .1332] .1218]) .1201| .1073] .1380] :1218| 21235] “1109] “1179 
8 | 36 | .1640] .1590] .1460] 11442] 11299] -1640] [1460] (14781, 1339] ‘y402 
10 | 32 -1900| 1846] .1697] 11678] 11517] .1900| .1697] 1716| -15621 ‘1624 
12 | 28 -2160| 2098] .1928] .1906] 11722] .2160| :1928] |1950| 117731 ‘1835 
4 | 28 -2500| .2438] .2268| .2246] .2062] .2500| .2268] 2290] 12113] ‘2173 
5/16 | 24 -3125| 3059] .2854| .2830] 12614] .3125| .2854| |2878| |2674| 12739 
3/s | 24 -3750| 3684] .3479| .3455| 13239] .3750| .3479] 3503] _3299| °3364 
7/16 | 20 -4375| .4303] .4050| .4024] .3762] .4375| 14050] |4076| 138341 "3906 

Yo | 20 -5000] .4928] .4675| .4649| 14387] .5000] .4675| 14701| 14459| 45 
81g] 18 | .5625| .5543| 15264] 15234] 14943) |5625| |5264| 15294] °5024| "s,00 
b/g | 18 | .6250] .6168) .5889| 15859] .5568] |6250| |5889| |3019| “56491 ‘e795 
8/4 | 16 | .7500) .7410| .7094| 17062] 16733] 17500] 7094] “7126| ‘6823| ‘eos 
Ye | 14 | .8750| .8652) .8286| .8250| .7874| 18750| .8286| 8322] “7977| ‘eos 
1 14 | 1.0000} .9902] .9536} 9500] .9124] 1.0000] 9536] '9572| °9227| ‘9 S 
11/s | 12 | 1.1250] 1.1138} 1.0709 | 1.0669] 1.0228] 1.1250] 1.0709 | 1.0749 | 110348 | 1 ga3e 
Va | 12 | 1.2500] 1.2388] 1.1959] 1.1919] 1.1478] 1.2500 | 1.1959 1.19991 11598 | 1 rece 
tis 12 J 1.3750 1, 3638 | 1.3209 | 1.3169 | 1.2728] 1.3750] 1.3209] 1.3249 | 1.2848 ie 
; 1.5000 | 1.4888] 1.4459] 1.4419 | 1.3978] 1. 1.4499 | 1.4098 | 1.4188 


SCREW THREAD FITS 9-11 


Table 8.—Limiting Dimensions, Coarse-thread Series Screw Threads, Class 4 Fits 
A.S.A. Standard B1.1—1935 


Screw ; Nut 
Size Threads|Major Diameter,|Pitch Diameter, walt ae Pitch Diameter,|Minor Diameter, 
y per in. in.7 Hants Hales in.f in, 


eter, eter, 


Max.* | Min. | Max.t | Min. Maxt Min*§ Min.* | Max. | Min. | Max. 

Wg 0.2500 | 0.2428 | 0.2178 | 0.2165 | 0.1887] 0.2500 | 0.2175 | 0.2188 | 0.1959 | 0.2000 
Bas .3125| .3043| .2767| .2752| .2443| .3125| .2764| .2779| .2524| .2630 
3/g .3750| .3660| .3348| .3332| .2983| .3750| .3344| .3360| .3073| .3184 
7/16 .4375| .4277| .3915| .3897] .3499] 4375] .3911| .3929] .3602] .3721 
Ws 5000} .4896] .4504| .4485] 14056] .5000] .4500] .4519] .4167] .4290 
9/16 .5625| .5513| .5089| .5069| .4603] .5625| .5084| .5104| .4723| .4850 
5/g 6250] .6132| .5665| .5644] .5135] .6250] .5660] .5681] .5266| .5397 
3/4 .7500| .7372| .6856| .6833| .6273] .7500| .6850| .6873| 16417] .6553 
i/g .8750| .8610} .8034] .8010| .7387| .8750| .8028] .8052| .7547| .7689 
1 8 [1.0000] .9848] .9195] .9168] .8466]1.0000] .9188] .9215| .8647] .8795 
1 1/g 7 | 1.1250] 1.1080} 1.0330] 1.0300] .9497] 1.1250] 1.0322] 1.0352] .9704| .9858 
11/4 7 | 1.2500} 1.2330} 1.1580] 1.1550] 1.0747] 1.2500] 1.1572] 1.1602] 1.0954 | 1.1108 
13/g 6 | 1.3750] 1.3548] 1.2676] 1.2640] 1.1705] 1.3750] 1.2667] 1.2703] 1.1946] 1.2126 
11/2 6 | 1.5000] 1.4798 | 1.3926] 1.3890 | 1.2955] 1.5000] 1.3917] 1.3953] 1.3196] 1.3376 
13/4 5 | 1.7500] 1.7268] 1.6211] 1.6170] 1.5046] 1.7500] 1.6201 | 1.6242] 1.5335] 1.5551 
2 4 1/a| 2.0000 | 1.9746 | 1.8568 | 1.8524] 1.7274] 2.0000] 1.8557] 1.8601] 1.7594] 1.7835 
21/4 4 1/o| 2.2500 | 2.2246 | 2.1068 | 2.1024] 1.9774} 2.2500] 2.1057] 2.1101] 2.0094 | 2.0335 
21/2 4 | 2.5000 | 2.4720 | 2.3389 | 2.3341 | 2.1933 | 2.5000 | 2.3376 | 2.3424] 2.2294 | 2.2564 
23/4 4 | 2.7500] 2.7220 | 2.5889 | 2.5841 | 2.4433 | 2.7500 | 2.5876] 2.5924] 2.4794} 2.5064 
- 4 | 3.0000} 2.9720 | 2.8389 | 2.8341] 2.6933 | 3.0000 | 2.8376 | 2.8424 | 2.7294 | 2.7564 
31/4 4 | 3.2500 | 3.2220 | 3.0889 | 3.0841] 2.9433 | 3.2500 | 3.0876 | 3.0924 | 2.9794] 3.0064 
31/> 4 | 3.5000} 3.4720 | 3.3389 | 3.3341 | 3.1933 | 3.5000 | 3.3376 | 3.3424 | 3.2294 | 3.2564 
33/4 4 | 3.7500] 3.7220] 3.5889 | 3.5841 | 3.4433 | 3.7500 | 3.5876 | 3.5924 | 3.4794 | 3.5064 
4 4 _| 4.0000 | 3.9720 | 3.8389 | 3.8341 | 3.6933 | 4.0000 | 3.8376 | 3.8424 | 3.7294 | 3.7564 


Table 9.—Limiting Dimensions of Fine-thread Series Screw Threads, Class 4 Fits 
A.S.A. Standard B1.1—1935 


Screw Nut 
Major Diameter,|Pitch Diameter, Major Pitch Diameter,|Minor Diameter, 
A . Diam- . 5 
in.f in.f in. 

[t= eS a ea ATG | eos saan adh a oe 

Min. | Max.+ Mins) Min. | Max. | Min. | Max. 
0.2500 | 0.2268 | 0.2279 | 0.2113 | 0.2173 

S059 28574). r 3125} .2854] .2866| .2674) .2739 
3684) .3482) . > .3750| .3479| 3491] .3299| .3364 
-4303| .4053] . : .4375|) .4050] .4063] .3834] .3906 
-4928| .4678] . ; 5000} .4675| .4688] .4459] .4531 
E5543)|\ e207 | +. 5625} .5264| .5279} .5024) .5100 
6168) .5892] . 5 .6250} .5889] .5904|) .5649] .5725 

By £01) eer Att 3h |e 3 .7500} .7094) .7110} .6823) .6903 
8652] .8290] . é 8750} .8286| .8304| .7977| .8062 
9902] .9540 1.0000} .9536) .9554] .9227| .9312 

. 1138} 1.0714 1.1250] 1.0709 | 1.0729 | 1.0348} 1.0438 

. 2388 | 1.1964 1.2500] 1.1959] 1.1979] 1.1598] 1.1688 

. 3638 | 1.3214 1.3750] 1.3209] 1.3229] 1.2848] 1.2938 
.4888 | 1.4464 1.5000 | 1.4459 | 1.4479 | 1.4098 | 1.4188 


* Basic diameter. ; 
+ Above basic; see Class 4 Fit, p. 9-13. 


+ Dimensions are figured to the intersection of the worn tool arc with a center line through crest 


z inimum flat at root = 1/g p. } 
Be ere one given are produced only with tap having theoretically sharp corners. Threaded 
hole must not reject correct basic ‘‘Go’’ gage through interference between gage and rounded 
root of thread in hole due to worn tap. Minimum flat at root = 1/24 p. : ¢ 
The tolerances specified, 7.e. (max. pitch diam. — min. pitch diam.), are cumulative, and include 


variations in lead and angle. 


9-12 FASTENINGS 


Table 10.—Limiting Dimensions of 8-pitch-thread Series Screw Threads 
, A.S.A. Standard B1.1—1935 


Nuts 

Threads| Major Diameter,|Pitch Diameter, ae a Pitch Diameter, Minor Diameter, 

per in. in.§ = " in.§ 
Inch* eter, eter, 


Max.t | Min. | Max.¢ | Min. Mezt Mint$ Min. | Max. 


Class 2 Fits 

I 8 1.0000 | 0.9848 | 0.9188 | 0.9112] 0.8466] 1.0000 | 0.9188 | 0.9264 | 0.8647 | 0.8795 
1I/g 8 1.1250} 1.1098} 1.0438] 1.0359 | 0.9716] 1.1250} 1.0438 | 1.0517 | 0.9897] 1.0045 
1/4 8 1.2500 | 1.2348] 1.1688] 1.1605] 1.0966] 1.2500} 1.1688} 1.1771 | 1.1147] 1.1295 
13/g 8 1.3750 | 1.3598 | 1.2938] 1.2852] 1.2216] 1.3750 | 1.2938] 1.3024 | 1.2397] 1.2545 
Ilo 8 1.5000 | 1.4848} 1.4188] 1.4098] 1.3466] 1.5000 | 1.4188} 1.4278] 1.3647 | 1.3795 
1 5/g 8 1.6250} 1.6098] 1.5438] 1.5345 | 1.4716] 1.6250 | 1.5438] 1.5531] 1.4897] 1.5045 
1 3/4 8 1.7500 | 1.7348] 1.6688] 1.6591 | 1.5966] 1.7500 | 1.6688 | 1.6785 | 1.6147] 1.6295 
17/g 8 1.8750] 1.8598] 1.7938] 1.7838 | 1.7216] 1.8750} 1.7938 | 1.8038] 1.7397] 1.7545 
2 8 2.0000 | 1.9848] 1.9188] 1.9084] 1.8466] 2.0000} 1.9188 | 1.9292] 1.8647] 1.8795 
21/g 8 2.1250 | 2.1098 | 2.0438 | 2.0331 | 1.9716] 2.1250 | 2.0438 | 2.0545 1.9897 | 2.0045 
21/4 8 2.2500 | 2.2348} 2.1688 | 2.1578 | 2.0966] 2.2500 | 2.1688 | 2.1798 | 2.1147 | 2.1295 
21/9 8 2.5000 | 2.4848 | 2.4188 | 2.4071 | 2.3466] 2.5000 | 2.4188 | 2.4305 | 2.3647 | 2.3795 
23/4 8 2.7500 | 2.7348 | 2.6688 | 2.6564 | 2.5966] 2.7500 | 2.6688 | 2.6812 | 2.6147 | 2.6295 
3 8 3.0000 | 2.9848 | 2.9188 | 2.9058 | 2.8466] 3.0000 | 2.9188 | 2.9318 | 2.8647 | 2.8795 
31/4 8 3.2500 | 3.2348 | 3.1688 | 3.1556 | 3.0966] 3.2500 | 3.1688 | 3.1820 | 3.1147 | 3.1295 
31/9 8 3.5000 | 3.4848 | 3.4188 | 3.4055 | 3.3466] 3.5000 | 3.4188 | 3.4321 | 3.3647 | 3.3795 
33/4 8 3.7500 | 3.7348 | 3.6688 | 3.6554 | 3.5966] 3.7500 | 3.6688 | 3.6822 | 3.6147 | 3.6295 
4 8 4.0000 | 3.9848 | 3.9188 | 3.9053 | 3.8466] 4.0000 | 3.9188 | 3.9323 | 3.8647 | 3.8795 
41/4 8 4.2500 | 4.2348 | 4.1688 | 4.1551 | 4.0966] 4.2500 | 4.1688 | 4.1825 | 4.1147 | 4.1295 
41/9 8 4.5000 | 4.4848 | 4.4188 | 4.4050 | 4.3466] 4.5000 | 4.4188 | 4.4326 | 4.3647 | 4.3795 
43/4 8 4.7500 | 4.7348 | 4.6688 | 4.6549 | 4.5966] 4.7500 | 4.6688 | 4.6827 | 4.6147] 4.6295 

8 5.0000 | 4.9848 | 4.9188 | 4.9048 | 4.8466] 5.0000 | 4.9188 | 4.9328 | 4.8647 | 4.8795 
5 1/4 8 5.2500 | 5.2348 | 5.1688 | 5. 1547 | 5.0966] 5.2500 | 5.1688 | 5.1829 | 5.1147] 5.1295 
51/2 8 5.5000 | 5.4848 | 5.4188 | 5.4046 | 5.3466] 5.5000 | 5.4188 | 5.4330 | 5.3647 | 5.3795 
5 3/4 8 5.7500 | 5.7348 | 5.6688 | 5.6545 | 5.5966] 5.7500 | 5.6688 | 5.6831 | 5.6147 | 5.6295 
6 8 6.0000 | 5.9848 | 5.9188 | 5.9044 | 5.8466] 6.0000 | 5.9188 | 5.9332 | 5.8647 | 5.8795 

Class $ Fits 

1 8 1.0000 | 0.9848 | 0.9188 | 0.9134 | 0.8466] 1.0000 | 0.9188 | 0.9242 | 0.8647 | 0.8795 
1 1/g 8 1.1250} 1.1098 | 1.0438 | 1.0383 | 0.9716] 1.1250 | 1.0438} 1.0493 | 0.9897] 1.0045 
11/4 8 1.2500 | 1.2348 | 1.1688} 1.1630 | 1.0966] 1.2500 | 1.1688 | 1.1746} 1.1147 | 1.1295 
1 8/g 8 1.3750 | 1.3598 | 1.2938 | 1.2877] 1.2216] 1.3750 | 1.2938 | 1.2999) 1.2397] 1.2545 
11/9 8 1.5000 | 1.4848 | 1.4188 | 1.4125 | 1.3466] 1.5000 | 1.4188 | 1.4251 | 1.3647] 1.3795 
15/s 8 1.6250 | 1.6098 | 1.5438 | 1.5373 | 1.4716] 1.6250} 1.5438} 1.5503} 1.4897] 1.5045 
13/4 8 1.7500 | 1.7348} 1.6688 | 1.6620 | 1.5966] 1.7500 | 1.6688 | 1.6756] 1.6147] 1.6295 
17/g 8 1.8750 | 1.8598 | 1.7938 | 1.7868 | 1.7216] 1.8750} 1.7938 | 1.8008} 1.7397 | 1.7545 
2 8 2.0000 | 1.9848] 1.9188 | 1.9115] 1.8466] 2.0000 | 1.9188 | 1.9261 | 1.8647] 1.8795 
2g 8 2.1250 | 2.1098 | 2.0438 | 2.0363 | 1.9716] 2.1250 | 2.0438 | 2.0513] 1.9897] 2.0045 
21/4 8 2.2500 | 2.2348) 2.1688 | 2.1611 | 2.0966] 2.2500 | 2.1688 | 2.1765 | 2.1147] 2.1295 
21/2 8 2.5000 | 2.4848 | 2.4188 | 2.4106 | 2.3466] 2.5000 | 2.4188 | 2.4270 | 2.3647] 2.3795 
23/4 8 2.7500 | 2.7348 | 2.6688 | 2.6601 | 2.5966] 2.7500 | 2.6688 | 2.6775 | 2.6147 | 2.6295 
3 8 3.0000 | 2.9848 | 2.9188 | 2.9096 | 2.8466] 3.0000 | 2.9188 | 2.9280 | 2.8647 | 2.8795 
31/4 8 3.2500 | 3.2348 | 3.1688 | 3.1595 | 3.0966] 3.2500 | 3.1688 | 3.1781 | 3.1147 | 3.1295 
31/9 8 3.5000 | 3.4848 | 3.4188 | 3.4095 | 3.3466] 3.5000 | 3.4188 | 3.4281 | 3.3647 | 3.3795 
33/4 8 3.7500 | 3.7348 | 3.6688 | 3.6594 | 3.5966] 3.7500 | 3.6688 | 3.6782 | 3.6147 | 3.6295 
4 8 4.0000 | 3.9848 | 3.9188 | 3.9093 | 3.8466] 4.0000 | 3.9188 | 3.9283 | 3.8647 | 3.8795 
4/4 8 4.2500 | 4.2348 | 4.1688 | 4.1592 | 4.0966] 4.2500 | 4.1688 | 4.1784 | 4.1147] 4.1295 
4\/o 8 4.5000 | 4.4848 | 4.4188 | 4.4091 | 4.3466] 4.5000 | 4.4188 | 4.4285 | 4.3647] 4.3795 
43/4 8 4.7500 | 4.7348 | 4.6688 | 4.6590 | 4.5966] 4.7500 | 4.6688 | 4.6786 | 4.6147 | 4.6295 
5 8 5.0000 | 4.9848 | 4.9188 | 4.9089 | 4.8466] 5.0000 | 4.9188 | 4.9287 | 4.8647 | 4.8795 
5\/4 8 5.2500 | 5.2348 | 5.1688 | 5.1589 | 5.0966} 5.2500 | 5.1688 | 5.1787| 5.1147] 5. 1295 
51g 8 5.5000 | 5.4848 | 5.4188 | 5.4088 | 5.3466] 5.5000 | 5.4188 | 5.4288 | 5.3647 5.3795 
5 3/4 8 5.7500 | 5.7348 | 5.6688 | 5.6587 | 5.5966] 5.7500 | 5.6688 | 5.6789 | 5.6147 5.6295 
6 8 6.0000 | 5.9848 | 5.9188 | 5.9086 | 5.8466} 6.0000 | 5.9188 | 5.9290 | 5.8647] 5. 8795 


* Pitch p = 0.1250 in.; basic depth of thread h = 0.08119 in. 
t ae diameter. 
- Dimensions are figured to intersection of worn tool are with center li 
og Ae flat at root = 1/g p = 0.01562 in. nie ee Sue ee ee ee 
imensions given are allowable only with tap having theoretically sharp corners. Thre 
hole must not reject correct basic ““Go"’ gage through interference between pa and rounded ‘an 
of thread in hole due to worn tap. Minimum fiat at root = 1/o4 p = 0.00521 in. 


4] The tolerances specified, i.e. (max. pitch diam. — mi i i ; . 
PiuhGoes in inek ae ¢ pitch diam.— min. pitch diam.), are cumulative, and include 


a SCREW THREAD FITS 9-13 
_ewreeed f the Dp. 9-OB) ‘ 
i mensions for 8-pitch and 16-pitch thread series are given in Ta 
Cises 4 T—Btsdbd and tales thesnded 46 Chass 4 epoeiiections ateincada ack 
unusual requirements, more exacting than those for which Class 3 is intended. It is a 
5 selective fit if initial assetnbly by hand is required and is not as yet (1935) adaptable to 
3 quantity production. There is an actual interference between a maximurn screw and a 
4 soinimourn hole, inasmuch as the pitch diameter of the maximum screw is greater than the 
‘ basic value by a definite allowance, and the pitch diameter of the minimum hole is basic. 
ith 4 minimum screw and maxirnurn hole a very slight amount of play is present when 
_ the total Clase 4 pitch diameter tolerance has been applied to both parte. In Class 4 fits 
_ the minimum nut is basic. The pitch diameter of the minimum screw is above basic by 
_ the amount of the interference specified in Table 4. The tolerance on the nut is plus and 
_ on the screw is minus. Pitch diameter tolerances for a screw or nut of a given pitch in the 
 warie- rs dopfers> series are specified in Table 4. Limiting dimensions are given in 
e ‘ables Bi F . 


Screws Nuts 
breads| Major Diameter,|Pitch Diameter,| *inor | Major |p Diameter,| Minor Diameter 
_ Size, per : Sn: in.€ Diam- | Diam- nf ay - 


| Maz. 
0.6903 


Max | Min. 


< aly 16 6.7500 | 9.7410 | 0.7094 | 0.7062 | 6.6733 


14/16 16 -8125| .8035| .7719| .7684| .7358 . ni ? 1528 
Ue 16 8750 | 8660) .8344| .6308| .7983 . - « - 8153 
15/1 16 -9375 | .9285| .8969' .8933| . 8608 : 3 : - 8778 
16 1.0000! .9910| .9594| .9557| .9233] 1. E _ Z - 9403 

1,0625 | 1.0535 | 1.0219 | 1.0182; .9858| 1.0625) 1.6219|1.0256| .9948)| 1.0028 

1.1160 | 1.0644 | 1.0806 | 1.0463] 1.1250 | 1.0844 | 1.0842 | 1.0573 | 1.0653 

1.1785 | 1.1469 | 1.1431 | 1.1108} 1.1875 | 1.1469 | 1.1507 | 1.1198) 1.1278 

-2410 | 1.2094 | 1.2056 | 1.1733] 1.2500 | 1.2094 | 1.2132 | 1.1823 | 1.1903 

- 3035 | £.2719 | 1.2660 | 1.2358} 1.3125 | 1.2719 | 1.2758 | 1.2448 | 1.2528 

- 36 | 1.3344 | 1.3305 | 1.2963} 1.3750 | 1.3344 | 1.3383 | 1.3073 | 1.3153 

- 4285 | 1.3969 | 1.3929 | 1.3698] 1.4375 | 1.3969 | 1.4009 | 1.3698 | 1.3778 

-4910 | 1.4594 | 1.4554 | 1.4233] 1.5000 | 1.4594 | 1.4634 | 1.4323 | 1.4403 

_ 5535 | 1.5219 | 1.5179 | 1.4658] 1.5625 | 1.5219 | 1.5259 | 1.4948 | 1.5028 

6160 | 1.5844 | 1.5603 | 1.54831 1.6250 | 1.5844 | 1.5885 | 1.5573 | 1.5653 

1.6785 | 1.6469 | 1.6428 | 1.6106] 1.6875 | 1.6469 | 1.6516 | 1.6198) 1.6278 

-T410 | 1.7094 | 1.7053 | 1.6733} 1.7500 | 1.7094 | 1.7135) 1.6323 | 1.6903 

- 8035 | 1.7719 | 1.7677 | 1.7356) 1.8125 | 1.7719 | 1.7761 | 1.7448 | 1.7528 

8604 | 1.8344 | 1.6302 | 1.7983] 1.8750 | 1.8344 | 1.6386 | 1.8073 | 1.8153 

- 9285 | 1.8969 | 1.8927 | 1.8608] 1.9375 | 1.8969 | 1.9011 | 1.8698 | 1.8778 

-9I1G | 1.9594 | 1.9551 | 1.9233] 2. 0000 | 1.9594 | 1.9637 | 1.9323 | 1.9403 

0535 | 2.0219 | 2.6176 | 1.9858) 2.0625 | 2.0219 | 2.0262 | 1.9948 | 2.0028 

1160 | 2.0844 | 2. G801 | 2.0463} 2.1250 | 2.0844 | 2.0887 | 2.0573 | 2.0653 

1785 | 2. 1469 | 2.1426 | 2.1108} 2. 1875 | 2. 1469 | 2.1512 | 2.1198 | 2.1278 

_ 2410 | 2.2094 | 2.2050 | 2.1733} 2.2500 | 2. 2094 | 2.2138 | 2. 1823 | 2.1903 

3035 | 2.2719 | 2.2675 | 2.2358} 2.3125 | 2.2719 | 2.2763 | 2.2448 | 2.2528 

A | 2.3344 | 2.3300 | 2.2923 | 2.3750 | 2.3344 | 2.3388 | 2.3073 | 2.3153 

2.4785 | 2.3969 | 2.3924 | 2.3608 | 2.4375 | 2.3969 | 2.4014 | 2.3698 | 2.3778 

2.4910 | 2.4594 | 2.4549 | 2.4233] 2.5000 | 2.4594 | 2.4639 | 2.4323 | 2.4403 


2.61@0 | 2.5844 | 2.5799 | 2.5483 | 2.6250 | 2.5844 | 2.5889 | 2.5573 | 2.5653 
2.7410 | 2.7094 | 2.7048 | 2.6733} 2.7500 | 2.7094 | 2.7140 | 2.6823 | 2.6903 
2.8660 | 2.8344 | 2.8298 | 2.7983} 2.8750 | 2.8344 | 2.8390 | 2.8073 | 2.8153 
2.9919 | 2.9594 | 2.9547 | 2.9233} 3.0000 | 2.9594 | 2.9641 | 2.9323 | 2.9403 
3.1160 | 3.0844 | 3.0797 | 3.0483} 3.1250 | 3.0844 | 3.0891 | 3.0573 | 3.0653 
3.2410 | 3.2094 | 3.2046 | 3.1733 | 3.2500 | 3.2094 | 3.2142 | 3. 1823 | 3.1903 
3, 3660 | 3.3344 | 3.3296 | 3.2983 | 3.3750 | 3.3344 | 3.3392 | 3.3073 | 3.3153 
3, 4910 | 3.4594 | 3.4545 | 3.4233] 3.5000 | 3.4594 | 3.4643 | 3.4323 | 3.4403 
3.6160 | 3.5844 | 3.5795 | 3.5483] 3.6250 | 3.5844 | 3.5893 | 3.5573 | 3.5653 
3.7410 | 3.7094 | 3.7044 | 3.6733) 3.7500 | 3.7094 | 3.7144 | 3.6823 | 3.6903 
3. 8660 | 3.8344 | 3.8294 | 3.7983) 3.8750 | 3.8344 | 3.8394 | 3.8073 | 3.8153 
3.9910 | 3.9594 | 3.9543 | 3.9233] 4.0000 | 3.9594 | 3.9645 | 3.9323 | 3.9403 


= 0.06250 in.; basic depth of thread h = 0.04059 in. f Basic diameter. 
- ? ed to intersection of worn tool are with center line through crest and root; 


9-14 FASTENINGS 


All Classes.—Tolerances for pitch diameter as specified in Table 4 are cumulative and 
’ include all variations of lead and angle. The full tolerance on pitch diameter, therefore, 
is not available unless lead and angle of the thread are perfect. Variations in lead (per 
length of thread engaged) and in angle, respectively, can each be compensated by half the 
tolerance on pitch diameter shown. If lead and angle variations both exist to the amount 
tabulated, the pitch diameter must be reduced by the full tolerance or the thread will not 
enter a basic nut or gage, nor is the full tolerance available unless the gage is perfect. If 
no lead variation existed, the angle variation could be twice that given and vice versa. 
These extreme conditions, however, are not desirabie. 

Specified tolerances are based on the length of engagement not to exceed the nominal 
or major diameter of the screw, except in the 8-pitch, 12-pitch and 16-pitch thread series. 
In the 8-pitch series, they are based on a length of engagement of 1 X major diameter for 
sizes from 1 to 3 in. inclusive, and a length of engagement of 3 in. for sizes over Sin. In 
the 12-pitch and 16-pitch series, they are based on a length of engagement of six threads. 
Where greater lengths of engagement are required, a corresponding increase in the accuracy 
of lead and thread form is necessary. This may be obtained by the use of more accurate 
threading tools and longer “‘Go”’ gages. 

Crest clearances allowed will permit rounded root forms in both nut and screw which 
may be formed by tools perfectly rounded, or rounded as the result of wear. The max- 
imum minor diameter is that which would result from using a threading tool, set at the 
maximum pitch diameter, whose point has been worn or ground back from the basic 
outline by an amount equal to 1/1g of the basic depth of engagement, or 0.03608 X pitch. 

THE DARDELET THREAD was designed primarily as a thread on which the nut 
would be self locking. Fig. 6 is a section of the thread through the nut and bolt. The 
thread is similar in form to the Acme thread (see Fig. 2), the sides being inclined at an 
angle of 141/2 deg. The bases of the several threads on the bolt are joined by a surface 
inclined at 6 deg. to the axis of the bolt. The crests of the nut thread are parallel to the 
surfaces joining the bases of the bolt threads. The distance between the successive cor- 
responding thread faces is about 1 3/s times the thickness of the thread at the mean 
thread diameter. A space exists between the threads of the nut and the bolt when the 
two are assembled together. These relations are shown in Fig. 6. 


Table 12.—S.A.E. Standard Screw Threads, Extra Fine Series 


Ps S.A4.E, Handbook, 1936 Edition, All dimensions in inches 
8 > 
Threads : — M M: a 
Size ee Major Diam. | Pitch Diam. | 5:00" | Diam.,| Pitch Diam. | Minor Diam. 
? Max. | Min. Max. | Min. Max. Min. Min. | Max. Min. | Max. 
Cuass 2 Fir 
1/4 a2 0.2500 | 0.2446 | 0.2297 | 0.2265 | 0.2117] 0.2500 | 0.2297 | 0.2329 | 0.2162 | 0.2208 
5/16 32 ~3125.} .3070} 22922) .2889) 2742) 31251) (2922), 22955 |) 2787) | eess 
3/3 32 .3750} .3696} .3547] .3513] .3367] .3750} .3547| .3581| .3412| .3458 
7/16 28 -4375| .4313| .4143| .4107| .3937] .4375| .4143] .4179] .3988] .404] 
1/9 28 -5000} .4938] .4768| .4731] .4562] .5000}] .4768| .4805] .4613] .4666 
9/16 24 -5625} .5559} .5354] .5314] .5114] .5625] .5354| .5394] .5174| 5235 
5/g 24 -6250] .6184] .5979| .5938| .5739] .6250| .5979| .6020] .5799| .5860 
3/4 20 -7500] .7428] .7175] .7129] .6887] .7500} .7175| .7221] .6959| .7027 
7/3 20 -8750| .8678| .8425| .8378] .8137] .8750| .8425| .8472| .8209| .8277 
1 20 1.0000] .9928|] .9675] .9627] .9387] 1.0000] .9675| .9723] .9459| .9527 
11/3 18 1.1250 | 1.1168} 1.0889 | 1.0837 | 1.0568] 1.1250] 1.0889 | 1.0941 | 1.0649 | 1.0724 
11/4 18 1.2500 | 1.2418] 1.2139 | 1.2086} 1.1818] 1.2500 | 1.2139 | 1.2192] 1.1899 | 1.1974 
11/2 18 1.5000 | 1.4918 | 1.4639 | 1.4584 | 1.4318] 1.5000 | 1.4639 | 1.4694 | 1.4399 | 1.4474 
Crass 3 Frr 


1/4 32 0. 2500 | 0.2446 | 0.2297 | 0.2275 | 0.2117] 0.2500 | 0.2297 | 0.2319 | 0.2162] 0 


5/16) 32 .3125| 3071] .2922 as 


-3125| .2922| .2345] .2787] .2833 


3/g | 32 | .3750| .3696] 3547 .3750| .3547] .3571| .3412 

Wig) 28 | .4375| .4313] .4143 .4375| .4143] .4168| .3988 Btn 
Ye | 28 | .5000| .4938] .4768 .5000] .4768] .4794| .4613| . 4666 
9/16} 24 | .5625| .5559| .5354 .5625| .5354] .5382| .5174| .5235 
5/g | 24 | .6250] .6184] .5979 6250] .5979] .6008| .5799| .5860 
3/4 | 20 | .7500] .7428| .7175 .7500| .7175] .7207| .6959| .7027 
7/g | 20 | .8750| .8678| .8425 8750} .8425] .8458| .8209| |8277 
1 20 | 1.0000] .9928] .9675 1.0000} .9675| .9709| .9459| 9527 
1s 18 | 1.1250] 1.1168] 1.0889 1.1250 | 1.0889 | 1.0925 | 1.0649 | 1.0724 
1g | 18 | 1,2500| 1.2418] 1.2139 1.2500 | 1.2139 | 1.2176 | 1.1899 | 1.1974 
1 | 18 | 1.5000] 1.4918 | 1.4639 1.5000 | 1.4639 | 1.4677| 1.4399 | 1.4474 
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The action of the Dardelet thread as a locking device is shown in Figs. 7 and 8. 
In the unlocked position, the lower faces of the nut threads rest on the upper faces of the 
bolt threads as shown in Fig. 7. When the nut is screwed down into contact with the 
work, the bolt is drawn up until the lower faces of the bolt threads bear on the upper 


faces of the nut threads, as shown in Fig. 8. 


Prior to this contact, the inclined crests of 


the nut threads have come into contact with the tapered root section of the bolt thread. 
As the rotation of the nut is continued the inclined crests are compressed against the 
tapered roots of the thread with continually increasing pressure, until the load finally is 


taken by the sides of the thread coming in contact. 


in the bolt, it affects only the load on the sides of the threads. 


binding stress between the tapered root-sections and inclined crests. 


therefore, forms a positive threadlock. 

Dardelet threads are made in a standard series, and in a fine-thread series which cor- 
respond in major diameters and pitch with the American National Standard thread. 
Elements of the Dardelet threads are given in Table 13, and limiting dimensions in Tables 


14 and 15. 


threads in machine tools. 


Since vibration varies with the stress 


It has no influence on the 


Dimensions correspond to American National Standard Nuts. 
Dardelet threads can be made by any of the processes commonly used for forming 


This form of thread, 


They also can be cut with thread chasers or taps, or they may 


be cold or hot rolled. Tests made at Columbia University and the U. S. Bureau of 


-Standards show them to be stronger than American National Standard threads. 
p. 9-43. 


See 


Complete data for the forming of these threads, together with design data, 


records of tests, heat treatment, etc., are given in a 200-page handbook issued by the 
Dardelet Threadlock Corp., New York. 


Table 13.—Elements of the Dardelet Thread 
All dimensions in inches 


Number of threads, 
per inch, NV 
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9-18 FASTENINGS 


WHITWORTH STANDARD THREADS.—In the Whitworth or English system the 
angle of the thread is 55 deg. The point and the root of the thread are rounded toa 
radius of r = 0.1373 X pitch. The depth of the thread is d = 0.6403 X pitch. See 
Fig. 9 and Table 16. 

Table 16.—Proportions of Whitworth Triangular Screw Threads, Bolts, and Nuts 


Width 


Diam. Thickness | Thickness, |\———,—____— 
Diam.,|Threads| Pitch, at Root of ea of Nut, Across Across 
in. per in. in. an. a Flats, Corners, 
in. in. aR 
1 20 0.05 0.186 1/4 17/39 39/64 
a 18 0555 241 f 5/16 39/64 11/16 
3/g | 16 0625 .295 ; 3/8 45/64 13/16 
71g | 14 .0714 346 : 7/16 53/64 61/64 
Ve ee 0833 393 : 1/2 59/64 1 Vig 
5/g | VN 0909 509 : 5/3 1 3/39 117/64 
Eye L!) . 100 .622 j 3/4 119/64 11/2 
7/3 9 atl ES 5 7/3 1 31/64 1 45/64 
1 8 125 . 840 ; 1 143/64 161/64 
11/g 7 143 942 5 1 1/g 1 55/64 2 5/39 
11/4 7 . 143 1.067 : 11/4 2 3/64 2 23/64 
1 3/g 6 . 167 1,161 1.058 1 13/64 1 3/g 27/39 2 35/64 
11/2 6 . 167 1.286 1.299 1 5/46 1 1/9 2 13/39 . 2 25/39 
15/g 5 . 200 1.369 1.472 1 27/64 15/s 2.37/64 231/39 
13/4 5 . 200 1.494 1.753 117/39 13/4 23/4 3 3/16 
17/3 41/2 $222 1.590 1.986 141/64 17/g 3 Veg 3 81/64 
2 41/9 .222 1.715 Doone 1 3/4 2 3 5/39 3 5/g 
21g 41/2 .222 1.840 2.659 1 55/64 21/g 3 11/39 37/3 
21/4 4 .250 1.930 2.926 1 31/39 21/4 3 35/¢4 43/39 
21/2 4 . 250 2.180 3.733 23/16 21/2 3 57/64 431/64 
23/4 31/2 . 286 2.384 4.464 2 13/39 23/4 43/16 4 53/64 
3 31/2 . 286 2.634 5.450 25/g 3 417/32 5 15/64 
31/4 31/4 . 308 2.855 6.402 
3 1/2 31/4 . 308 3.105 7.563 
33/4 3 . 333 3.323 8.673 
4 3 3333) 3.573 10.027 
41/4 27/g .348 3.804 11.365 
41/2 27/8 . 348 4.054 12.908 
43/4 23/4 . 364 4.284 14.404 
5 23/4 364 4.534 16.146 
5 1/4 2 5/g 381 4.762 17.810 
22" |) 25/8 Soh 3.042 19.72 Fie. 9. Whitworth 
5 3/4 21/2 . 400 5.239 L157 Thread 
6 21/9 . 400 5.489 23. 64 


Table 17.—Metric Screw Threads. (French and International Standard) 
Dimensions in millimeters 


‘ Out- Pitch 
ee Pitch Root Tal a Sete REPS Pitch Root Tap 
French Se Diam. | Diam. | Drill Dian: French aatiokel Diam. | Diam. | Drill 
bes} 4.70 4.80 3's boca 3.3 30.73 | 28.45 | 28.5 
6.35 5.70 5.80 34 Pe dl ee See 31.73, 29. 451 2oe5 
7.35 6.70 6.80 36 4.0 4.0 33.40 | 30.80 | 31 
7.19 6.38 6.40 38 Ca) (ane a 35.40 | 32.80 | 33 
8.35 7.70 7.80 SO moet 4.0 36.40 | 33.80 | 34 
8.19 7.38 7.40 40 yO Ti Hees a 37.40 | 34.80 | 35 
9.02 8.05 8.10 42 4.5 4.5 39.08 | 36.15 | 36.5 
10.02 9.05 9.10 44 @ SDM Arc ferd eas 41.08 | 38.15 | 38.5 
E039) 10505) 10.50 Cee dlithera eee 4.5 42.08 | 39.15 | 39.5 
10. 86 9.73 9.80 46 AOD) Diller states 43.08 | 40.15 | 40.5 
12.70 | 11.40 | 11.50 48 5.0 5.0 44.75 | 41.50 | 42 
14.70 | 13.40 | 13,50 50 5:0 saul aneverveters 46.75 | 43.50 | 44 
16.38 | 14.75 | 15.00 Be al Picea 5.0 48.75 | 45.50 | 46 
18.38 | 16.75 | 17.00 DOTY |mare cre che 5.5 52.43 | 48.85 | 49 
20.38 | 18.75 | 19.00 GOP Rae ie oe 5.5 56.43 | 52.85 | 53 
22.05 |) 20.,10))) 2055 O4 ms Sie aera 6.0 60.10 | 56.20 | 56.5 
24,05 4) 22.10} 22.5 68. =|. ck eee 6.0 64.10 | 60.20 | 60.5 
25005 1923s 10" h2325 Dice Nizvacorenerets 625 67.78 | 63.56 | 64 
26.05 | 24.10 | 24.5 LG ie | eon REee 6.5 71.78 | 67.56 | 68 
Lido eda 1) 255 BOF | aoe 7.0 75.45 | 70.91 71 
29.73 eee ne oulea Leo 
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FRENCH AND INTERNATIONAL STANDARD THREADS.—The formulas for 
French, International, and American standard threads are all the same, the only difference 
being that the pitches of the first two are stated in metric measure and in application give 
somewhat finer values for corresponding diameters, than does the 
latter system. While the clearance at the bottom of the thread shall 
not exceed 1/1 of the height of the original triangle according to both 
the International and the French standards, the former leaves the 
shape of the bottom of the thread to the manufacturer, whereas the 
French standard makes the bottom of the thread flat. See Table 17. 


BRITISH ASSOCIATION STANDARD THREAD.— The angle Fie. 10. 
between the threads is 47 1/2 deg. The depth of the thread d = 0.6 X_ British Association 
pitch. The tops and bottoms of the threads are rounded with a radius Thread 


of r = 2/1; X p. See Fig. 10 and Table 18. 
; THREADLOCKS.—The most common form of threadlock is a jam nut, screwed 
tightly against the first nut. This is nota particularly satisfactory lock, as the two nuts 
frequently act as a single nut and both are loosened by vibration. More positive means 
of ve are shown in Fig. 11. The Dardelet thread (see p. 9-14) is practically vibration 
proof. 
Spring or lock washers are quite commonly used to prevent nuts from loosening, and 


Fie. 11. Methods of Locking Nuts 


Table 18.—British Association Screw Threads 


Outside tah Diam. at Outside Pitch ~ Diam. at 
No. Diam., Pite u Root of No. Diam., ite ’ Root of 

in. Bets Thread, in. in. ao Thread, in. 
0 0.236 0.039 0.189 0.047 0.0098 0.0354 
1 . 209 .035 . 166 14 .039 .0091 .0283 
Z. E185 . 032 . 147 15 .035 . 0083 0256 
3 . 161 029 ul2F 16 .031 .0075 0220 
4 . 142 .026 Sian 17 .028 0067 0197 
5 Ea ZO .023 098 18 .024 .0059 .0173 
6 110 .021 .085 19 .021 .0055 .0146 
7 .098 0189 .076 20 019 0047 0134 
8 . 087 .0169 . 066 21 .017 . 0043 0114 
9 075 0154 056 22 .015 .0039 .0098 
10 . 067 0138 050 23 BOS: .0035 . 0087 
11 .059 0122 044 24 O11 .0031 0075 
12 .051 0110 038 955) .010 0028 . 0067 


Table 19.—British Standard Fine Screw Threads. (B.S.F.) 


Diam., Area, Diam., Area, 
Diam.,| Threads} Pitch, Root of | of Root | Diam.,| Threads} Pitch, Root of | Root of 
in. per in. in. Thread, | Thread, in. per in. in, Thread, Thread, 
in. aq. in. in. sq. in. 
W/4 25 0.0400 0.1988 0.0310 1 1/g 8 0.1250 1-43399 1.4100 
0.270 25 .0400 . 2188 .0376 1 5/g 8 PAL) 1.4649 1.6854 
5/16 22 0455 2543 0508 | 13/4 7 1429 | 1.5670 | 1.9285 
3/8 20 .0500 .3110 .0760 2 7 . 1429 1.8170 2.5930 
7/16 18 .0556 . 3664 . 1054 21/4 6 . 1667 2.0366 3.2576 
1/2 16 .0625 . 4200 . 1385 21/2 6 . 1667 2.2866 4.1065 
9/16 16 .0625 . 4825 . 1828 2 3/4 6 . 1667 2.5366 5.0535 
5/3 14 .0714 5335 32235 3 5 . 2000 2.7439 DEI SD) 
11/16 14 0714 5960 .2790 31/4 5 . 2000 2.9939 7.0399 
3/4 12 . 0833 . 6433 55250 3 1/2 4.5 #2222 3.2154 8.1201 
13/16 12 . 0833 .7058 .3913 3 3/4 4.5 ED 3.4654 9.4319 
7/3 11 0909 7586 . 4520 4 4.5 . 2222 3.7154 10.8418 
1 10 . 1000 8719 5971 41/2 4 . 2500 4.1798 | 13.7215 
ie a ee pearl gyacie-3.3..| 2887 | 5.194t | 20,7023 
oe : Le aes 3 6 2 3.5 "2857 | 5.6341 | 24.9310 


1 3/g 8 . 1250 1.2149 1.1593 
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for ordinary service are quite satisfactory. The S.A.E. standard lock washer is shown in 
Fig. 12. Dimensions are given in Table 20. Another form of lock washer that has 
proved successful is that shown in 
Fig. 13, made by the Shakeproof Lock 


FASTENINGS 


Washer Co., Chicago. The teeth on 

Thickness the internal or external circumference 

‘ are twisted out of the plane of the 

x ¥ Detail of . washer. The sharp edges of the teeth 

di ee Gayl Foe (b) bite into both the surface of the nut 

Fig. 12. §.A.E.Stan- Fic. 13. Shakeproof Lock and of the work and resist any tendency 
dard Lock Washer asher of the nut to unscrew under the influ- 


ence of vibration. Dimensions of stock 
sizes are given in Table 21. These washers are made in steel and bronze, and also are 
made with both internal and external teeth and with countersunk teeth for use with coun- 
tersunk-head screws. 

TAPS.—Tables 22 and 23 show the form and dimensions of machine screw taps, hand 
taps, tapper taps and nut taps with both cut and ground thread. Cut thread taps should 
produce holes within Class 2 screw thread tolerances. Ground taps should produce holes 
within Class 3 tolerances. See Table 4. The form of thread and the dimensions of thread 
are given in Table 3. The tolerances for the various classes and sizes of taps are given in 


Table 24. 
Table 20.—Dimensions of S.A.E. Standard Lock Washers 
All dimensions in inches. See Fig. 12. 
Inside Diameter Washer Sections 
: Clear. | —. | - Outside’ Diameter, Y- 
eee: oe x, Regular Light Heavy 
min. | ™™- |Regular| Light | Heavy |Width | Thick |Width | Thick | Width | Thick 
No. 2 (0.086) | 0.003 | 0.089 | 0.151 | 0.133 | 0.151 | 4/39 | 0.022] 0.022] 0.022] 1/32 | 1/39 
4(0.112)] .003 | 1115] .177] .177] .209 | IT/se | Yse | Ise | 0.022] 3/64 | Y3e 
6(0.138)| .005| .143 | .237]| .205| .237 1} 3/64 | Ise | 1/32 1/32 | 3/64 | 3/64 
8 (0.164) | .005 | .169 .263 | .263 | .294] 3/e4 | 3/64 | 3/64 1/32 | Wie | 3/64 
10 (0.190)| .010]} .200] .325| .294] .325 | Iyg | 3/64 | 3/ea | 3/64 | Tig | 1/16 
12) (0.216) | 2010 | .226)) .351 351 -382 | Vig | Vie | Vie | 3/64 | 5/64 | Iie 
W/4 .015 S2ODUNG fees 3453" || 5 aa 3/32 | Wie | 3/32 3/64 | 3/32 | 5/64 
5/16 ACES |e BVT) een O78. | teks. W/g~| Wig | 1s 3/ea | 1s 3/32 
3/8 COS) S390. <5 (OHO: ||| bam aa Wg | 8/32 | Vg Wig | Vg 1/g 
7/16 POUS: | P45 Sule ek M67) bon ae 5/32 | Ws | 5/32 | Wie | 5/32 | 5/32 
1/9 TOUSE A SUN. 3 $859 |. eee U/eg | Vg | 1W/e4 | Wie | 1/64 | 1/64 
9/16 030 POLES | Sone GE |.4. ae 3/16 Ws | 3/16 3/32 | 3/16 | 3/16 
5/3 030 HOSS icircc-8 Rt oe eee 18/64 | 5/32 | 18/64 | 3/s2 | 18/g4 | 18/64 
11/16 1030.) PS ZUS AB, arco, 4 Lats sullen cee 7/32 | 8/16 | 7/32 | Va | 7/32 | 7/39 
3/4 £030:)' [780M <n. 34 1.280 |b. ae 1/4 3/16 | 1/4 Ig} V4 1/4 
7/g 2030:|) F905 NB icdcks Leasr ce ae 17/64 | 3/16 | 17/64 | 5/32 | 17/g4 | 17/64 
1 1030' | 12030"... 2: TiGS5 ee se 5/16 Ya | 5/16 3/16 | 5/16 | 5/16 
11/g £030) || Tal SSuliee gases P2905i(4 .. oes 3/3 1/4 | 3/g 3/ig | 3/g 3/g 
11/4 "030" |) "oun loons 7 al bgp atens 16 | Wa | Tie | 3/16 | 7/16 | 5/16 
13/ 030 1.405 |. .- 0s, Peer eee 71s | 5/16 | 7/16 | Wa] 7/16 | 8s 


Table 21.—Dimensions of Shakeproof Lock Washers 


All dimensions in inches. See Fig. 13. 


External Internal Extra-heavy Ext 
; ta-heavy, 
Sine of Teeth Teeth ee Teeth Internal Teeth 
S F ut- ‘ Out- 
crew Thick-| siqq | Thick Screw cr Thick- 
Mes ness Diam. ness ness | Diam. ness 
u2 eR OCNW ieee he 2/a2 0.035 | 27/39| 0.002 
Davereacdv scoops AOD) 1 UZ) ihe mune ieee verre 8 .040 | 59/64 062 
x (avg) 8/59 |0.018 | 17/64 | O18 |.....ccleee ees 31/32] .040 | 1 1/39 062 
6 rs ) |6/16 | -018 | 9/32 | 018 |... 11/ig | .045|11/g | .062 
a See eisai ou SPs shee DET GES eer A Sek os W570: |). 0454 2 ME 
iS LG 729782) SUA Perse aN cece wearers W/4 050 | 11/4 072 
Boer Perens CC yee 1 Rape Be ON 3/g | .050|17 0 
Ma 17/39 10.040 15/g .062 UM a He 
6/16 .030 | 19/39 | 045 | 11/g |.......1...00- 1138/36) | 062 | o06 clan. 
/3 .035 | 47/¢4 | 0454 11/4 |...0}...-5, 115/16] .062 :. 
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Table 22.—Dimensions of American Standard Machine Screw and Hand Taps 
A.S.A. B5e—1930, All dimensions in inches. 


TAPS 


Full Thread 


*N:C, = 
fine thread. 


American National Standard coarse thread; N.F. = American National Standard 


including 
Chamfer 
a dl 
MACHINE SCREW TAP HAND TAPS 

a presds oe ee round H ; i 

eet ee Tr i Basic! Cut Thread |Ground Thread te 

N.C|N.F Max. | Max Min. | Max. | Min. | Max. ABBE CR Daliee 
Machine Screw Taps 
0 ..--| 80 |0.0519/0.0524]0.0534]...... 0 .0600/0.0610]0.0625]......]....... 1 5/g 5/16] 3/16 |0.141/0.110 
1 64 |....| .0629] .0634] .0644]...... 0730, 20740). 0755s otal ee ee 111/16} 3/g | 3/16] .141] .110 
1 ...-| 72 | .0640 JOF30), (07401, 0755 eee lee cles 111/36} 38/g | 3/16} .141] .110 
2 36}... «|. 0744 J0860}, 5.0875] .O890}. 5.2 jaliscacce ee 1 3/4 7/16| 3/16| .141] .110 
DeifesacL. 04 | .0759 0860} .0875] .0890)......]....... 13/4 7/16} 3/16} .141] .110 
3 48 |....| .0855 0990). 10051 1020 hss silane sets 118/j6] 1/2 | 3/16] .141] .110 
3 ....| 56 | .0874 0990) 1005] 10201 5.0% alee ents 118/36} 1/2 | 3/16] .141) .110 
4 40 |....| .0958 Ip 1) 9) FH 9) IR | Ms 2 17/g 9/16} 3/16} .141) .110 
4 ....-| 48 | .0985 PTZ} ces) 135) an TSS hers. talllerersee cher 17/g 9/16) 3/16| .141} .110 
5 40 }....| .1088 1250} 21265)| 1285 hearst fleas 115/76} 5/g | 3/16] .141} .110 
5 eal ig. © a HCY 1250} L265} 1285) oe aan eras 115/46} 5/3 | 3/16! .141] .110 
6 Ye 1 7 1380) .1395} .1415/0.1395]0.1410 |2 11/36} 3/16] .141} .110 
6 |....| 40] .1218 me fois 1a fet 0] 8) | on e| ee 2 11/16} 3/16] .141) .110 
8 SZ: cise), aad - 1640} .1660) .1680) .1655} .1670 |21/g 8/4. | Ia | .168) .131 
so ...| 36} .1460 1) PRR erst] PR) || ee 21/8 8/4 | 1/4 | .168) .131 
10 24s e.| bozo. - 1900} .1925] .1945) .1925] .1940 |2 3/g 7/3 | 1/4 | .194 .152 
10 wage oe: |, ~1697) - 1900} .1925]} .1945] .1915] .1930 |2 3/g 7/g | IW | .194 .152 
12 24 }....| .1889 2160] .2185) .2205) .2185} .2200 |23/g | 15/16] 9/32] .220) .165 
12 -| 28 | .1928 2160| .2185| .2205| .2180} .2195 |28/g | 15/16} 9/32| .220| .165 
Hand Taps 
....{0.217510.2180)0. ; . 2500/0. 2525/0. 2550]0.2535|0.2550 

1/4 |....| 28 | .2268] .2273) .2288) .2278| .2500]} .2525) .2550} .2520) .2535 |21/o |I 9/39 | .255| .191 
5/ig| 18 |....| .2764| .2769| .2789| .2774| .3125) .3155] .3180) .3165| .3180 |223/39/11/g | 5/16 | .318| .238 
5/16|.---| 24 | .2854) .2859| .2874) .2 -3125| .3155] .3180] .3150| .3165 |223/39/1 1/g | 5/16 | .318) .238 
3/g | 16 |....| .3344] .3349| .3369| .3354) .3750) .3785] .3810) .3795| .3810 |215/16|1 1/4 | 3/g | .381} .286 
3/g |....| 24 | .3479| .3484) .3499| .3489] .3750) .3785] .3810) .3775| .3790 |215/16|1 1/4 | 3/g | .381) .286 
3/g | 16|....| .3344| .3349) .3369) .3354) .3750) .3785) .3810} .3795] .3810 |215/i6/1 1/4 | 3/g | .275| .206 
3/g |....| 24. | .3479] .3484| .3499) .3489) .3750) .3785) .3810} .3775) .3790 |215/y6}1 1/4 | 3/g | .275| .206 
7/16| 14 |....| .3911} .3916) .3941) .3921) .4375| .4410} .4440| .4425| .4440 |3 5/39 |1 7/16 | 18/39] .323) .242 
7/16|..--| 20 | .4050} .4055] .4075| .4060| .4375| .4410| .4440| .4410] .4425 |3 5/39 |1 7/16 | 18/39) .323) .242 
1/p | 13 |....| .4500] .4505) .4530} .4510] .5000) .5040] .5070} .5055) .5070 |33/g 121/32] 7/16 | .367| .275 
1/g |....| 20 | .4675] .4680) .4700] .4685] .5000| .5040) .5070} .5035) .5050 |33/g |121/32) 7/16 | .367| .275 
9/16] 12 |....| .5084] .5089} .5114) .5094) .5625] .5670) .5700) .5685} .5700 |319/30)/121/39} 1/o | .429| .322 
9/16]... -| 18 | 5264) .5269| .5289) .5274) .5625] .5670) .5700} .5665| .5680 |319/39}121/39) 1/2 | .429) .322 
5/g | Il |....} .5660| .5665] .5690} .5676) .6250) .6300) .6330) .6315] .6330 |313/16}118/16) 9/16 | .480) .360 
5/g |....| 18 | .5889] .5894) .5914| .5902) .6250) .6300) .6330] .6290) .6305 |313/16)113/36) 9/16 | .480) .360 
3/4 | 10 |....} .6850] .6855] .6685} .6866} .7500) .7550} .7590) .7570) .7590 |41/4 |2 11/16) .590} .442 
3/4 |....| 16 | .7094] .7099] .7124) .7107| .7500] .7550] .7590| .7540) .7560 |41/4 |2 11/16] .590| .442 
7/g | 9|....| .8028] .8038] .8068) .8050| .8750] .8805] .8845| .8830) .8850 |411/16/2 7/39 | 3/4 | .697 523 
7/3 |. 14 | .8286] .8296| .8321] .8305} .8750] .8805| .8845) .8795| .8815 |411/16|2 7/39 | 3/4 | .697| .523 
| 8 |....| .9188] .9198] .9228] .9212]1.0000}1.0060]1.0100}1.0090}1.0110 |51/g {21/2 | 18/16} .800) .600 
1 = 14. | .9536] .9546] .9571] .9555}1.0000)1.0060}1.0100|1.0045)1.0065 |51/g |21/2 | 13/16] .800) .600 
11/g| 7 |....}1.0322}1.0332}1 .0367|1 .0347}1 . 1250/1. 1310) 1.1355) 1.1345) 1.1370 57/16 |29/16| 7/g | .896| .672 
11/3}. 12 |1.0709|1.0719}1.0749]1.0729}1. 1250]1.1310]1.1355}1.1300}1.1325 |5 7/16 |29/16| 7/3 | .896| .672 
11/g| 7 |... .]1.1572]1.1582)1.1617}1. 1597}1 .2500}1. 2565/1. 2610) 1.2595) 1.2620 53/4 |2 9/16 |I 1.021) .766 
11/4 12 |1.1959]1. 1969/1. 1999}1. 1979}1 2500} 1.2565]1.2610)1.2550}1.2575 |5 3/4 |29/16 |1 1.021] .766 
11g] 6 |..../1.3917}1.3927/1.3962)1.3945}1 5000} 1.5075) 1.5120 1.5115]1.5140 |63/g |3 11/g |1.233) .925 
11g ]....] 12 |1.4459]1.4469}1.4499]1 .4479|1 5000/1 5075) 1.5120 1.5050]1.5075 |63/g |3 11/g |1.233) .925, 
13/4] 5 |....]1.6201]1.6216]1 .6256}1 .6236)1 .7500}1.7575 1.7630}1.7620)1.7650 |7 33/16 |1 1/4 |1.430)1.072 
2 41/g}. .. .|1.8557] 1 .8572|1 .8612}1 .8592)2.0000|2:0085)2.0140)2.0130}2.0160 |7 5/3 39/76 |13/g |1.644)1.233 
21/4 |41/9|. .. .|2.1057]2. 1072/2. 1117}2. 1092)2. 2500/2. 2590 2.2650|2.2630/2.2660 |81/4 |3 9/16 |1 7/16 |1.894)1 .420: 
21/o| 4 |....|2.3376/2.3396)2. 3441/2. 3416)2.5000}2.5100 2.5160)2.5140)2.5170 |8 3/4 |4 11/2 2, 100}1 575 
23/4| 4 |... .|2.5876]2.5896|2.5946|2.5916)2.7500)2. 7600 2.7670|2.7640|2.7670 |9 1/4 |4 1 9/16 |2.350/1 762 
5) 31/a]. .. .[2.8144|2.8164/2.8214/2. 8184/3 .0000/3.0105)3.0175|3.0150 3.0180 |9 3/4 [49/16 |1 5/g 12.543|1.907 
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Table 23.—Dimensions of American Standard Tapper Taps and Nut Taps 
A.S.A. B5e—1930. All dimensions in inches. 


TAPPER TAP : NUT TAP 
Pitch Diameter | Major Diameter 

7 note Cut |Ground Cut Thr Ground Thr Dimensions 
Bize | Per in. Basic | Min. Thread| Thread | Basic ae se ts ee, ee 

N.C.|N.F. Max. | Max. Min. | Max. | Min. | Max. | A| B CODE 

Tapper Taps 
Va] 20 |....0.2175]0.2180]0.2200]0.2185 J0.2500]0. 2525)0 . 2550)0. 2535|0. 2550 |12, 15/1 1/4 | .... [0.185)...... 
1/4 |....| 28 | .2268| .2273) .2288| .2278 | .2500 2550| .2520| .2535 |12, 15|1 1/4 | .185/0.2036 
B/ie] 18 |....| .2764] .2769| .2789| 2774 | .3125 "3180| .3165| .3180 |12,15|1 3/g | .... | .240|...... 
5/1g|....| 24 | .2854| .2859) .2874| .2864 | .3125 3180| .3150| .3165 |12, 15|1 1/36| 5/16 | .240| .2584 
3/— | 16 |....| 3344] .3349) .3369| .3354 | 3750 3810| .3795| .3810 |12, 15|1 9/1g| .... | .294]...... 
3/g |....| 24 | .3479| .3484| .3499| 3489 | .3750 3810} _3775| .3790 |12,15|1 3/16| 3/g | .294| .3209 
7/16 14 |....| 3911] .3916| .3941| .3921 | .4375 4440] 4425] 14440 12, 151113/i¢| .... | .345)...... 
T/16)....} 20 | .4050| .4055| .4075| 4060 | .4375 "4440| _4410| .4425 112, 1511 3/g | 7/16 | .345| .3726 
1a | 13 |....| .4500] .4505| .4530| 4510 | .5000 5070] .5055] .5070 |12, 151 7/s | .... | .400...... 
1/9 |....| 20 | 4675] .4680| .4700| .4685 | .5000 "5070| _5035| .5050 |12,15|13/g | 1/2 | .400| .4351 
9/16 12 |....| .5084| .5089| 5114) 5094 | .5625 5700] .5685| 5700 |12, 15|21/g | .... | .450)...... 
9/i6|....| 18 | .5264| .5269| .5289| .5274| .5625 5700] .5665| .5680 |12, 1511 9/36| 9/16 | .450| .4903 
b/g | 11 |....| .5660| .5665] .5690| .5676 | .6250 6330] .6315| .6330 (12, 15|25/16| .... | .503)...... 
b/g |....} 18 | .5839| .5894| .5914| 5902 | .6250 6330] .6290| .6305 [12,151 11/16| 5/g | .503) .5528 
3/4| 10 |....| .6850| .6855| .6885| .6866 | .7500 '7590| .7570| .7590 |12,15|21/2 | .... | .616...... 
3/4 |....| 16 | .7094] .7099| 7124 .7107 | .7500 "7590| .7540| .7560 |12, 15|1 3/4 | 3/4 | .616| .6688 
7/3 | 9 '|....| .8028] 8038) .8068| 8050 | .8750| .8805| .8845| .8830| .8850 |12, 1523/4 | .... | .727)...... 
7/g |....| 14 | -8286| .8296| 8321) .8305 | .8750 "8845| .8795| .8815 |12. 151 7/g | 7/g | .727| .7822 
1 8 |....| 9188] .9198) .9228| .9212 |1.0000|1.0060\1 .0100|1.0090|1.0110 |12, 15/3 1/g | .... | .834...... 
1 |....| 14'| 19536] .9546| .9571] .9555 |1.0000|1 .0060|1 .0100| 1 .0045|1.0065 |12, 1521/g | 1 834.9072 ° 
11/g| 7 1 .0322|1 .0332|1 0367/1 .0347 |1.1250|1 "1355]1.1345|1.1370 | 15 [31/2 | .... | .933)...... 
11/g|....{ 12 |1.0709|1.0719|1 .0749|1 .0729 |1. 1250] 1. 1310/1. 1355|1.1300|1.1325 | 15 |23/g | 11/g | .93311.0168 
11/4| 7 |....[t.1572|1.1582/1.16171.1597 |1.2500| 1 2610|1.2595|1.2620 | 15 [31/2 | .... |1.058)...... 
11/4]. ...| 12 |1.1959]1.1969]1. 199911. 1979 |1.2500|1 2610|1.2550|1.2575 | 15 |23/g | 11/g |1.0581.1418 
11/2| 6 |....{1.3917)1.3927|1 .3962\1 .3945 |1.5000|1 5120|1.5115|1.5140 | 15/4 eerie 
11/o|....} 12 [1.4459] 1.4469|1 4499114479 |1.5000| 1 5120|1.5050|1.5075 | 15 |25/g | 13/g |1.278|1.3918 
13/4| 5 |....{1.6201|1.6216|1 .6256|1 .6236 |1.7500|1.7575|1 .7630|1.7620|1.7650 | 15 |41/o | .... |1.484)... 
2 |41/o]... {1 8557|1.8572|1 .8612\1 .8592 |2.0000|2.0085|2.0140|2.0130|2.0160 | 15 |41/> | .... |1.705|...... 
Nut Taps 

“Ta | 20 |....]0.2175]0,2180]0.2200)0. 2185 ]0.2500|0. 2525/0. 2550/0. 2535]0.2550 | 5 |1 5/g ) 9/16 10.185)0.139 
1/4 |....| 28 | .2268] .2273) .2288| .2278 | .2500| .2525| .2550| .2520| .2535|5 |11/4 | 9/1¢| .185| .139 
5/16 18 |....] .2764| .2769| .2789| .2774 | .3125| .3155| .3180| .3165| .3180 | 51/o|113/;¢| 5/g | .240| 180 
5/i¢|....| 24| .2854| .2859| .2874| .2864 | .3125| .3155| 3180] .3150| .3165 | 51/oll 3/g | 5/g | .2401 .180 
3/g | 16 |....] .3344| .3349| .3369| .3354 | .3750| .3785| 3810] .3795| 3810/6 {2 11/46) .294| 220 
3/3 |....] 24| 3479] .3484| 3499] .3489 | 3750] .3785| 3810] .3775| .3790| 6 |11/2 | 11/y¢| 2941 220 
7/16 14 |....| 3911 .3916| 3941] .3921 | .4375] .4410| .4440| .4425| .4440 | 61/9123/g | 3/4 | 345] 259 
7/16|....| 20 | .4050| .4055| 4075] .4060 | .4375| .4410| .4440| .4410| .4425 | 61/o\1 3/4 | 3/4 | .345| 259 
1/2 | 13'|....] /4500] 4505] 14530] .4510 | .5000| 5040] 5070 .5055| .5070|7 [21/2 | 7/s | 4001 300 
1/2 |....} 20 | .4675] .4680| .4700| .4685 | .5000| .5040| .5070| .5035| .5050|7 |17/g | 7/g | 4001 300 
9/16] 12 |....] 5084] 5089] 5114] 5094 | .5625| 5670] .5700| 5685] _5700 | 71/0123/4 | 7/ | 450 337 
9/1|....| 18 | .5264] .5269} 5289 .5274 | .5625| .5670| .5700| .5665| .5680 | 71/212 Vg | 450) 337 
5/g | 11 |....| .5660] .5665] .5690| .5676 | .6250| .6300| .6330| .6315/ .6330|8 3 15/16 503] 377 
b/s |....} 18 | .5889| .5894) _5914| .5902 | .6250| .6300| .6330| .6290| .6305| 8 [21/4 | 15/1e| 5031 377 
3/4 | 10 |....| .6850| .6855] 6885] .6866 | .7500| .7550| .7590| 75701 759019 [31/4 | 616! 462 
3/4 |....] 16] .7094] .7099) .7124 7107 | .7500| .7550| .7590| .7540| 7560/9 [21/9 It 616] .462 
7/3 | 9 |....{ 8028} .8038} .8068| .8050 | .8750| .8805| .8845 .8830| 8850 |10 [35/g |11/16| 7271 545 
7/3 |....| 14| .8286| .8296 _8321| 18305 | 18750] .8805| _8845| .8795| 8815 \10 |28/4 \11/19| ‘7271 545 
1 8 |....] 9188] 9198] .9228) 19212 |1 0000] 1 006011 0100|1,0090\1 0110 11 [4 |11/g°| 8341 625 
1 |....] 14] .9536] 9546 9571] .9555 |1 0000] 1.00601 .0100]1.0045|1.0065 |11 {3 |r 1/e | 8341 625 
11/g| 7 |.....|1.0322| 1 .0332|1 .0367\1 0347 |1. 1250] 1. 1310\t 1355] 1.1345|1.1370 {111/914 3/4 |1 1/4 | 933) 7 
11/g|....] 12 |1.0709] 1 0719]1 .0749|1 .0729:|1, 1250] 1. 131011. 1355]. 1300|1.1325 |111/931/> 11/4 | 933 ve 
11/7 |....jt.1572]1.1582{1..1617|1 1597 |1.2500|1.2565|1.2610|1.2505|1.2620 |12 1438/4 {18/16 |1 058 ae 
11/4|....{ 12 |1.1959]1.1969]1..1999}1. 1979 |1 -2500|1.2565]1.2610|1.2550|1.2575 12 [31/9 |18/ie 058 pe 
11/2| 6 |...../1.3917]1.3927}1 .3962|1 3945 |1 5000|1.5075|1.5120|1.5115|1.5140 (13 (53/5 |1 1/9 (1.278 Ee 
11/2|....| 12 |1.4459|1.-4469]1.449911 4479 |1 5000] 1.5075)1.5120|1.5050|1.5075 13 4 lta/e laze RL 
13/4| 5 |....|1.6201|1 .62161.6256|1 6236 |1.7500|1.7575)1 .7630|1.7620|1.7650 14 |51/o |18/a | aed ae 
2 |41/a)....|1.8557]1.8572|1 .8612)1 .8592 |2.0000|2.008512.0140|2.0130|2.0160 15 (61/e |i ava (1-70 oe 
21/4 41/2)... 1057}2. 10722. 111712. 1092 2_2500|2.2590|2.2650|2.2630|2.2660 |16 6 1/s II 7/4 oleae 
21/p|_4 |... .|2.3376|2.339612. 3441/2. 3416 |2.5000|2.510012.5160/2.5140/2.5170 17 (6 7/g \2 |2 1671 608 


ee EE 2 NO 625 
eNO. = i i : 
popiiracst American National Standard coarse thread; N.F. = American National Standard 


OO 


Table 24.—Tolerances in Tap Dimensions. 
Machine Screw Tap 


Tolerance in 


Lead, in. per in. of thread. . 


Length Overaliiitin eset 


lijep i 
Length of thread, in........ 


V/4-1/9 
9/16-1 1/2‘ 
3/4-3 oe oe ae 
Length of square, in........ 
1/4-5/g in. inel., in 
tf -| TN TC 


3/4-1 1/9 ae ae 
Ye a ce 
4 gat “e 
Diam. of shank, IMs eines 


Pies th 
Half Angle, minutes 
24-28 thds. per in cave eveFe 
24-32 aoe 
BOBO ee ee oe a are 
Siegen, oi oae 
3V2-5 BA kas 
45 ae ae ae 
41/o-5 ae “e ae 
6-9 SUR A? Fae 
R= OTe cae te cal sect, oc 
Full Angle, minutes 


24-28 thds. perin...... 
BO=C0 ha iphis \ece, aces 
AL eG rant 
‘yes cuir esis 
6-9 ene les 


10-28 oe ae oe 
Pilot Diameter, in. 

DA Val oN OE ce nrcdag ars tfake’ a 
Major Diam., max.f 


No. 0-12 inel.......... { 
24-32 thds. per iM....... 
31/25 
45 


RL ene 
CS el soit 


A eA chs sara ysicie sisljos 
Major Diam., min. 

Non O=3 incl. 37.2)s. 2% a0.c10! 

No. 4-12 inel............ 

INon6=12incl2.)c2.ne es = 


Cut 


1/39 


yore 


Dot _ 


3/4-3 


‘* National Fine Thread Series. 


tT Dp = 


40.003 


TAP TOLERANCES 


ap Papper ‘l'ap 

Ground Cut | Ground Cut Ground 
+0.0005 | 0.003 | +0.0005 | 40.003 | =-0.0005 
SELB ON cee terse I eee ee | Re Mem cea ge 
1/32 | 41/32 | +1/g 1/g 


+3/64 


oo ST (se na eee —0,005 }| —0.005 
PETE SAD Nea ioral Staelin Re hoe. ck 
<7) ane Dpst0:351| eke ees ee 
Soop d eet Meare an (ena el |e eee Dp-+0.35! 
Beeb ter, Dp+0.40t].........|D6+0.40¢ 
iy Aaa Dp+0.45t|.........|Dp-+-0.451 
les ahha Poe yf 
0.01-/ Dp 0.01>/ Ds 
Dz— } i , y 
a> pony asenaee Cenc ace ae Pe ss, 
ee 

a 6 ors 
{ 0.0025 } { 

Dee pe 

0.0015 |f-°-*: { 0.0015 
Wks. r= (.003| penne 
Dz—0.002| D,—0.004| D,—-0.002 

ie ee 

0.0025 | 0.0045 | 0.0025 

Dz— Dz— 

Jap 0.0055 | 0.003 


basic major diameter; Dz = 


maximum diameter; ¢ = truncation. 


(A.S.A., B5e—1930) 
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Nut Tap 
Cut Ground 
=£0.003 | 40.0005 


Do+- } 


Dz,—0.003 


D;,—0.004|D,—0.002 


Dr— 
0.0025 


D ==) 
0.0045 
Des 
0.0055 
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Table 25.—Tap Drill Sizes for American National Standard Screw Threads 
Cleveland Twist Drill Co., Cleveland, Ohio 


Fine Thread Series 


Coarse Thread Series 


Commer- 
cial 
° ‘hreads| Drill to 
Size vi per | Produce E 
meal i il in. 75% Full 
Thread Thread 
s0i 11/16 > 
SE en aak. 2 ore ae Leas 9 13/16} -81 
2| $6 | No.0 3 15/16 | .9375 
3} 48 | No. 47 7 13/g4 | 1.0469 
4] 40 No. 43 7 1 11/gq4 | 1.1719 
5 40 No. 38 6 1 19/64 | 1.2969 
6} 32 No. 36 6 1 21/g4 | 1.3281 1 27/64 | 1.4219 
8} 32 No. 29 5 U85/an | 5469 nce c8 oe Sant taeceans 
10 24 No. 25 AVfg | 125/55) U.7812 cod ce cex nn neietons es 
12) 24 No. 16 43fo | 2 ifsy  [POBIZT AES col. ceo dtewases 
1/4 20 No. 7 4 2g TR PIO S cin dss sss lows tes 
5/16} 18 F 4 Pa fash ha S000 locos: tek segeasl Seaee 
3/g 16 5/16 4 23/4 2750 Lec etc lace. dcouboetauns 
7/16| 14 U 4 3 3.Q00G Los een co a eeeees 
1/o 13 27/64 4 31/4 3.2500 basse tude cxeeetace 
9/16} 12 31/64 3 ify 7) 3. S000 ee ec aarenc ieee 
5/g | 11 | 17/39 4 33/4 1S TOOL eee 


3. BOLTS, NUTS AND SCREWS 


The distinction between bolts, studs, cap-screws, tap-bolts and machine-screws is 
shown in Fig. 14. The length includes the heads of flat-head screws, stove-bolts and stove- 
rods. It excludes the heads of bolts, cap-screws, tap-bolts, round- and fillister-head 
machine screws, round-head stove-bolts and stove-rods, and about one-half the head of 


round-head wood screws. 


FLAT — OVAL 
FLAT ROUND en visteR FILLISTER 
CAP SCREW TAP BOLT ease 


Fie. 14. Forms of Screw Fastenings 


If it can be avoided, a hole in cast-iron never should be tapped, as the iron is weak and 
brittle, and tends to crumble. When it is necessary to tap cast-iron, studs should be used 
if the attached parts require frequent removal. The cast-iron thread would soon wear if 
cap-screws were used, whereas the stud is put in once for all. F 

BOLTS.—Standard bolt heads are classed as unfinished, 7.e., not machined on any 
surface, semi-finished, t.e., machined under the head only, and finished, t.e., machined on 
all surfaces. Bolts and nuts are further classified as: Regular series bolts and nuts, 
which are intended for general use; heavy bolts and heavy nuts, which are used where 
greater bearing surface is necessary, or where a large clearance between the bolt and the 
hole, or where a greater wrench bearing surface is essential; light series nuts, used where 
extreme saving in weight and material is desirable. 

Regular Bolt Heads and Nuts.—The dimensions of American Standard regular bolt 
heads and nuts are given in Table 26. The width across the flats of all bolt heads is 
1 1/ D, adjusted to sixteenths of an inch, where D = diameter of bolt, except for the sizes 
of-1/4 to 5/g in. inclusive, of finished bolt heads. For these bolts, the width across flats 
is (11/2 D + 1/16), adjusted to sixteenths. The tolerance for the width across flats is 
as follows: Unfinished and semi-finished, minus 0.050 D from basic: finished bolt heads 
minus (0.015 D + 0.006) from basic. The minimum width across rounded corners of square 
bolt heads is: Unfinished and semi-finished square bolt heads, 1.373 X minimum width 
across flats; minimum width across rounded corners of unfinished, semi-finished, and fin- 
ished hexagon bolt heads is 1.14 X minimum width across flats. The nominal height of 
head is the distance from the top to the bearing surface. For unfinished bolts it is 2/3 D, 
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adjusted to fractions, and for finished bolt heads it is 3/4 D. For semi-finished bolt heads, 
the nominal height is as follows: 


Size, 40) | Se ee 1/4 to 7/16 1/9 to 7/ 1 to 17/3 2 to 3 
Height............. /sD — ea) (/3D— 1g) (2/gD — V/ae) (2/3. D — 1/g) 
These values all are adjusted to the nearest 1 /64in., with a tolerance of +(0.016 D + 0.012) 
from nominal. This also is the tolerance for unfinished bolt heads. For finished bolt 
heads it is +(0.015 D + 0.003). The tops of all bolt heads are flat and chamfered at an 
angle to the top surface of 25 deg. for square, and 30 deg. for hexagon. The diameter 
of the top flat circle is the maximum width across flat. The maximum radius under the 
head for all classes of bolts and heads is as follows: 

I/gtol/g %/ 6 tol 11/3 to 2 21/4 to 3 
1/30 1/16 1/g 3/16 
Heavy Bolt Heads.—Table 26 gives the dimensions of American Standard heavy bolt 

heads. The width across flats is (1 1/2 D + 1/g) adjusted to sixteenths. The tolerance 

for width across flats and for minimum width of.rounded corners is the same as for regular 
bolt heads. Nominal height of head, and tolerances, are as follows: Unfinished bolt heads, 
height, (3/4 D + 1/16), tolerance, minus (0.016 D + 0.012) from nominal; finéshed bolt 


BOLTS 


Table 26.—Dimensions of American Standard Regular and Heavy Bolt Heads 
A.8.A., B18.2—1933. All dimensions in inches 


Square and Hexagon Finished, Hexagon 


Diam. | width Across | Width Across | Unfinished | Semi-finished | Wigth Across | Width . 
of ; —————“ Across Height 
Bolt, Flats Corners, Min. Height Height Flats 
D Max. ‘ . “ 

(asic) Min. | Square| Hex. | Max. | Min. | Max. | Min. 

Regular Bolt Heads 
1/4 | 0.3750 | 0.363 | 0.498 | 0.414 | 0.188 | 0.156 | 0.172 | 0.140 | 0.4375 | 0.428 | 0.488 | 0.194 | 0.181 
5/ig| .5000| .484| .665| .552| .220] .186| .205| .171| .5625| .552| .629| .242| _227 
8/g | .5625| .544| .747| .620| .268| .232| .252| .216| .6250] .613| .699| .289| 273 
7/16| .6250| .603| .828| .687| .316| .278| .300| .262| .7500| .737| .840| .338| .319 
Yo | .7500| .725| .995| .827| .348| .308| .317| .277| .8125| .799| .911| .386| .365 
9/16 | .8750| .847| 1.163 | .966| .396| .354| .365| .323| .8750| .861} .982| .432] .410 
5/g | .9375| .906 | 1.244] 1.033 | .444| .400] .413| .369| 1.0000] .985|1.123| .481| .456 
8/4 |1.1250| 1.088 | 1.494| 1.240] .524| .476| .493| .445| 1.1250] 1.108 | 1.263] .577| 548 
i/, | 1.3125| 1.269 | 1.742 | 1.447] .620| 5681 .589| .537| 1.3125 | 1.2931 1.474] .672| 640 
1 1.5000| 1.450 | 1.991 | 1.653 | .684| .628| .622| .566| 1.5000 | 1.479| 1.686] .768| .732 
11/g |1.6875| 1.631 | 2.239 | 1.859 | 780] .720] .718| .658| 1.6875 | 1.665 | 1.898 | .864| .824 
11/4 | 1.8750] 1.813 | 2.489 | 2.067 | .876| .812| .813| .749 | 1.8750] 1.850| 2.109] .959| .916 
13/g | 2.0625| 1.994 | 2.738 | 2.273 | .940| .872| .878| .810 | 2.0625 | 2.036 | 2.321 | 1.055 | 1.008 
11/g |2.2500| 2.175 | 2.986 | 2.480 | 1.036 | .964| .974| .902 | 2.2500 | 2.222 | 2.533 | 1.151 | 1.100 
15/g | 2.4375| 2.356 | 3.235 | 2.686 | 1.132 | 1.056 | 1.069 | .993 | 2.4375 | 2.407 | 2.744 | 1.246 | 1.191 
13/4 | 2.6250| 2.538 | 3.485 | 2.893 | 1.196 | 1.116 | 1.134 | 1.054 | 2.6250 | 2.593 | 2.956 | 1.342 | 1.283 
1 7/g | 2.8125| 2.719 | 3.733 | 3.100 | 1.292 | 1.208 | 1.230 | 1.146 | 2.8125 | 2.778 | 3.168 | 1.437 | 1.375 
2 30000 | 2.900 | 3.982 | 3.306 | 1.388 | 1.300 | 1.263 | 1.175 | 3.0000 | 2.964 | 3.379 | 1.533 | 1.467 
21/4 | 3.3750| 3.263 | 4.480 | 3.720 | 1.548 | 1.452 | 1.423 | 1.327 | 3.3750 | 3.335 | 3.802 | 1.724 | 1.651 
21/9 |3.7500| 3.625 | 4.977 | 4.133 | 1.708 | 1.604 | 1.583 | 1.479 | 3.7500 | 3.707 | 4.226 | 1.916 | 1.835 
23/4 |4.1250| 3.988 | 5.476 | 4.546 | 1.884 | 1.774 | 1.744 | 1.632 | 4.1250 | 4.078 | 4.649 | 2.107 | 2.018 
3 4.5000! 4.350 | 5.973 | 4.959 | 2.060 | 1.940 | 1.935 | 1.815 | 4.5000 | 4.449 | 5.072 | 2.298 | 2.202 
Heavy Bolt Heads 
850 | 1.167 | 0.969 | 0.458 | 0.418 | 0.426 | 0.336 |........ 0.862 | 0.983 | 0.448 | 0.427 

is ies 6006 1.244 | 1.033] .490] .448] .459] .417]........ 0.923} 1.052| .511 | .489 
5/g | 1.0625| 1.031 | 1.416] 1.175 | .553| .509| .522| .478]........ 1.047] 1.194 | .575] 550 
8/4 | 1.2500) 1.213 | 1.665 | 1.383] .649| .601| .618| .570|........ 1.233 | 1.406 | .702| .673 
1/3 | 1.4375| 1.394] 1.914| 1.589 | .745| .693| 714] .662]........ 1.418 | 1.617] .829 | .796 
1 162501 1.575 | 2.162 | 1.796 | .841| .785| .778| .722]........ 1.604 | 1.829} .956| .920 
11/g | 1.8125| 1.756 | 2.411 | 2.002 | .936| .876| .874| .814]........ 1.790 | 2.041 | 1.082 | 1.043 
11/4 | 2.0000] 1.938 | 2.661 | 2.209 | 1.032 | .968| .970 .906]........ 1.975 | 2.252 | 1.210 | 1.166 
13/g | 2.1875| 2.119 | 2.909 | 2.416 | 1.128 | 1.060 | 1.065] .997]........ 2.161 | 2.464 | 1.336 | 1.289 
11/9 | 2.3750 | 2.300 | 3.158 | 2.622 | 1.224 | 1.152 | 1.161 | 1.089]........ 2.347 | 2.676 | 1.463 | 1.412 
15/3 | 2.5625 | 2.481 | 3.406 | 2.828 | 1.319 | 1.243 | 1.257 | 1.181 ]........ 2.532 | 2.886 | 1.590 | 1.535 
13/4 {2.7500 | 2.663 | 3.656 | 3.036 | 1.415 | 1.335 | 1.353 | 1.273]........ 2.718 | 3.099 | 1.716 | 1.659 
1 7/g | 2.9375 | 2.844 | 3.905 | 3.242 | 1.511 | 1.427 | 1.448 | 1.364]... 2.903 | 3.309 | 1.844 | 1.781 
2» |3'1250| 3.025 | 4.153 | 3.449 | 1.607 | 1.519 | 1.482 | 1.394 ]........ 3.089 | 3.522 | 1.971 | 1.905 

5000 | 3.388 | 4.652 | 3.862 | 1.798 | 1.702 | 1.673 | 1.577|........ 3.460 | 3.944 | 2.224 | 2.151 
ohm ie ‘750 | 5.149 | 4.275 | 1.990 | 1.886 | 1.865 | 1.761 |........ 3.832 | 4.368 | 2.477 | 2.397 
oon ime rae 5.647 | 4.689 | 2.181 | 2.069 | 2.056 | 1.944]........ 4.203 | 4.791 | 2.732 | 2.643 
3 i 4.6250 | 4.475 | 6.144 | 5.102 | 2.373 | 2.253 | 2.248 | 2.128 |........ 4.574 | 5.214 | 2.986 | 2.890 
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heads, height, (D — 1/16), tolerance, minus (0.015 D + 0.003) from nominal. Nominal 
heights and tolerances of semi-finished bolts are as follows: 

S1ze Mills seep reeteiclcraeeete eis Recast ee) exer snle toto 1/9 to 7/g 1 to 17/3 2 to 4 
Pleightwqetrine te ieee oa. tind tele. ceceiaeno (3/4 D + 1/39) 3/4 D (3/4 D — 1/16) 
Tolerance, all sizes, (0.016 D + 0.012) from nominal. 

Chamfer of top of head and radius under head are the same as for regular bolt heads. 


Table 27.—Length of Thread on Bolts 


Diam. of Length of Bolt, inches 
ed 1 to 11/2] 15/g to 2|21/g to 21/9| 25/g to 3| 3 1/g to 4} 41/g to 8 |81/g to 1212 1/g to 20 
1 i ea 7/3 1 1 11/g UO eraceas \) cc cccno: 
oh 3/4 7/3 1 1 1 1/g Ue) 7 Oa resistin), onc oc 
3/g 7/g 1 1 1/g 1 1/g 11/4 1 3/g A/a Po cia ntette 
7/16 7/3 1 11/g 11/g 11/4 13/g Ag Mh ie erate 
1/2 7/8 1 11/g 11/4 13/g 11/2 15/g 13/4 
9/16 7/3 ! 11/g 11/4 1 3/g 11/2 1 5/g 18/4 
5/g 1 11/g 11/4 13/g 11/2 1 5/g 13/4 2 
ie AE et one 11/4 1 3/g 11/2 1 5/g 13/4 2 21/4 
7/5 man ml |S oro 11/4 11/2 13/4 17/g 2 21/4 21/2 
eS iBsacdeere | wcacrc 4 1 3/4 2 21/4 21/2 2 3/4 3 
i104 teelllh| Mecrapeniiote «| tubkcoee Sicn | (Parmcenor 21/4 21/2 ait 3 31/4 
Diameter 
under (|) ee eS SE eee 
Head to| 1/4 | 3/g | 7/16 | 12 | 9/16 | 5/3 | 3/4 | 7/8 | 1/4 | U2) 18/4) 2 
Point, in.| in. in. in. in. in. in, in. in. in, in. in. in, in. 
11/4 Sth 84) T2e5 UF 27) 2423 | SOL ty SOE 4) eae os aes Sacre tera | setae flare loreterete 
11/2 34 952) 13.68 ADM, 26.0) 23228 be SoS alee ea ctlarccas wiansifeparete teereifta ehareret| kterenerel genet 
Zz 40 VOLS TVS. 27 28 2965.) ST PST Ook tl 2oe Wacom ence icnce ell] cetera ere 
21/2 4.8: 12.3) 07.8) 24.6] 33.0) © 4h.4 ) 65.91 S97, 3) 136: 8.0 924603 Ie ae eee 
3 5.51338) 19.9) 27.4) 36. 5)) 945-7 | S220 TOS. 2) T4728) 263. 5a 0a eee eee 
31/2 6.2) 15.31 210.8 2958)1 ~ 40.0) © 50.0) 783 1142) 1589) 8280785495 ee ae 
a 6.9 | 1659: 24.0) 32.6) 43.55) 54.4) (84251) 122-6 | 16929) © 298) 1 e520) ee 20N eee 
41/2 7518.4) 26.0} 35.4) 46.7} 58.3) (90631 13005) 179. 4) 5314. 0 S45 besser 
5 8.2} 19.9) 28.2] 38.1] 50.2] 62.6} 96.5] 138.9] 190.4] 331.4] 570 | 786 | 1180 
51/2 8.9] 21.5} 30.3} 40.9] 53.7] 66.9] 102.7] 147.4] 201.5] 348.6] 595 | 820 | 1225 
6 9.6] 23.0} 32.4] 43.7] 57.2] 71.3] 108.9] 155.8] 212.5] 365.9] 620 | 854 | 1270 
61/2 10.3] 24.6] 34.5] 46.4] 60.7] 75.6] 115.1] 164.3] 223.6] 383.1] 645 | 888 | 1315 
7 11.0] 26.1] 36.6] 49.2] 64.2] 79.9] 121.3] 172.7] 234.6] 400.4] 670 | 922 | 1360 
7Yq | 11.7) 27.7) 38.8) 51.9] 67.6] 84.2] 127.6] 181.2] 245.6] 417.7] 695 | 956 | 1405 
8 12.4] 29.2] 40.9] 54.7] 71.1] 88.5] 133.8] 189.6] 256.7] 434.9] 725 | 990 | 1450 
9 13.7] 32.4] 44.9] 60.0] 77.8] 96.8] 145.7] 205.9] 278.0] 468.2] 775 |1058 | 1540 
10 15.1} 35.5] 49.1] 65.5] 84.8] 105.4] 158.2] 222.8] 300.0] 502.7] 825 |1126 | 1630 
11 16.5] 38.6] 53.4] 71.0) 91.8] 114.1] 170.6] 239.8] 322.2] 537.3] 875 |1194 | 1720 
12 17.9} 41.7] 57.6) 76.5] 93.8] 122.7] 183.0] 256.7 | 344.3] 571.8] 925 |1262 | 1810 
13 19.3] 44.8) 61.8] 82.0] 105.5] 131.0] 195.4] 273.6 | 366.3] 606.3] 975 |1330 | 1900 
14 20.6] 47.9} 66.0} 87.6] 112.5] 139.6] 207.9 | 290.5] 388.4] 640.8|1025 11398 | 1990 
15 22.0] 51.0] 70.3] 93.1] 119.5] 1482} 220.3) 307.4] 410.5] 675.311075 |1468 | 2080 
16 23.4) 54.1) 74.5] 98.6] 126.4] 156.9 | 232.7 | 324.3] 432.6] 709.8]1125 11536 | 2170 
17 24.8) 57.2) 78.7] 104.1 | 133.4] 165.5] 245.1] 341.2] 454.7] 744.311175 11604 | 2260 
18 26.2} 60.3) 82.9] 109.7] 140.4] 174.1] 257.6| 358.1] 476.8] 778.911225 11672 | 2350 
20 28.9] 66.5] 91.4] 120.7] 154.4] 191.4] 282.4] 392.0] 521.0] 847.9|1325 |1808 | 2530 
22 31.7] 72.7] 99.9] 131.7] 168.4] 208.6 | 307.3] 425.8] 565.1] 916.9|1425 |1944 | 2710 
24 34.4] 78.9} 108.3] 142.8] 182.4] 225.9 | 332.1 | 459.6] 609.3] 986.01/1525 |2080 | 2890 
26 37.2 | 85.2] 116.8] 153.8] 196.3] 243.1 | 357.0 | 493.4] 653.5] 1055.0|1625 |2216 | 3070 
28 40.0} 91.4) 125.2] 164.9] 210.3] 260.4 | 381.8 | 527.3] 697.7] 1124.0|1725 |2352 | 3250 
30 42.7 | 97.6 | 133.7 | 175.9 | 224.3 | 277.7 | 406.7 | 561.1] 741.9 | 1193.0|1825 12488 | 3450 
Weight per 100 Nuts, lb. 
Square..| 0.7| 2 ae) 552 8.1 9.9] 16.8] 26.9| 40.1 77.8| 162 | 257 381 
Hexagon] 0.6] 2.1 3.2 4.8 6.7 8.3] 14.0] 22.3) 33.4 64.0] 134 | 207 307 
Diff oucae Oat (ese 0.7 0.9 1.4 1.6 2.8 4.6 6.7 ete || 7333 50 74 
Weight of 100 Heads, Ib. 
Square..| 0.8] 2.4 4.0 5.9 8.8] 11.4] 20.0) 3174) s44r9 90.9] 144 | 231 345 
Hexagon| 0.7] 2.2 oa 53 79 0 35 RAO eee 2s Ie. 8359 (1324) 215 302 
Dither. cle GmOr2 0.5 0.6 0.9 Neal 3.0 3.2 55 7.0 12 16 43 


For Weight of Bolts with Hexagon Heads and Hexagon Nuts 
Subtract] 0.2] 0.6] 1.2] 1.5 283) |oe7 POA Pa. aoe 
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Length of Thread on Bolts.—Table 27 from Machinery’s Handbook gives the length of 
thread on bolts up to 1 1/4 in. diameter and up to 20 in. long. For bolts exceeding these 
dimensions, the length of thread is made equal to 3 times the bolt diameter. 

NUTS.—American Standard nuts are classified as regular and jam nuts, and are 
further classified as unfinished, semi-finished and finished nuts. Unfinished nuts are 
threaded but not machined on any surface. Semi-finished nuts are threaded and machined 
on the bearing surface only. Finished nuts are threaded and machined on all surfaces. 
The width across the flats of all types of nuts is 1 1/2 D, except for sizes 1/4 to 5/g in., where 
width across flats equals 1 1/2 D + 1/16, with a tolerance of minus 0.050 D from basic for 
unfinished and semi-finished nuts, and of minus (0.015 D + 0.006) from basic for finished 
nuts. Minimum width across rounded corners is the same as for bolt heads. The nominal 
thickness is the overall distance from the top to the bearing surface and is equal to 7/g D 
for unfinished and finished nuts. For semi-finished nuts it is as follows: 


IAC spt ape wokierare 1/4 to 7/16 1/2 to 1 1/3 11/4 to 21/4 2 1/5 to 3 
Mhicknessicas. «- (/2z D + 1/64) (1/2 D + 3/64) Q/2 D + 1/16) (1/2 D + 5/32) 


Table 29.—Dimensions of American Standard Regular and Heavy Nuts 
A.S.A., B18.2—1933. All dimensions in inches 
Unfinished and Semi-finished Square and Hexagon Finished Hexagon 


Width 


. Width Across Width Across Unfinished Semi-finished Width Across 
= Flats Corners, Min. Thickness Thickness Flats cee Thickness 
Max ; : : ners, ; 
Basi 3S Min. Sq. Hex. | Max. | Min. | Max. | Min. Max. | Min. Min. Max. | Min. 


Regular Nuts 


1/4 | 0.4375 | 0.425 | 0.584 | 0.485 | 0.235 | 0.203 | 0.219 | 0.187 | 0.4375 | 0.428 | 0.488 | 0.225|0.212 
B16 -0629) "5471 .Z5l OLA Mer2OS me. 249 ner 207 255 tm. D023 I 552 1629) |0 273) e258 
3/3 -6250 | .606] .832] .691 -o40)|P=. 510) 2331 295) 6250 |" 613") 699)" 9336) 2320 
7/16| .7500 | .728| 1.000] .830 |] .394) .356]) .378| .340] .7500 | .737 | .840] .384| .366 
1/2 -8125 | .788 | 1.082} .898 | .458| .418} .442| .402} .8125 | .799) ..911| .448] .428 
9/ig| .8750 | .847] 1.163 | .966] .521 -479 | .490 | .448} .8750 | .861 | .982} 511] .489 
-0000 |} .969 | 1.330 

1 

1 

1 


6/g | 1 1.104 | .569 | .525 | .553} .509} 1.0000 985m 123) =559))| e935 

8/4 | 1.1250 | 1.088 | 1.494 | 1.240 | .680) .632 | .665 | .617 | 1.1250 | 1.108") 1.263) .670| .642 

Wg | 1.3125 | 1.269 | 1.742 | 1.447 | .792| .740 | .776| .724) 1.3125 | 1.293 | 1.474| .781| .750 
] 1.5000 | 1.450 | 1.991 | 1.653 | .903 | .847 | .887 |] .831 | 1.5000 | 1.479 | 1.686] .893] .858 
11/g | 1.6875 | 1.631 | 2.239 | 1.859 | 1.030 | .970) .999 | .939 | 1.6875 | 1.665 | 1.898] 1.020) .980 
11/4 | 1.8750 | 1.813 | 2.489 | 2.067 | 1.126 | 1.062 | 1.063 | .999 | 1.8750 | 1.850 | 2.109} 1.115} 1.072 
13/g | 2.0625 | 1.994 | 2.738 | 2.273 | 1.237 | 1.169 | 1.175 | 1.107 }| 2.0625 | 2.036 | 2.321 | 1.227] 1.180 
11/g | 2.2500 | 2.175 | 2.986 | 2.480 | 1.349 | 1.277 | 1.286 | 1.214 | 2.2500 | 2.222 | 2.533 | 1.338] 1.288 
15/g | 2.4375 | 2.356 | 3.235 | 2.686 | 1.460 | 1.384 | 1.397 | 1.321 | 2.4375 | 2.407 | 2.744 | 1.449] 1.395 
13/4 | 2.6250 | 2.538 | 3.485 | 2.893 | 1.571 | 1.491 | 1.509 | 1.429 | 2.6250 | 2.593 | 2.956) 1.560] 1.503 
17/g | 2.8125 | 2.719 | 3.733 | 3.100 | 1.683 | 1.599 | 1.620 | 1.536 | 2.8125 | 2.778 | 3.168] 1.672] 1.610 
2 3.0000 | 2.900 | 3.982 | 3.306 | 1.794 | 1.706 | 1.732 | 1.643 | 3.0000 | 2.964 | 3.379 | 1.783} 1.718 
21/4 | 3.3750 | 3.263 | 4.480 | 3.720 | 2.017 | 1.921 | 1.954 | 1.858 | 3.3750 | 3.335 | 3.802) 2.005 | 1.932 


21g | 3.7500 | 3.625 | 4.977 | 4.133 | 2.240 | 2.136 | 2.146 | 2.042 | 3.7500 | 3.707 | 4.226 | 2.228 | 2.148 
23/4 | 4.1250 | 3.988 | 5.476 | 4.546 | 2.462 | 2.350 | 2.369 | 2.257 | 4.1250 | 4.078 | 4.649 | 2.450 | 2.363 
3 4.5000 | 4.350 | 5.973 | 4.959 | 2.685 | 2.565 | 2.591 | 2.471 | 4.5000 | 4.449 | 5.072 | 2.673 | 2.578 


Heavy Nuts 


1/g | 0.8750 | 0.850 | 1.167 | 0.969 | 0.520 | 0.480 | 0.504 | 0.464 | 0.8750 | 0.862 | 0.983 | 0.511 | 0.490 
9/16 | 0.9375 | 0.906 | 1.244 | 1.033 | 584] .542] .568 | .526 | 0.9375 | 0.923 | 1.051] .574) .551 
5/g | 1.0625 | 1.031 | 1.416] 1.175 | .647 | .603 | .631 .587 | 1.0625 | 1.047 | 1.194) .637) .613 
3/4 | 1.2500 | 1.213 | 1.665 | 1.383 | .774] .726] .758 | .710} 1.2500 | 1.233 | 1.406} .764) .736 
7/g | 1.4375 | 1.394 | 1.914 | 1.589 | .901 .849 | .885 | .833 | 1.4375 | 1.418 | 1.617] .891) .859 
1 1.6250 | 1.575 | 2.162 | 1.796 | 1.028 | .972 | 1.012 | .956 | 1.6250 | 1.604 | 1.829| 1.018) .982 


1 1 I 
11/g | 1.8125 | 1.756 | 2.411 | 2.002 | 1.155 | 1.095 | 1.139 | 1.079 | 1.8125 | 1.790 | 2.041 | 1.145) 1.105 
11/4 | 2.0000 | 1.938 | 2.661 | 2.209 | 1.282 | 1.218 | 1.220 | 1.156 | 2.0000 | 1.975 | 2.252) 1.272) 1.228 
13/g | 2.1875 | 2.119 | 2.909 | 2.416 | 1.409 | 1.341 | 1.347 | 1.279 | 2.1875 | 2.161 | 2.464) 1.399 | 1.351 
11/g | 2.3750 | 2.300 | 3.158 | 2.622 | 1.536 | 1.464 | 1.474 | 1.402 | 2.3750 | 2.347 | 2.676 | 1.526] 1.475 
15/g | 2.5625 | 2.481 | 3.406 | 2.828 | 1.663 | 1.587 | 1.601 | 1.525 | 2.5625 | 2.532 2.886 | 1.652] 1.598 
13/4 | 2.7500 | 2.663 | 3.656 | 3.036 | 1.790 | 1.710 | 1.728 | 1.648 | 2.7500 | 2.718 3.099 | 1.779} 1.721 
17/g | 2.9375 | 2.844 | 3.905 | 3.242 | 1.917 | 1.833 | 1.855 | 1.771 | 2.9375 2.903 | 3.309 | 1.906} 1.844 
2 3.1250 | 3.025 | 4.153 | 3.449 | 2.044 | 1.956 | 1.984 | 1.894 | 3.1250 | 3.089 | 3.522 | 2.033} 1.967 
21/4 | 3.5000 | 3.388 | 4.652 | 3.862 | 2.298 | 2.202 | 2.236 | 2.140 | 3.5000-| 3.460 3.944 | 2.287 | 2.213 


3.750 | 5.149 | 4.275 | 2.552 | 2.448 | 2.458 | 2.354 | 3.8750 | 3.832 | 4.368 | 2.541 | 2.460 
ae 42500 4.113 | 5.647 | 4.689 | 2.806 | 2.694 | 2.712 | 2.600 | 4.2500 | 4.203 | 4.791 | 2.794 | 2.706 
3 4.6250 | 4.475 | 6.144 | 5.102 | 3.060 | 2.940 | 2.966 | 2.846 | 4.6250 | 4.574 | 5.214 | 3.048 | 2.952 
31/4 | 5.0000 | 4.838 | 6.643 | 5.515 | 3.314 | 3.186 | 3.220 3.092 | 5.0000 | 4.945 | 5.637 | 3.302 | 3.198 
31/q | 5.3750 | 5.200 | 7.140 | 5.928 | 3.568.) 3.432 | 3.474 3.338 | 5.3750 | 5.317 | 6.061 | 3.556 | 3.445 
33/4 | 5.7500 | 5.563 | 7.638 | 6.342 | 3.822 | 3.678 | 3.728 3.584 | 5.7500 | 5.688 | 6.484 | 3.809 | 3.691 
4 6.1250 | 5.925 | 8.135 | 6.755 | 4.076 | 3.924 | 3.982 | 3.830 | 6.1250 | 6.059 | 6.907 | 4.063 | 3.937 
LL Kg 
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The tolerance for the thickness of unfinished and semi-finished nuts is +(0.016 D + 0.012) 
from nominal. For finished nuts it is +(0.015 D + 0.003) from nominal. The top of 
square and hexagon nuts are washer crowned or flat and chamfered, the chamfer being the 
same as for bolt heads. Bearing surface of semi-finished nuts is machined plain with 
chamfered corners, or machined to a washer face 1/¢4 in. thick and of diameter equal to 
maximum width across flats; for finished nuts it is a washer face of the same dimensions 
as a semi-finished nut. Table 29 gives dimensions of regular and heavy nuts. 

Jam Nuts.—Jam nuts are similar in all respects to the regular nuts, except thickness. 
The thicknesses of the several classes of jam nuts are as follows: 


Size, Regular......... 1/4 to 7/16 1/p to 11/8 11/4 to 2 21/9 to 3 
Unfinished 32 cut OSceehe G/2 D + 1/39) Q/2 D + 116) Q/2 D + 1/8) (/2 D + 1/4) 
Semi-finished....... (1/2 D + 1/64) (1/2 D + 3/64) (1/2 D + 1/16) (1/g D + 5/16) 
Finished........-.- G/2 D + 1/32) G/2 D + 1/16) (1/2 D + 1/8) Q/2 D + 1/4) 

Size, Heavy.. oe. «6g to 1I/g 11/4 to 21/4 21/2to4 
A eee ag Gori aE 
Semi-finished. 5a 2 64. 2 16 
Finished. ........-. (/2 D + 1/16) (/2D + Ys) (l/2 D + 1/4) 


Table 30.—Dimensions of American Standard Regular and Heavy Jam Nuts 
A.S.A, B18.2—1933. All dimensions in inches 


Unfinished and Semi-finished Square and Hexagon Finished Hexagon 


i i i i-fini ; Width 
Diam.) te Across Pha mos |__Unfinished | _Semi-finished Wiaeh ete Ne Ith) srhickness 
D Flats OrHers) Na Thickness Thickness a Con 
Ban | Min. | Sq. | Hex. | Max. | Min. | Max. | Min | Max. | Min. | isp’ | Max. | Min. 


Regular Nuts 


1/4 | 0.4375 | 0.425 | 0.584 | 0.485 | 0.172 | 0.140 | 0.157 | 0.125 | 0.4375 | 0.428 | 0.488 | 0.163 | 0.150 
5/ig| .5625 | .547 | .751 .624 | .205 | «171 21894" 155» 56250" 552 fe .629)) 2195.9) 2180 
3/3 .6250 | .606 |} .832| .691 .237 | .201 .221 -185} .6250} .613 | .699] .227]. .211 
7/1g| .7500} .728| 1.000} .830| .269} .231 .253 |» .215 ] .7500 | .737 | .840))) 259) .241 
1/9 $8125 | .788: |) 1.082 |. .898 }@ 333 > 293}. 317) 277 8125) 67991 911323) 2303 
9/16] «©8750 | .847) 1.163 | .966| .365] .323 | .349 | .307] .8750 |) .861 | .982) .355| .333 
5/g | 1.0000 | .969 | 1.330] 1.104} .397) .353 | .381 -337 | 1.0000 | .985 | 1.123] .387] .363 

I; 

Lt 

Ik 


8/4 | 1.1250 | 1.088 494] 1.240 | .462|] .414| .446] .398 | 1.1250 | 1.108 | 1.263} .451) .424 
7/g | 1.3125 | 1.269 742 | 1.447 | .526| .474]} .510 | .458 | 1.3125 | 1.293 | 1.474] .516] .484 
1 1.5000 | 1.450 991 [1.653 | 591 .535 | .575 | .519 | 1.5000 | 1.479 | 1.686] .580] .545 
11g | 1.6875 | 1.631 | 2,239 | 1.859 | .655 | .595 |} .639 | .579 | 1.6875 | 1.665 | 1.898] .644| .606 
11/4 | 1.8750 | 1.813 | 2.489 | 2.067 | .782 | .718 | .720 | .656} 1.8750 | 1.850 | 2.109] .771] .729 
18/g | 2.0625 | 1.994 | 2.738 | 2.273 | .847 | .779 | .784 | .716 | 2.0625 | 2.036 | 2.321] .836] .789 


11/2 | 2.2500 | 2.175 | 2.986 | 2.480 | .911 .839 | .849 | .777 | 2.2500 | 2.222 | 2.533} .900| .850 
15/g | 2.4375 | 2.356 | 3.235 | 2.686 | .976| .900| .913 | .837 | 2.4375 | 2.407 | 2.744] .965| .910 
13/4 | 2.6250 | 2.538 | 3.485 | 2.893 | 1.040 | .960 | .978 | .898 | 2.6250 | 2.593 | 2.956] 1.029] .971 
17/g | 2.8125 | 2.719 | 3.733 | 3.100 | 1.105 | 1.021 042 | .958 | 2.8125 | 2.778 | 3.168] 1.094 | 1.031 


1 

1 1 tT, 
2 3.0000 | 2.900 | 3.982 | 3.306 | 1.169 | 1.081 | 1.107 | 1.019 | 3.0000 | 2.964 | 3.379 | 1.158 | 1.093 
21/4 | 3.3750 | 3.263 | 4.480 | 3.720 | 1.298 | 1.202 | 1.236 | 1.140 | 3.3750 | 3.335 | 3.802] 1.286 | 1.214 
21/g | 3.7500 | 3.625 | 4.977 | 4.133 | 1.552 | 1.448 | 1.458 | 1.354 | 3.7500 | 3.707 | 4.226 | 1.540 | 1.460 
23/4 | 4.1250 | 3.988 | 5.476 | 4.546 | 1.681 | 1.569 | 1.587 | 1.475 | 4.1250 | 4.078 | 4.649 | 1.669 | 1.581 
3 4.5000 | 4.350 | 5.973 | 4.959 | 1.810 | 1.690 | 1.716 | 1.596 | 4.5000 | 4.449 | 5.072] 1.798 | 1.703 

Heavy Nuts 


W/g_ | 0.8750 | 0.850 | 1.167 | 0.969 | 0.333 | 0.293 | 0.317 | 0.277 | 0.8750 | 0.862 | 0.983 | 0.323 | 0.303 
9/16] .9375 | .906 | 1.244 | 1.033 | .365 | .323 | .349 | .307 | 0.9375 | 0.923 | 1.051] .355] .333 
5/g | 1.0625 | 1.031 | 1.416] 1.175 | .397 | .353 | .381 -337 | 1.0625 | 1.047 | 1.194| .387] .363 


i 
3/4 | 1.2500 | 1.213 | 1.665 | 1.383 | .462} .414] .446| .398} 1.2500 | 1.233 | 1.406] .452| 424 
7/8 | 1.4375 | 1.394 | 1.914 | 1.589 | .526] .474] .510 | .458 | 1.4375 | 1.418 | 1.617] .516| .485 
1 1.6250 | 1.575 | 2.162 | 1.796 | .591 535] .575 | .519 | 1.6250 | 1.604 | 1.829] .580] .545 
1M/g | 1.8125 | 1.756 | 2.411 | 2.002) .655} .595 | .639] .579} 1.8125 | 1.790 | 2.041] .644] .606 
11/4 | 2.0000 | 1.938 | 2.661 | 2.209 | .782 | .718 | .720| .656 | 2.0000 | 1.975 | 2.252] .772| .729 


13/g | 2.1875 | 2.119 | 2.909 | 2.416 | .847 | .779 | .784 | .716 | 2.1875 | 2.161 | 2.464] .836] .789 


11/2 | 2.3750 | 2.300 | 3.158 | 2.622] .911 839 | .849 | .777 | 2.3750 | 2.347 | 2.676} .900| .850 
15/g | 2.5625 | 2.481 | 3.406 | 2.828 | .976]| .900| .913 | .837 | 2.5625 | 2.532 | 2.886] .965| .910 
13/4 | 2.7500 | 2.663 | 3.656 | 3.036 | 1.040] .960} .978 | .898 | 2.7500 | 2.718 | 3.099] 1.029} .972 
17/g | 2.9375 | 2.844 | 3.905 | 3.242 | 1.105 | 1.021 | 1.042] .958 | 2.9375 | 2.903 | 3.309] 1.094 | 1,031 
2 3.1250 | 3.025 | 4.153 | 3.449 | 1.169 | 1.081 | 1.106 | 1.018 | 3.1250 | 3.089 | 3.522] 1.158 | 1.093 
21/4 | 3.5000 | 3.388 | 4.652 | 3.862 | 1.298 | 1.202 | 1.235 | 1.139 | 3.5000 | 3.460 | 3.944 | 1.2871 1.214 
21/2 | 3.8750 | 3.750 | 5.149 | 4.275 | 1.552 | 1.448 | 1.458 | 1.354 | 3.8750 | 3.832 | 4.368| 1.540 | 1.460 
23/4 |.4.2500 | 4.113 | 5.647 | 4.689 | 1.681 | 1.569 | 1.587 | 1.475 | 4.2500 | 4.203 | 4.791 | 1.669 | 1.582 
3 4.6250 | 4.475 | 6.144 | 5.102 | 1.810 | 1.690 | 1.716 | 1.596 | 4.6250 | 4.574 | 5.214] 1.798 | 1.703 
31/4 | 5.0000 | 4.838 | 6.643 | 5.515 | 1.939 | 1.811 | 1.845 | 1.717 | 5.0000 | 4.945 | 5.637 | 1.927 | 1.823 
31/2 | 5.3750 | 5.200 | 7.140 | 5.928 | 2.068 | 1.932 | 1.974 | 1.838 | 5.3750 | 5.317 | 6.061 | 2.056 | 1.945 
33/4 | 5.7500 | 5.563 | 7.638 | 6.342 | 2.197 | 2.053 | 2.103 | 1.959 | 5.7500 | 5.688 | 6.484 | 2.184 | 2.066 - 


4 6.1250 | 5.925 | 8.135 | 6.755 | 2.326 | 2.174 | 2.232 | 2.080 | 6.1250 | 6.059 | 6.907 | 2.313 | 2.187 
———— a Oh EP E NOL 
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The tops and bottoms of double crown finished jam nuts are flat, and chamfered the same 
as finished regular nuts. Dimensions of jam nuts are given in Table 30. 

Light Nuts.—Table 31 gives the proportions of American Standard light nuts and 
American Standard light castle nuts. The tolerance for width across flats is minus 
(0.015 D + 0.006) from basic. Minimum width across corners of hexagon is (1.14 & mini- 
mum width across flats). Nominal thickness of a light nut is distance from top to bearing 
surface, and equals 7/3 D adjusted to fractions. Tolerance for thickness is +(0.015 D + 
0.003) from nominal. On light castle nuts the height of the top circle above flats is not 
less than the depth of the slot. On light nuts, the finished top is flat and chamfered at 
an angle of 30 deg. with top surface; diameter of top circle is minimum width across flats, 
with a tolerance of + 15%. The bearing surface of both light nuts and light castle nuts is 
washer-faced; thickness of washer is 1/g4 in., and diameter is the maximum width across 
flats with a tolerance of + 5%. The bearing surface must be at right angles to the axis of 
the threaded hole within a tolerance of 2 deg. for 1-in. nuts or smaller, and 1 deg. for nuts 
of over 1-in. size. Both light nuts and light castle nuts usually are supplied with fine 
threads. Semi-finished nuts are threaded, and are machined only on bearing surfaces. 


Table 31.—Dimensions of American Standard Light and Castle Nuts 
A.S.A., B18.2—1933. All dimensions in inches 


: Width Across | Width Light Nuts Castle Nuts 
Diam. Flats Across Thick - = 
of Bolt, co ickness Thickness Nominal Slot 
D Max. : ners, Max. Min. Height : 
(Basic) Min. |: Min. Max. Min. Overall} Overall] of Flats Width Depth 
1/4 0.4375 | 0.428 | 0.488 | 0.226 | 0.212 | 0.288 | 0.275 3/16 5/64 3/32 
5/16 . 5000 - 489 seers .273 . 258 .335 sera 15/64 5/64 3/39 
3/3 .5625 .551 . 628 <337, . 320 .414 ~398 9/39 1/g 1/g 
7/16 . 6250 .612 . 698 385 .365 . 462 ~ 444 21/64 /g 1/g 
I/g .7500 e737 . 840 - 448 .427 aeye} 4 EE) 3/8 1/g 3/16 
9/16 . 8750 . 861 . 982 - 496 . 473 . 620 “398 27/64 5/32 3/16 
5/3 39375 .922 | 1.051 yoo, nepeh +731 .707 15/39 5/32 1/4 
3/4 1.0625 | 1.045] 1.191 .671 .642 | .826] .799 9/16 5/39 W/4 
7/8 Le2500 123i) Ve s0Sul) 6 282.| W750) 4921.) 1.891 21/39 5/32 V4 
1 124375 | 1.417 | 1.615 . 893 Boon) ols Oiliz, . 983 3/4 5/32 1/4 
1 1/g 1.6250 | 1.602 | 1.826 | 1.004 poo TAT I32)) Jal 39 27/39 7/32 5/16 
11/4 (St 25 i h.766 [220580 HAIG: |_ p07 251615272: | 1.229 15/16 7/32 5/16 
1 3/g 2.0000 | 1.973 | 2.249 | 1.227 | 1.180 | 1.402 | 1.348] 1 7/32 5/16 
1 1/2 DEOL Se| cero oueeesON Mes 58 4) e287) | Te S25 5) L475" 1/8 1/4 3/8 


Machine-screw and Stove-bolt Nuts.—Dimensions are given in Table 32. The 
width across flats for sizes 1/4 to 3/g in. equals (1 1/2 D + 1/16) adjusted to sixteenths. 
Tops and bottoms of square nuts and bottoms of hexagon nuts are flat. An all other 
respects except thickness the nuts correspond to American Standard semi-finished regular 


nuts. 


Table 32.—American Standard Square and Hexagon Machine-screw and 
Stove-bolt Nuts 


A.S.A., B18.2—1933. All dimensions in inches 
Width Across Flats Width Across Thickness 


Diameter ot sercw ili ave eee en eons S|, \Cornersiof 
Hexagon, 


7-3 ee Min. eee Max. Min. 
No. 0 0.0600 0.1562 0.150 0.171 0.050 0.043 
No. 1.0730 1562 “150 ‘171 “050 043 
No. 2 .0860 1875 "180 © 205 066 ‘057 
No. 3.0990 1875 “180 *205 066 (057 
Nown4. , .1120 2500 1241 1275 “098 087 
No. 5 - .1250 13125 302 (344 “114 102 
Nio:tmG enw 1380 13125 302 1344 “114 +404 
No. 8 .1640 3437 (332 (378 130 M7 
No. 10 1900 3750 -362 1413 "130 M17 
No. 12). | 22160 “4375 (423 "482 161 148 
4 "2500 4375 Le 482 193 178 
ae ane age 607 692 “257 (239 


3/3 3750 6250 : : 
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* A.S.A., B18.2—1933. 


Table 33.—Dimensions of American Standard Wrench Openings 
All dimensions in inches 


Nominal Size | Allowance} 


Nominal Size )Allowance} Nominal Size | Allowance| Wrench 
of Wrench, also} between Wrench of Wrench, also | between iy tae of Wrench, also | between pening 
Basic Width (Bolt Head} OP@2€ | Basic Width |Bolt Head) OPE™2S | Basic Width |Bolt Head! 


Across Flats 


or Nut 


Across Flats 


or Nut 


Across Flats 


or Nut 


of Bolt Heads | and Jaws|Min.| Max.) of Bolt Heads | and Jaws] Min.| Max.| of Bolt Heads | and Jaws| Min. | Max. 


and Nuts of Wrench and Nuts __|of Wrench and Nuts of Wrench 
.2500} 0.007 267|2 3/4 2.7500) 0.015 |2.765|2.783 
Ae es ee -3125| .008 33142 13/16 2.8125} .015 |2.827|2.845 
1/4 = .2500) += .002 .3750| = .008 394]2 15/16 2.9375 -016 = |2.953/2.972 
5/1g =. 3125) +~—-.003 4375 3.0000 -016 |3.016]3.035 
11/39 .3437| ~—.003 520}3 1/g 3.1250 -017 |3.142/3.162 
3/g —-.3750) += .003 646]3 3/g = 3.3750 .018 |3.393)3.414 
7/16 4375)  .003 70813 1/g 3.5000 .018 |3.518/3.540 
1/p ~—-.5000} ~=—.003 835|3 3/4 3.7500 -020 |3.770|3.793 
9/16 .5625}  .004 89813 7/g 3.8750 .020 |3.895/3.918 
5/g  —-«. 6250) + ~—.004 025}41/g 4.1250 -022 |4.147|/4.172 
3/4 +.7500} ~ .005 087/4 1/4 4.2500 -022 |4.272/4.297 
13/16 .8125} .005 21414 1/2 ~=4.5000 -024 |4.524/4.550 
7/3 8750) ~=—-.005 4.6250) .024 |4.649/4.676 
15/16 .9375}  .006 3 5.0000 .026 |5.026|/5.056 
1 1.0000}  .006 2.4375} 013 466]5 3/g 55.3750 -028 |5.403/5.434 
11/16 1.0625} .006 2.5625} .014 9315 3/4 5.7500 .030 |[5.780|/5.813 
11/g 1.1250} —.007 2.6250 .014 5616 1/g 6.1250 -032 |6.157|6.192 


Fic. 15. Wrench Clearance Dimensions 


BOLT SPACING FOR WRENCH CLEARANCE.—The following formulas are 
given in Machinery'’s Handbook for the minimum spacing between bolts, and between bolts 
and adjacent projections, to afford sufficient clearance for the usual form of open-end 
wrench. 

A=l/o5W+1/2C+1/od; B=0.48 W. 
See Fig. 15 for notation. All dimensions arein inches. A value of W = (3.5 d + 1/g) will 
cover the most of the commercial open-end wrenches. See Tables 29 to 32 for values of C. 

WRENCH HEAD OPENINGS for standard bolts and nuts are given in Table 33. 
The minimum wrench openings provide a positive clearance between maximum nut and 
minimum wrench opening. Tolerances on wrench openings are plus only. 

f STOVE BOLTS are made with both 

' RTT round and countersink heads, in diameters 
> aon fu < Po yc of 1/g, 5/32, 3/16, 7/32, 1/4, 5/16 and 3/g in. 

FLAT-HEAD ROUND-HEAD They may be obtained in practically any 
Fia. 16. Stove Bolts length desired, and usually are threaded the 
entire length. See Fig. 16. 


1/4 5/16 3/3 


‘Threads per in .,ciah. ocean beh 18 18 16 
Long Diam., square nut, in.....} 0,398 0.707 0.796 0.884 
Long. Diam., hexagon nut, in...| 0,325 0.577 0.649 O97 22 
Short Diam. of nut, in......... 9/39 1/9 9/16 5/8 
Thickness of nut, in...... 0.093 0.1875 | 0.218 0.250 
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| Eran sal 
| hh a 
ay pp tH ity d \ > 
1 1 ' I ' 
le-a—>4 Ke—=-=-L-—-- 9 ke- ak -> 
Fie. 17. Square Neck Fie. 18. Ribbed Carriage Fic. 19. ea ie 
Carriage Bolt Bolt Carriage Bolt 
Table 35.—Dimensions of American Standard Carriage Bolts 
A.S.A. B18e-1928. All dimensions in inches 
Size wD eyes 1 coped: No. 10] 1/4 5/16 3/8 7/16 1/2 9/16 5/38 3/4 
Threads per in......... 24 20 18 16 14 13 12 11 | 10 
Square Neck Carriage Bolts (Fig. 17) 
Diam. of head, A...... 7/16 9/16 Wye | 18/16 | 15/16 | 11/16 | 18/16 | 15/16 | 1 9/16 
Height of head, H..... 3/32 1/g 5/32 3/16 7/39 W/4 9/39 5/16 3/8 
Depth of square, P....| 3/16 7/32 1/4 9/39' 5/16 11/32} 3/8 13/32 | 1/39 
Width of square, B....| 0.19 W/4 5/16 3/3 7/16 1/2 9/16 5/8 3/4 
Length Z, min. * ee, 1/2 1/2 3/4 3/4 1 1 11/4 11/4 11/2 
(a8 es 31/2 | 41/2 | 61/2 | 8 10 10 10 10 10 
Ribbed Carriage Bolts (Fig. 18) 
Diam. of head, A...... 7/16 9/16 11/16 18/16 1oja¢ et hes lee eRe ET ee le ee 
Height of head, H..... 3/39 1/g 5/39 3/16 7/39 yin |i aca attic | sce ate oil Mi seetrosne 
Distance of Rib below 
1G) 7s oe ee 3/39 3/39 3/39 3/39 3/39 CHES Sul ety 5 costal eanien Aciaee Heine: tenn 
Length of Rib,Q,L<11/s| 3/g 3/8 3/g 3/8 3/8 SHRI ae edagntnreyell aecateed ehalliavante ther 
en Q) LSM Pie 1/2 1/9 1/9 1/9 by Ah els al teks neta ice cite 
No. of Ribs, max...... 9 10 12 12 14 LOMOw ices laoreet leeteees 
Length i. MINE * so6 6 6.0 A 1 1 1 1 ey al ee cho lies scree ISR ee icin 
: L, max.*....e6 31/9 41/9 61/9 8 10 UO al PR 5 cera one cate ee ee ke rc 
Countersunk Head Carriage Bolts (Fig. 19) 
iamvof head,-A 5... en |eseser 5/g 3/4 7/8 1 1g | 1i/g | 13/g | 15/8 
Feed thickness, F......|....... 1/64 1/30 1/39 1/39 1/32 1/39 1/39 3/64 
Depth of square, H.....}.......| 9/3 11/39 | 18/32} 15/32} 17/32] 19/32] 21/32] 25/32 
Width of square, B.....|....... 1/4 5/16 1/2 9/16 5/8 3/4 
Length Dip WHIM Bees el sce 8 11/9 
4 PMA eee ose a 


* Lengths increase by increments of 1/4 in. from 1/2 to 4 in. inclusive; by increments of 1/2 in. 
from 4 1/2 to 10 in. inclusive. 


MACHINE SCREWS.—Various forms of American Standard machine screws are 
shown in Fig. 20. The unthreaded body diameter will have approximately the same toler- 
ances as the pitch diameter of American Standard screw threads, Class 2 free fit, for cor- 
responding number of threads per inch. See p. 9-07. The formulas for determining the 
~ various dimensions of the several types of screws are as follows: Head diameter, flat head 
and oval head, Amax = (2.040 D — 0.003); Amin = (1.960 D — 0.013); round head, 
Amax = 1.887 D, Amin = (1.813 D — 0.010); fillister head, Amax = (1.670 D — 0.004); 
Amin = (1.610 D — 0.014). Height of head, flat head and oval head, Hmax = 
(0.619 D — 0.002); Hmin = (0.552 D — 0.007); round head, Hmax = (0.636 D + 0.015); 
Hmin = (0.624 D + 0.005);  fillister head, Hmax = (0.660 D — 0.002); Hmin = 
(0.600 D — 0.007). Width of slot, all types, Jmax = (0.182 D + 0.020); Jmin = 
(0.164 D+ 0.010). Depth of slot, flat head, Tmax = (0.288 D — 0.002); Tmin = 
(0.192 D — 0.002); round head, Tmax = (0.362 D + 0.017); Tmin = (0.268 D + 0.013); 
oval head, Tmax = (0.556 D — 0.003); Tmin = (0.460 D — 0.003);  fillister head, 
Tmax = (0.440 D — 0.001); Tnin = e74D — 0.011). Height of oval, fillister head, 
Fmax = (0.280 D + 0.004); Fimin = (0.220 D — 0.001); oval head, Fmax = 
(0.304 D + 0.003); Fmin = (0.268 D — 0. 001). Countersink angle of both flat and oval 
head screws is 82 deg. max., 80 deg. min. Table 36 shows the dimension of American 
Standard machine screw Veads: The preferred lengths of the various sizes range as fol- 
lows, although all lengths are not regularly manufactured for all types of head. 

Coarse Thread 
ocieal Size 2 3 4 5 6 8 10 425°" Ie 8/16” 8/e 
Length L, in. 1/g-7/g 1/s-7/g We-lWe 3/g-13/4 W/s-21/g We-3 3/163 W4-3 5/1g6-3 W283 1/23 
Fine Thread 
Gece ime 2 3 4 6 8 Tome ae the) Sigs te 
Length, Z,in....... 1/g-1/2_-1/g-3/4.—“*W/g-8/g. Wg-l We 3/6-3 3/16-38 5/16-3 5/16-38 W/2-3 5/g-3 
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Table 36.—Dimensions of American Standard Machine Screw Heads 
A.S.A., B18c—1930. All dimensions in inches. See Fig. 20° 


7 Height Width | Depth | Height Height | Width | Depth | Height 


Max, | Head of of of of Head of of of of 
Nom-| pDiam.,| Diam.,| Head, | Slot, Slot, | Oval, | Diam.,} Head, | Slot, Slot, | Oval, 
inal D min., | min., | min., | min., | min., | min., | min. | min,, | min., | min, 
Size A H ou F A H J HH F 
; Flat Head Round Head 
2 0.086 | 0.156 | 0.040 | 0.024 | 0.015 |....... 0.024 (020360). <tc. 
3 .099 . 181 . 048 .026 2 all peered . 169 .067 .026 WOAD Nh ociacnyy 
4 112 .207 055 .028 O20: |. sta Hue! .075 .028 043) | on trercate 
5 rh25 2232 . 062 .031 O22: be os.c: ee 217 083 .031 LO4 Tl cgrik ter 
6 . 138 ,257 .069 . 033 rh Ba a RE IEF . 240 .091 . 033 2050 [Sac cnise 
8 . 164 . 308 084 .037 om | 9: il en . 287 . 107 . 037 O52 tasters 
10 .190 ~359 .098 .041 JOFF |. Sete . 334 .124 .041 0640 sacar 
12 .216 -410 one 045 O39 | «52 seas . 382 . 140 .045 SO7L hasteeenee 
1/4 . 250 477 S131 .051 O46 1. 5.5525 443 . 161 .051 OU fi ee 
5/16 .3125) .600 . 166 . 061 O58" |. 3. 525 .557 . 200 .061 SORT Vs tareioe 
3/g .375 ALE . 200 .072 .070 2072" Woh U4 Neoware eet 
Oval Head Fillister Head 
2 0.086 | 0.156 | 0.040 | 0.024 | 0.037 | 0.022 | 0.124 {0.045 | 0.024 | 0.021 | 0.018 
3 099 . 181 048 .026 043 .026 .145 .052 .026 026 021 
4 APA .207 .055 .028 .049 .029 . 166 . 060 .028 .031 024 
5 .125 . 232 .062 .031 .055 . 033 . 187 . 068 .031 . 036 .027 
6 . 138 yey) .069 . 033 .060 . 036 .208 .076 .033 .041 .029 
8 . 164 . 308 . 084 .037 .072 .043 . 250 .091 .037 050 .035 
10 . 190 .359 098 .041 . 084 .050 ~292 . 107 .041 . 060 .041 
12 .216 .410 .112 .045 .096 057 .334 ~123 .045 .070 .047 
1/4 .250 477 at .051 si[2 .066 . 389 . 143 .051 .083 054 
5/16 . 3125) 1.600 . 166 .061 .141 .083 .490 . 181 .061 . 106 068 
3/3 .375 .722 . 200 .072 .170 . 100 .590 .218 .072 .129 . 082 
2 The lengths advance by increments of 1/1¢ in. from 1/g 
Palle ee to 1/2 in.; by increments of 1/g in. from 5/g to 1 in.; 
hi { \-x- (a and by increments of 1/4 in. from 1 1/4 to 3 in. 
ses $-{G)) SLOTTED HEAD CAP SCREWS are made with 
‘i in 4 SA flat, button and fillister heads. The unthreaded body 
a: eles 5 f--4--3 diameter has the same tolerances as the major thread 
IT ren creat diameter of American Standard screw threads, Class 2 
H Aad free fit, for corresponding number of threads. See p. 
a= ih ait (ey) 9-07. The formulas for the various dimensions of the 
yf uth 1-7) several types are as follows: Head diameter, Amax, all 
! ‘ i) nag ~ 7 ae SS . 
—> HI seceded tel types, = nominal diam. (no formula). Minimum diam- 


‘i OVAL HEAD 7 
te an 
Ri EX 
jc aS (B) 
Pifiicununs | aie 
a 


MACHINE SCREW END CAP SCREW END 


Fia. 20. Machine and Cap Screws 


, of slot, 


eters are: flat head, Amin = Amax— (0.03 Amax + 0.008); 
button head, Amin —) Amax <r (0.02 Amax + 0.010); 


fillister head, Amin = Ane — (0.02 Amax 4 0.004). 


Height of head: Flat head, nominal H is computed from 
Dmax and Amax with 81 deg. angle; button head, 
Amax=7/16 Amax} Hmin = Hmax— (0.03 Amax + 0.003) ; 
fillister head, Hmax = 2/3 D to nearest sixty-fourth 
in. Hyin = Fymax ces (0.03 Amax + 0.004). Width 
all types, Jmax = S+ (0.05 S + 0.003); 
Jmin = S — (0.05 S + 0.003), where S = approxi- 
mate cutter width = (0.160 D+ 0.024). Depth of 
slot: Flat head Tmax = 0.500 H nominal; Tin = 
(Tmax — 0.08 D); button head, Tmax = 2/3 Hmin; 
Tmin ae (Pinas — 0.08 D); fillister head, Tmax = 
(0.50 Fin + Hin); Tmin Mae (Tmax — 0.08 Dye Height 
of oval, fillister head, Fmax = (0.110 Amax + 0.002) ; 
Fin = 0.100 Amax. 

The length of a cap screw is measured from the 
largest diameter of bearing surface of the head to the 


extreme point on a line parallel to the axis of the screw. The difference between con- 
secutive lengths of screws is as follows: Screws 1/4 to 1 in., 1/g in.; 1 to 4 in., 1/4in.; 4 to 
6in., 1/2 in. The threads are coarse pitch and the length of thread 1 = 2 D+ 1/4. Dimen- 
sions of American Standard cap screws are given in Table 37. 
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Table 37.—Dimensions of American Standard Cap Screws 
A.S.A., B18c—1930. All dimensions in inches. See Fig. 20 


bree Max Head, Height of Head,| Width of Slot, | Depth of Slot, | Height of Oval 
vom | Diam. A H J T 
inal 9 a | | 
Size D Max.| Min. | Max. | Min. | Max. | Min. | Max. | Min. | Max. | Min. 
Flat Head 
1/49 0525000) ways HIROMZ7ZaNOnI 46a tiene, 0.070 | 0.058 | 0.073 | 0.053 |..... 
Siig ten S125" | 15/5 ile ou598i nv FBS i lercsereicre .079 | .065| .091 O6o | esee etic tenet 
3/g £9750~ [8 /gstee F191 920-4 5 ee Ey eee oe eee eee ee 
Uiiemee A 2th) 76am SON 22201 eer, SU tlhe Ohl GPE ae a eos aE 
1/2 .5000 | 7/g 841 Eh ne 10 fe 0D4 Hh 11080 SOTO Ieee cle. 8 
%ig | .5625 | I BO620 |) 0256: |edebot N23 AMSHOG Ib 128 08S | dete tlon sce 
5/g 6250 | 11/g | 1.083 | .293 |....... S138 4 EATS: Ps (460 Or O08: Le Dee ene 
3/4 ET SO0L) 0 8/eh 11 326M 36641... N54) Base e183 aeiesieo tae eal 
Button Head 
Wg | 0.2500 | 7/1g |0.418 | 0.191 | 0.175 | 0.070 | 0.058] 0.117 0.097|.......]...... 
Dy igmien 31258 L Ofte wheesal \oaresorl ey. 226x1t .079/1 9.065 | salS) | sst26 dies. 0. ehace : 
3/g $3750 shd/sumbeo02 IGaMO7Siiue 254mlc .D8Sr| L074 | e167 |aei37 als. 8 lle 
ina 4S TDN | 1S/Ae Vesded | Zeeiee. 202k 098.1. F085 -|f & 2020), G7alwe, lashes): 
1p .5000 | 13/y¢ | .786 | .355| .328| .110| .094 2198 rail 7 lees ol ee 
Vig 1 |Me. 50250] 15/ig | 90S jewstOn|un-379Nl 61230) = 106-}) 9253'| .208claree a. lene. 
5/g 6250 | I ROz0) ARR S She 405mie, S1SSkls 019 slew 2704 e220 Hest, bc leew 
3/4 CA5008 | a UPSztS GENS 47a ep 506clb 91549) 6134183374) 1.277 lak ode let oe, 
Fillister Head 
V/q | 0.2500] 3/g 0.363 | 1/eq | 0.157 | 0.070 | 0.058 | 0.097 | 0.077 | 0.044 | 0.038 
5/16 3125 | Tig | .424| 18/644 | ..186] .079| .065| .115| .090| .050|] .044 
3/g 3750 | 9/16 | .547| Va 20 (OSS 074 4241 meTianin 0640) 1056 
7/16 4375 | 5/g GUS | 19/eeele) 4274-12098 |. 6083 | 2168 | 5133'|) 071 | 7.063 
/p 5000 | 3/4 7a v 2Yea de 30t | 110) 6094 | = 188 || “148'\ 0844 | 6075 
9/16 5625 | 13/16 | .792| 3/g E347) eee 23n eee COON |e 4n eos OSIN| NOS 
5/g 6250 | 7/g | .853| 27/64 | .392| .138| 119] .240| .190} .099| .088 
3/4 7500 | 1 .976 | Ie te ee Ye  Y 2 112] 100 
7/3 8750 | 11/g |1.098 S56 e173" (ee 15) jae a34e4en 264 
1.0000 | 15/ig {1.282 WEIS a1 OF a7 0) ee S720 2292 


Table 38.—Dimensions of American Standard Hexagon-head Cap Screws and 
Square-head Set Screws 


A.S.A., B18.2—1933. All dimensions in inches 


Hexagon-head Cap Screws Square-head Set-screws 


Width Across Flats ee Height Width Across Flats Height 

Screw, Max rear Max 
D (Basic) Min. Min, | Max. Min. (Basic) Min Max. Min. 
1/4 0.4375 0.428 0.488 0.194 0.181 0.2500 0.241 02197 0.179 
5/16 .5000 489 sey! .242 .227 w125 302 .245 .224 
3/g .5625 yoo . 628 . 289 BLS .3750 362 293 .270 
7/16 . 6250 612 .698 . 338 .319 .4375 423 341 SEXES 
1g . 7500 a HEE . 840 . 386 .365 . 5000 484 389 361 
9/16 .8125 .798 -910 .432 .410 .5625 545 .437 .407 
5/3 . 8750 . 980 - 481 -456 . 6250 607 485 452 
3/4 .7500 .729 . 582 544 
7/8 . 8750 852 .678 . 635 
1 1.0000 .974 .774 .726 
11/g 1.1250 | 1.097 .870 817 
11/4 1.2500 Haile .967 .909 
[NSy here og SeGes (Ged Oato.Ap el tc oectoe cial ode Sbr <4 (Goran 1.3750 1.342 1.063 1.000 
.5000 1. 1.159 1.091 


The width across the 


Hexagon-head Cap Screws are machined on all surfaces. 
flat of 1/4- to 7/16-in. screws is (D + 8/16); for 1/o- to 7/g-in. screws, (D + 1/4); for 1-in. 
screws, (D + 5/16); for 11/g in. screws (D + 3/s); for 1 1/4 in. screws, (D+ 7/16). The 


tolerance for width across flat is minus (0.015 D + 0.003) from nominal. The tops and 
bearing faces correspond to American Standard regular finished hexagon bolt heads. 
Dimensions are given in Table 38. 

Socket-head Cap Screws are shown in Fig. 21, and dimensions are given in Table 39. 
The body diameter D refers to the unthreaded portion and is the nominal diameter of 
the screw. The thread may be either American National Standard coarse thread or 
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fine thread. The heads are flat and chamfered at an angle EF of 30 deg. + 2deg. The 
socket depth is made as great as practicable. The length ef thread / is measured from the 
extreme point to the last usable thread and is as follows: For American National coarse 
thread, 1 = 2D + 1/2 in., where 1 > 1/2 L; 1 = 1/2 L where! > 2D-+1/9 in. For Ameri- 
can National fine thread, 1 = 11/2 D+ 1/2 in. where 1 > 3/g L; 1 = 3/g L where 1 > 
11/2 D + 1/2 in. 

The point chamfer Z is an angle of 35°, + 5°, — 0°. 


Table 39.—Dimensions of American Standard Socket-head Cap Screws 
A.S.A., B18.3—1936. All dimensions in inches. See Fig. 21 
Head Dimensions Socket Dimensions 
Hexagon Fluted 


Minor] Major| Land 


Width Across | No. |p; : = 
Flats, J eee a Width, 


‘Thame Diam., Height, Side Height, 
‘Diam., 4 a 8 


Nominal 
No. 8 197 | eee 
510 : 3 -185 | .1765 6 ‘ 
eet 2337 lr S216]. 20h .2005 1582} 5/39 6 .042 
1/4 2307}, S/ah <244)).2317 1895} 3/ig6] 6 
5/16 429 5/16| .306 | .2894 2207} 7/32 6 
3/3 553 3/8 -368 | .3469 3155} 5/16 6 
7/16 -615 | 7/16} .430 | .4046 3155} 5/ig| 6 
1/2 .739 1/9 -492 | .4620 3780} 3/g 6 
9/16 801 9/16] .554 | .5196 3780} 3/g 6 
5/3 863 5/8 -616 | .5771 5030} 1/9 6 
3/4 -741 | .6920 5655} 9/16] 6 
7/8 -865 | .8069 5655} 9/16 6 
1 -989 | .9220 .6290} 5/g 6 
1 1/g 1.113 | 1.0372 .7540| 3/4 6 
11/4 1.238 | 1.1516 .7540| 3/4 6 
1.2675 ; aa 1% 
1.3821 6 


* Minimum diameter is 0.002 in. less than maximum diameter for sizes No. 8 to 7/jg inclusive; 


0.003 in. less for sizes 1/g to 7/g in. inclusive; 0.004 in. less for sizes 1 to 1 1/9 in. inclusive. 
Table 40.—Dimensions of American Standard Socket Set-screws 
A.S.A., B18.3—1936. All dimensions in inches. See Fig. 22 
Point Dimensions 
Cup and Oval |Cone Point Screws 


Socket Dimensions 


Size, | Flat Point | Point Cone Point Dog Point Screws Hexagon Fluted 
ies Screws Screws Angle Y 
ina. ie ms CT ao Dion |) . ine aaa 
: 118°+ 2°/90° + 2° 
Diam. |Point Diam. C| Point | for for | Diam.| Point Length beetig te! No. | Minor) Major! Land 
D Flats, J of Diam.} Diam.} Width 


Radius} lengths | lengths ie 


to x. K M N 

Mean | Max. z oa incl. Bari} re Max. | Min. Flutes Max. *| Max. *| Max. * 

No. 5] 1/16 | 0.067} 3/39 1/g 3/16 | 0.083 0.0635} J/ig) 4 0.053 | 0.071 | 0.022 
‘ 60.069} .074| 7/64 1/g 3/16 .092 -0635| I/y6) 4 .056} .079} .025 
“gl 5/64. | .087| 1/g 3/ie.| Ie | .109 .0791) 5/g4} 6 | .079| .098} .022 
10] 8/32. | .102} 9/4] 3/16 | 1/4 | .127 .0947} 3/30} 6 | .097| .113| .027 
$s 12] 7/e4) .115| 5/39 3/16 1/4 144 -0947| 3/39) 6 40971, 9. 113)" 1027) 
1/4 | 1/g 132] 3/16 1/4 5/16 | 5/39 .1270} 1/g 6 .127} .147} .032 
5/16 | 11/64] .172} 15/64 5/16 3/g 13/64 . 1582] 5/39] 6 -160} .185} .041 
3/g | 18/64] .212] 9/32 3/8 7/16 | V4 -1895} 3/16} 6 190} .219] .052 
7/16 | 15/64) .252} 21/g4) 7/16 W/g | 19/64 .2207| 7/39] 6 221} .256] .062 
Vg | 9/39 | .291| 3/8 1/9 9/16 | 1/32 .2520) 1/4 6 .254| .297} .072 
9/16 | 5/16 | .332] 27/64) 9/16 5/8 25/64 .2520) 1/4 6 .254| .297| .072 
5/g | 23/64] .371 | 15/39} 5/g 3/4 | 15/32 3155] 5/igl 6 315] .380} .092 
3/4 | 7/16 | -450| 9/16 3/4 7/8 | 9/16 .3780| 3/g | 6 386} .463} .112 
7/8 | 83/64] .530) 21/39} 7/8 1 21/39 5030} Io] 6 506] .600| .142 

1 19/39} .609| 3/4 1 1 1/g 3/4 .5655) 9/16] 6 568} .654] .157 
11/g | 48/64) .689| 27/39) 11/8 11/4 | 27/39 .5655| 9/16) 6 568] .654| 157 
11/4 | 3/4 | .767| 15/16} 11/4 11/g | 15/16 -6290} 5/g | 6 -631| .790} .184 
13/g | 58/64) .848 |11/32 | 13/8 15/g {11/39 -6290} 5/g | 6 .631| .790| .184 
11/2 | 29/39] .926|11/g | 11/2 13/4 |11/g .7540| 3/4 | 6 .756| .958} .221 
13/4 |1 1/16 | 1.086}1 5/76 | 13/4 2 15/16 1.0040) 1 6 1.007 | 1.275] .298 
17/39 | 1.244 |1 1/9 2 21/4 |I1/o 1.0040} 1 6 1.007| 1.275} .298 


* Minimum diameter is 0.001 in. less than maximum diameter for sizes No. 5 to 8 inclusive: 
in. less for sizes No. 10 to 9/16 in. inclusive; 0.003 in. less for sizes 5/g to 7/g in. orumoe 6 burnt 
for sizes 1 to 2 in. inclusive. a x 


: 
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Fie. 21. Socket-head Cap Screw Fie. 22. Socket Set-screw 


The length under the head ZL is measured on a line parallel to the axis, from the plane 
of the bearing surface to the plane of the flat of the point. The increments of length are 
as follows: 


oveweleneths tn...) sae ae ewes socks cae ee is Sow Seoul lto4 4to6 
ingroment. ins eer ee ce 1/g 1/4 1/5 


SET-SCREWS are made both with square heads or with sockets into which a wrench 
may be inserted for tightening. 

Square Head Set-screws.—The width across the flats is equal to the diameter D of 
screw, with a tolerance of minus (0.020D + 0.006) from basic, except for 1/4- and 5/j¢-in. 
screws. Tolerances for these sizes are 
given in Table 38. The minimum width 
across rounded corners is 1.373 X minimum 


width across flats. The height of head is  UPFOR HEXAGON socKETS, sae 

3/4 D with a tolerance of +(0.020 D+0.004) | be TES ihe ee 
from nominal. The maximum width of the == == [ea =e a 
neck under the head, for sizes of 3/g in. and ‘oS by desiree aye 
larger, is twice the pitch of the thread. FOR FLUTED SOCKETS 


The sizes under 3/g in. are not necked, but Fic. 23.. Wrench for Socket Screws 

are beveled not more than 40 deg. under ; : ; ; 
the head. The radius of the crown of the head is 21/2 D. The dimensions are given in 
Table 38. 


Table 41.—Dimensions of American Standard Socket Screw Wrenches 
A.S.A., B18.3—1936. All dimensions in inches. See Fig. 23 


Heh tone ana-C Hexagon Fluted 
en, ong Arm, SS SS = - : - 
Borew Size aries oake Sl acecilal Width |Radi|___Flutes___|Major |Minor |Radi- 
2 B Short Series | Lone Series | ATS F!@*8| us of| [Width Diam] Diam, us of 
eee | | BendNo.| Max. {Length} M W |Bend 
Set Cap | Max. | Min. | Max. | Min. | Max. | Min. | Max.) Min.| 2 N E | Max. | Max.| R 
Nos Di tess 21/39] 15/39|1 27/goj1 21/go].......]...---- 1/16 (0.0615) 1/16} 4 |0.0260) 1/g {0.0690)0.0510) 1/16 
GO I irae eee 21/39] 15/goll 27/go}l 21/go].......]..-..-- 1/16} .0615) 1/16} 4 | .0280) 1/g .0760| .0530| 1/16 
pee S|. fate 45/64] 33/g4/1 31/g9/1 25/go!.......]....--- 5/g4| .0771| 5/g4| 6 | .0260} 1/g 0940} .0780) 5/64 
C5 (Hl Reeeeee 8/4 | 9/16 23/39 {1 29/g9].......]....-.- 3/39| .0927| 3/39] 6 | .0290] 5/39 | .1100} .0940] 3/39 
AAS eee 8/4 | 9/16 |28/39 |129/g9].......|------> 3/39| .0927| 3/39] 6 | .0290| 5/39 | .1100| .0940) 3/39 
Y/4 | No. 8} 27/39] 21/39/211/39/25/39 | 327/39] 321/39] 1/g | .1235) 1/g | 6 | .0370) 3/16 | .1440} .1230) 1/g 
5/ig | 10, 12} 15/16| 3/4 |219/39/213/39) 47/30 | 41/32 | 5/32} .1547| 5/32] 6 | .0440) 7/32 | . 1830} . 1580) 5/39 
8/g | 1/4 |11/32 | 27/391227/32|2 21/39} 419/32] 413/39] 3/16] .1860) 2/16| 6 | .0550) 1/4 | .2160) .1720) 3/16 
7/ig | 5/16 |11/g | 15/16|38/32 |2 29/39] 431/39) 425/39) 7/32| .2172| 7/32| 6 | 0655) 9/32 | .2510) .2010) 7/39 
1/5 | Bees 17/39 |11/32 |311/39]35/39 | 511/39! 55/30 | 1/4 | .2485| 1/4 | 6 | .0775) 5/16 | .2910) .2390| 1/4 
QUAG ailinaskesis: 17/39 |11/32 |311/39135/32 | 511/39] 55/32 | 1/4 2485] 1/4 | 6 | .0875) 11/32) .3310} .2730| 9/39 
B/s | 3/8 }111/ssl1 5/52 [B27/a921/s9} 63/s2 | 529/20] 5/16] 3119] 6/10] 6 | .0973) 8/8 | .3720) .3070| 5/15 
16 
8/4 | 5/2.}]115/sa{1 9/90 |411/s9}40/a2 | 627/22) 624/30 3/s | .3739)8/s | 6 | .1185 7/16 | 4540] .3770 a/g 
re 1 5950} .5000) 1/ 
7, 5 ee aa 811/39] 85/39 | 1/2 | .4985) 1/2 | 6] .1460) 1/o | . : /2 
a at 127/39|1 21/39/5 27/3915 21/39) 93/39 | 829/39] 9/16} .5600! 9/16] 6 | .1590 9/16 | .6480) .5620) 1/2 | 
IVs 3/4, 7/s\127/39|1 21/3915 27/3915 21/39) 93/39 | 829/32] 9/16| .5600) 9/16] 6 | .1615| 5/g | .6480| .5620) 9/16 
wel 1 {131/391 25/3916 11/39165/39 | 927/301 921/39] 5/g | .6225| 5/g | 6 | .1875| 11/16] .7840| .6250| 5/g 
8 
11/3 
1124 13} Br 21/39 \7 11/3917 8/32, |1111/39/115/32 | 8/4 | .7475) 8/4 | 6 | .2245) 18/16 | .9550) 7500) 3/4 
1 3/g P 
3 8 3015] 15/16 |1.2680|1 0900} 7/g 
BS) A abet 0 223/39/217/39/9 11/39)9 5/32 |1411/39]145/39 1 O75 Te 6 
if 1 1/g |223/39|217/39)9 11/3919 5/32 |1411/39|145/39 1 9975} 1 | 6 | .3015}1 1/16 |1.2680/1.0000| 1 
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Socket Set-screws.—Socket set screws are made in several forms as shown in Fig. 22. 
The half-dog-point screw is used where the usable length of thread is less than the nominal 
diameter. Threads conform to the American National Standard thread. See p. 9-04. The 
sockets may be either hexagonal or fluted. Dimensions of both types are given in Table 40. 
The socket depth 7' is made as great as practicable, but definite values are not specified. 
The socket end of the screw is flat and chamfered at an angle V = 35°, + 5°, — 0°. The 
chamfer W on the point end of cup-point screws is 45°, + 5°, — 0°. The chamfer Z of 
dog-point screws is 35° + 5°, — 0°. Dimensions of socket set screws are given in Table 40. 
The length of socket screws increases by the following increments: 


Berewlleneth, IMe...c. 762 cae ee eee 1/4 to 5/g 5/3 to 1 1to4 4to6 
UMELEIMS Wt PIDs 65 6 0021012 oc,0'> nena 1/16 1/3 1/4 1/9 


SELF-TAPPING SCREWS are screws that may be driven into an untapped hole, 
forming the thread in the hole as they are driven. One form, with a sharp, hardened, 
widely spaced V-thread, is used to join sheet-metal parts 
or fasten sheet metal to aluminum, bakelite or other REAR cee fe re é 
relatively soft substances. Another form, shown in tie k----L---- Mas a 
Fig. 24 is tapered for a short distance from the end. A 1 4 
short slot cut in the tapered section forms, in effect, a é cS 
single-flute tap which cuts a thread in the material as tes HEAD 
the screw is screwed into it. These screws can be used 


with the softer materials and also ; Ae RiGee : 
with steel, cast iron, brass and 82 ye NY atta hs -)- 
bronze. Sizes of screws and sizes \ { IND 


of holes for them are given in Pee aot feat aera 
Table 42. 
LAG SCREWS AND COACH 
Self- i PA 
SCREWS.—Lag screws and coach Ph OE Sie: sappine ate — a 
screws are made with a cone point y ‘het 1 eee + i 
or a gimlet point, and have a wood- “eit ie ae a 
fer Isa 
screw thread. Lag screws have a OVAL HEAD 
square, and coach screws a hexagon Fia. 25, Lag Screw Fie. 26. Wood Screws 


head. See Fig. 25 and Table 43. 

WOOD SCREWS.—Wood screws are made with round, flat, and oval heads as shown 
in Fig. 26. Dimensions of the various forms are given in Table 44. The various dimen- 
sions are determined by the following formulas: Head diameter, round head, Amax = 
1.887 D; Amin = (1.813 D — 0.010); flat head and oval head, Amax = (2.04 D — 0.003); 


Amin = (1.96 D — 0.013). Height of head, round head, Hmax = (0.636 D + 0.015); 
Hin = (0.624 D + 0.005); flat and oval head, Hmax = (0.619 D — 0.002); Hpin = 
Table 42.—Hole Sizes for Self-tapping Screws 
(Shakeproof Lock Washer Co., Chicago) 

Thickness of Material, or Depth Screw Enters, in. 
Size of Threads ree to 1/16 - = to 1/g 7 8 to 3/g 3/g up 
Rove in. ole ‘ ole 4 ole f Hole : 
hae a Diam., eek Diam., Drill Diam., Drill Diam., Drill 
ry ize i cer Size in Size ay Size 
No, 4 40 0.089 43 0.089 id dae Me eae ois ell! Bioe oee 
No. 6 32 rau le 33 .120 31 0.1290 she | AS eee 
No, 8 32 . 136 29 . 144 27 . 147 26 0.147 26 
No, 10 24 154 23 . 161 20 . 166 19 . 169 18 
No. .12 24 . 180 15 .185 13 . 189 12 . 189 12 
1/4 20 «199 8 . 209 4 a 2 .221 2 
5/16 18 .257 F .261 G . 266 H ye 1 
3/g 16 .302 N a2 5/16 4323 P 5323 ee 


Table 43.—Dimensions of Lag Screws and Coach Screws 


Diameterjiny. oi.).. 200. V4 5/16 1/2 9/16 

Threade per i. ich oe 10 91/o 6 5 3 
Thickness of head, in...,. 3/16} 1/4 3/8 7/16 1 7 
Short Diam. of Head, in... 3/g | 15/39 21/39 | 3/4 otf is 


vane of Thread—All Diameters 


= 21/2 31/2 
21/2 


Length of screw, in.... 1 1/2 
Length of thread, in...| To head 


312 | 4 sup | 6 


; 1/9 


: 
: 
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(0.552 D — 0.007). Width of slot, all types, Jmax = (0.182 D + 0.020); J, = 
(0.164 D + 0.010). Depth of slot, round head, Tmax = (0.3862 D + 0. 017); ieee = 
(0.268 D + 0.013); flat head, Tmax = (0.288 D — 0.002); Tmm = (0.192 D — 0. 002); 


Table 44.—Dimensions of American Standard Wood Screws 
A.S.A., B1S8c—1930. All dimensions in inches, See Fig. 26 


Height of Width of Depth of Height of 
= Head Slot aot a Range of Length, L * 
oe H J T F Steel Brass 
Max. | Min. | Max. | Min. | Max. | Min. | Max. | Min. | Max. | Min. | Max. | Min. 
Round Head 
0 | 0.060 | 0.113 | 0.099 | 0.053 | 0.042 | 0.031 | 0.020 | 0.039 | 0.029)...... gece col gon Cling ailimtiatia ayer 
Lin} 2073p > .138)) .122:1) O6H i O51] 4.033:|9 10221) 204311) L033. doe Inecnec Yo} Ya} Ye} Wa 
2| .086] .162| .146] .070} .059| .036] .024] .048| .036]......]...... 3/a| Ya} 3/4} IVa 
3] .099| .187| .169| .078| .067] .038| .026| .053) .040]......]...... 1 Ya) 3/4] Wa 
4 i) 112) <211| .193)| 086). 075]. .040)}. 028} 058) .043 }c.) occlu cc. W/o} Ya} W/4 
Bil <125\\» 5236) .217|? 895). 683). ..043 |. 031!" .062)) .047}2.. 4. lnc... 1V/g| 8/g|1Vo} 3/g 
6} .138] .260] .240] .103] .091] .045] .033| .067] .050]......|...... 21/2) 3/g|1Ve| 3g 
Fut e285) 264 Attire 000 |) .047 |. .035'| 0724 LObSitscce locas. 21/2) 3/g]1'e] Yo 
Bi) .164) <309| 287] 119). 107] .050} .037|) 076} (0571... .2.1..2... 23/4| 3/g|2 1/o 
Da etZT dee So4i gS | Pores nee Li len 0522 039 | O81] OOD acne clicnones 3 1/2 | 2 5/g 
TOD], 2190) 959) 23341) 136. 12416 2055.1) 041 |) 086] (0641.1 2-|0) A: 31/2| Wo|21/o| 5/3 
HW] .203} .383| .358| .144] .132| .057] .043| .090] .067]......|...... 31/g| 5/g|21/o| 3/4 
12) 216) 408 | 2382/1) 1520 e140) 2059 |. 045 | 0951) 071] cc cacl. oan 4 5/3 | 3 3/4 
14] .242] .457] .429] .169] .156] .064] .050] .105]| .078]......]...... 4 7/3 | 3 1 
16 | .268| .506) .476] .185| .172] .069] .054} .114] .085]......]...... ARRAS WAL inthe el eevee: 
Gt 204555.) 523 ee 188i 074) 58)! 1231, 092) ie St Fina.) eaate | Nera 
20 | .320| .604] .570} .219] .205] .078| .062] .133] .099]......]...... Dott ila ou| sae loner 
Af 1.272 | 1702 | (664 | £2524. 237() 068.) .071 |..152}) 413} 5). ef Ma el ole 
ni) sh Mh Mit) Fiat ead ia") 6. <l bill,  ...h xynoer Behe. Head 
0 | 0.060 | 0.119 | 0.105 | 0.035 | 0.026 | 0.031 | 0.020 | 0.015] 0.010]......]...... 3/g| Wa} 3/g| Ta 
V] .073)| 146} 1.130)1.043 | 033'| 1033!|» 1022|' 2019]. 012) .5..3.Juce..2 Wo} Wa! Yo| Wa 
2| .086| .172] .156| .051] .040] .036] .024] .023] .015]......]...... 3/41 Wal 8/4) Wa 
3] .099] .199] .181] .059} .048] .038] .026| .027] .0I7]......]...... 1 W4| 3/4] Wa 
et 2) tele 207 e067 | O55 || ..0401 ,.028| .030) 020) ..05...1 0.2... 11/2) Iq) 1 V4 
BY. 125 | 2252] .232'|" 075 | 062] 1043) .031'| -034| .022)......)...... 11/9] 3/g|1 3/8 
6] .138] .279] .257] .083| .069} .045] .033] .038| .024]......]...... 21/g| 3/g| 11/2] 3/8 
Feet Si es. 305:|) 283) e209 e076) 047 1--635| O41.) © (027'| 8: |e cece. 21g) 3/g| 11/2] Wo 
8] .164] .332] .308} .100] .084] .050] .037] .045] .029]......]...... 23/4| 3/g|2 Vg 
9| .177| .358| .334] .108} .091| .052| .039] .049| .032]......|...... 3 Wo |2 5/8 
10) .190} .385] .359] .116] .098] .055] .041] .053] .034]......]...... 31/g| 1/2|21/2] 5/8 
Hi e203 | Ale essa mei2t | 105) 0575) .043i|. 2056) 037 WV......n) en 31g} 5/g|21/o| 3/4 
12] .216] .438) .410] .132] .112] .059] .045| .060] .039]......]...... 4 5/g |31/2| 3/4 
14| .242| .491] .461] .148] .127] .064] .050] .068] .044]......]...... 5 7/g | 31/21 
16 | .268] .544| .512] .164] .141] .069] .054| .075] .049]......]...... 5 I 31/9} 2 
18} .294] .597] .563] .180} .155] .074] .058] .083] .054]......]...... 5 11/4 | 31/2 | 2 
20 | .320] .650] .614] .196] .170] .078| .062] .090) .059]......]...... 5 Gy] eae ee 
94 372 .756|| 2716228] 9.198) 088 .071{ .105| .069'|,.....]....5. 5 ci iiss alleen 
Oval Head 
0 | 0.060 | 0.119 | 0.105 | 0.035 | 0.026 | 0.031 | 0.020 | 0.030 | 0.025 | 0.021 | 0.015] ......]...... 3/g| Wa 
1} .073| .146| .130]| .043} .033| .033| .022| .038| .031| .025] .019)......]...... Vo} 1/4 
2} .086| .172| .156| .051] .040] .036] .024| .045| .037) .029] .022]......]...... 8/4] 14 
3] .099] .199] .181| .059}] .048] .038] .026] .052] .043} .033| .026]...... 3/g| 38/4} Iq 
4] .112] .225] .207] .067| .055| .040) .028] .059| .049] .037] .029} 3/4] 3/g] 1 V4 
5 | .125| .252| .232) .075| .062] .043] .031] .067| .055| .041| .033] 1 W/o} 1 3/g 
6| .138| .279| .257} .083] .069| .045| .033] .074] .060] .045) .036] 13/4} JTe}11/2} 9% 
7 | .151| .305| .283| .091] .076] .047| .035] .081]| .066] .049] .039] 13/4] JT/2)1l/2} Ye 
8| .164| .332] .308] .100] .084] .050] .037] .088} .070) .053| .043] 13/4] J/g} 2 1/9 
91} .177| .358| .334] .108] .091] .052] .039] .095] .078] .057} .046] 13/4] 3/4 | 2 5/3 
10} .190] .385| .359) .116} .098] .055] .041] .103} .084] .061] .050} 2 3/4 | 2 5/8 
11 | .203] .411| .385] .124] .105] .057) .043] .110}] .090] .065] .053} 2 a a ee he ae 
12 | .216] .438] .410] .132] .112] .059] .045] .117| .096] .069] .057] 21/2] 7/8 | 28 3/4 
14} .242| .491| .461] .148] .127] .064] .050) .132] .108] .077] .064} 21/2 | 1 2 I 
16] .268] .544] .512| .164] .141] .069] .054] .146] .120} .084] .071] 2 11/9)... 22] scene 
18 | .294] .597] .563] .180] .155] .074] .058] .160} .132] .092] .078| 2 (iat ede aanes c 
20 | .320] .650]} .614] .196| .170} .078] .062| .175) .144] .100} .085) 2 Tia lrRarwk| oe 


24| .372| .756| .7161 .2281 .1981 .0881 .O711 .2041 .168! .116] .099/......'....../...- to 


* Length L advances by increments of 1/g in. from W/q in. to 1 in.; by increments of 1/4 in. 
from 1 in. to 3 in.; by increments of 1/2 in. from 3 in, to 5 in. 
f 2 3/4-in. length omitted. t21/o-in. length omitted. §7/g-in. length omitted. 
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Table 45.—Weight of 100 Lag Screws 
er —  —K 


prose 4 Diameter, in. 
under 2.6 | a ee ee ee ne EE GREY eae ee 
to Point | 5/16 | 3/8 | 7/16 | 4/2 | 9/16 5/8 3/4 7/8 ! 1 1/g 11/4 
in. Ib. lb. lb. lb. lb lb. lb lb lb lb Ib 
11/2 4.2 6.5 Co Jay Pc ll Wee ol hs Fen Peel marc | acai ae POR Pty isch ocwcrc tus OO CO 
13/4 HFN GF, 1. ol Cah iNG. Bll cckeidolts aanecp. sd aaalieaesell teehee hele edie Sl eee 
2 Sige 7.7 | 10.9 | 14.9 | 23.0 DA SG Be ci. cil ctotarotael lara \evolsiohel  ekesote.e orsi| sNeleeie 
21/4 edi 854" | PIS: | TG. 24.5 DT SDs rare o:abe alse aaa g aco¥euagoh vaje-s sare ean Tener 
21/2 6,2 92 | W2E7 | 1734) 2620 29.0 PAU GA sees ERAS Site sss) Me Tc 
3 7.2 \clOS6 04 Gale 19205) 2922 3229) 48.3 T5DN aes blacth tsi. ates 
31/2 SoZ 20 elo orneches |e ace. 36.9 53.8 78.5 90 NS. Seatcalacataae 5 
D2 V3 SNS 85) 2420) | 35.9 41.0 59.6 82.0 99) dbaborcealtahe Ryaeie 6 
41/9 TOV 27 150 206791 26.50 1 SoS 44.9 65.5 86.0 168A os Sees 
TAs So) ROAS) He22Se | 29S OM) 4207 48.8 71.5 90.0 118 TORT caus 
51/2 12.47) 180° | 524916315 | 46.9 yey | 77.5 98.0 128 163)" Uh eran care 
6 13,5 | 19.5] 27.0 | 34.0 | 49.5 56.6 83.5 | 106.0 138 176 240 
Fi i iriacee tlawe.scters SST | 39-0" | 56-3 64.5 95.5 P22 .5 158 203 270 
Ce Ne cis ca Neteeteirre 35.2 | 44.0 | 63.1 72. Fe AO7s 6 1 15220 178 230 300 
gat oo ese Lane ee ES teas 49.0 | 69.9| 80.5] 119.8] 155.5| 198 | 257 | 332 
Ole ll avits) please Sil ceicetys 54.01 76.7 88.5) 1126} 172.0 219 284 365 
TAI) be Alls deteeral int orb-cin oceas) ipa sn 83.5 96.5 | 143.1 188.5 240 311 395 
EZ, cee emote ace eters alates (e phee 90.5 | 104.5] 155.4 | 205.0 261 338 425 
13, WE ec Ollceterrare cl flaveteite ode stnta tavaue wet aceiaces L125 16726.) 221-0 282 365 459 
Ph 7 ait es flatata Rios fla treile soe flvy ate reraual he steers EZ{.. Bt 17928: ||, 238.0 304 393 493 
V5 0 | “ile Akcovtuellleterevero ts lier volte a, <1[stiane catareletereuarets 129.5, | 192.0 | °255:6 326 421 527 
TGs DI Sec crall pectroesclie ciceras cra eine ora arts 138.0 | 204.0 | 272.0 348 449 562 
Thds.perin.| 10 7 7 6 5 5 41/2 41/2 3 3 3 


oval head, Tmax = (0.556 D — 0.003); Tmin = (0.460 D — 0.003). Height of oval, oval 
head screws, Fmax = (0.304 D + 0.003); Fmin = (0.268 D — 0.001). Countersink angle, 
flat and oval head screws, max., 82 deg., min., 80 deg. The shape 
of the head of round head screws is semi-elliptical. 
“oi DRIVE SCREWS. (American Screw Co.)—Drive screws, Fig. 
27, are driven in with a hammer. They have greater holding 
power than nails and can be withdrawn with an ordinary screw- 


driver. They are made with flat heads only, from 1/2 to 3 1/2 in. long, and from No. 4 to 
No. 20 diam. 


Fic. 27. Drive Screw 


WWW 


Wo 


S 


Yi NN 
SNE 
L f RASS 8S 
V/, YW SSS 
Fre, 28. Rag Fie. 29. Built-in Fic. 30. Cottered Anchor 
Bolt Anchor Bolt Bolt 


FOUNDATION BOLTS used for holding machine frames, engine beds, roof trusses, 
etc., to concrete or masonry may be divided into two classes, viz., those embedded in the 
masonry and those passing through it. The rag bolt having a tapered shank with jagged 
, edges is shown in Fig. 28. A hole wider at the bottom than at the top is 
' cut in the masonry; the bolt is placed in position and molten lead is 
poured between the masonry and bolt. A built-in anchor bolt is 
shown in Fig. 29. A form of cottered bolt passing entirely through 

ae ee the masonry, with a washer and cotter at its lower end is shown in Fig. 
ai} 30. The proportions are taken from Marshall (Machine Design and 
eases Drawing). 

HOURLE EREANGION EXPANSION BOLTS are used for attaching wood or iron parts 
Fra. 81. Renatatén to masonry. With the Star expansion bolt, Fig. 31, a hole is drilled 
Bolt in the masonry of such size that the expansion nut or shield will fit 

it closely. When the bolt is screwed up the nut expands and binds 

firmly in the masonry. In most forms, however, the body of the bolt is divided and 
when the head of the bolt is turned, the sections forming the body of the bolt are 
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Table 46.—Dimensions of Star Expansion Bolts. (See Fig. 31) 


Diam . 
of Double Expansion Single Expansion 
Bolt, peer Length . 
D, in, | Drill, in.| “pon, | Length of Bolt, in. | Drill, in.] "St | Length of bolt, in. 
W/4 1/9 11/9 13/4; 2 to 6* 1/9 1 11 
; to 5* 
5/16 9/16 17/8 2 to 6* 9/16 11/2 1 i es 5;* 5 to 6t 
3/3 1/16 23/g 21/2 to 8* 11/16 13/4 RPTL 
7/16 7/8 21/9 3 to 8* 13/ 13/ 2 to 5;* 5 
; : 16 4 4 to 6 
/9 /8 25/3 3 to 8;* 8 to 12t 7/ 13/ 2 to 5;* 5 
2 8 4 ; to 12+ 
/8 1 31/4 3 1/2 to 8;* 8 to 12t 1 2 2 to 5;* 5 to 12f 
3/4 11/4 4 4 to 8:* 8 to 12t 1 3/46 3 31/2 to 5;* 5 to 12 
43/4 5 to 8;* 8 to 12+ 1 3/g 33/4 4 to 5;* 5 to 12t 
5 5 1/2 to 8;* 8to 12t | 1 7/16 33/4 4 to 5;* 5 to 12t 


* Advancing by I/gin. + Advancing by 1 in. 


Table 47.—Dimensions of Cinch Anchors 
(National Lead Co., New York) 


AEE GEESE 


1 
Me-n—-- —A-—-~ D6 04 eB ote-C-rle----—- Pie al 


! 
Threaded Anchorage Plain Anchorage : 
Length of Bolt =A+0 Length of BoltR4+B+0 


A = length of anchorage; B = thickness of nut; C = thickness of work 
All dimensions in inches 


Bolt size.. oar i , W/4 | : 5/16 “i he - 3/4 7/8 1 

Length A f 2 uni 8 2 1 5/g 21/4 | 25/g 
ah { 3unit |13/s* | 11/2 | 11/e 238/g | 25/g | 31/4 | 35/g | 41/4 

bength Bac... 1/4 3/g 3/3 5/8 3/4 1 11/4 | 1/2 


* 11/4 in. for plain anchorage. 


forced outward, binding in the masonry. The diameter of the expansion bolt is the size 
of the bolt itself and not the diameter of the 
shield or expansion member. The length of 
the bolt is found by adding together the thick- 
ness of material to be fastened and the length 
of the shield. In using expansion bolts, a 
hole of the size shown in Table 46 is drilled, 
into which the shield is inserted. The bolt Two-Unit Plain Two-Unit Plain Anchor 
_.is run through the object to be fastened into GIES Installed 

the shield and tightened. 

The Cinch anchor made by the National 
Lead Co., New York, shown in Fig. 32, can 
be used wherever an expansion bolt can be 
applied. It consists of the conical malleable 


iron wedges A, and the lead composition  Tyo-Unit Threaded Mere Watt Threaded Anchor 
._ sleeves B. The plain anchor is assembled Anchorage Installed 
on a bolt, which is inserted in the hole in Fra. 32. Cinch Anchor 


the structure. It is then calked in by a pipe 

or sleeve placed over the bolt. When the bolt is drawn up by the nut the wedges are 
forced into the lead sleeves, expanding them into the hole, making an 
exceptionally strong anchorage. In the threaded anchorage, the in- 
nermost sleeve has a thread, forming a nut into which a standard bolt 
can be screwed. It is calked in place by means of a dummy bolt 
which is removed after calking is finished. With the plain anchorage 
the bolt cannot be removed, whereas it can be removed from the 
threaded anchorage. These anchorages are made with two units and 
three units. Dimensions are given in Table 47. 

' THE HOOK BOLT is used to connect pieces where it is impossible Fria, 33.. Hook Bolt 
or impracticable to put a bolt hole through one of the pieces to be : fe 
connected. Hook bolts are often used to attach shaft hangers to the flanges of joists 
‘and girders. Spooner (Machine Design, Construction and Drawing) gives the propor- 


tions shown in Fig. 33. 
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Table 48.—Dimensions of Standard T-bolts, T-slots and T-nuts. (See Fig. 34) 
A.S.A. B5a-1927. All dimensions in inches 


T-Slot 


T-Bolt T-Nuts 


. Width|Height' Depth of Width j ) va 
hei *|Threads| Across} of Width |} Throat, B Head Space ies eae yee ening 
0: ce} 
Bolt, per Flats, | Head, of Width,|Depth, engt. Piaf eset 8 ag 
D inch i, F. Throat, Max. | Min W C ba nA ares 
* 7 . - 
max.*} max.t S Max.t| Max.§ N 
1/4 20 15/39} 5/32 | 9/32 3/8 1/g 9/16 | 19/64 3/16 | 0.330 | 3/32 
5/16 18 %/16| 3/16) 1/32} 7/16 | 5/32| 21/39] 17/64 1/4 .418 | Wg 
3/g 16 11/j6| 1/4 7/16 9/16 | 7/32} 25/32 21/64 5/ig | .543 | 7/39 
1/2 13 7/8 5/16 | 9/16 11/ye) 5/16 | 31/32) 25/64 13/39| 668 | 7/32 
5/3 I 11/g 13/0) U/1g | 7/8 7/16 | 1 1/4 31/64 17/30} .783 | 1/4 
3/4 10 15/j6 | 17/3e) 18/16 | 11/16 | 9/16 | 115/32) 5/8 11/y6| 1.033 | 5/16 
1 8 111/y6) 1/ye} 141/16 | 1 4/4 3/4 | 127/32) 53/64 15/6] 1.273 | 3/8 
11/4 7 21/1g | 15/i6} 15/16 | 1 9/16 | I 2 7/39 13/1g | 1.523 | 7/16 


11/2 6 | 2i/a | V8/ag | 1 S/se tel ASAalel Aas B2l/aolsdifse lee ws. |e. es eee ee 


* A tolerance of —0.031 in. is allowed on all sizes. pie / : ; 

+ A tolerance of —0.016 in. is allowed on sizes 1/4 to 5/g in. inclusive, and of —0.031 in. on sizes 
3/4 to 1 1/2 in. inclusive. ; aun i ; i 

t A tolerance of —0.063 in. is allowed on sizes 1/4 to 5/g in. inclusive, and of —0.094 in. on sizes 
8/4 to 1 1/9 in. inclusive. : a , ; : 

§ A tolerance of —0.031 in. is allowed on sizes 1/4 to 3/4 in. inclusive, of —0.047 in. on 1 in. 
size, and of —0.063 in. on 11/4 and 11/9 in. size. ys ‘ +F : 

4 A tolerance of —0.010 in. is allowed on sizes 1/4 to 5/g in. inclusive, and of —0.015 in. on sizes 
8/4 to 11/4 in. 


ee fsa cet 

nea 

Ppa 

‘t) 

¢ 
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Fia. 34. T-Slot Bolts and Nuts Fie. 35. Lifting 
Eye Bolt 


EYE-BOLTS.— Lifting eye-bolts, Fig. 35, are used for the purpose of lifting machines 
or machine parts by means of ropes or chains attached to the eyes. The eye-bolt is 
screwed into a hole near the center of gravity of the piece. Table 49 from Machinery’s 
Handbook gives proportions and strength of eye-bolts. Special eye-bolts with increased 
body, representing the General Electric Co. practice, are given in Fig. 36 and Table 50. 
These bolts are drop forgings and the arrows indicate the direction of pull to raise the 
weight. According to the General Electric Co. these sizes should be used in place of the 
following commercial eye-bolts sizes: 3/4, 1, 11/4, 11/2 and 2 in., respectively. 


Table 49.—Dimensions of Lifting Eye-bolts 


Dimensions in Inches. (See Fig. 35) puede < de 
Thread at Chain Made 
in. | 10,000 lb! per from Bar 
A B c D E he G sq. in. Tensile of Diam, 
Strength G 
1/9 21/8 l 3/4 W/4 I/g 5/16 1,250 1,170 
5/g | 21/4 11/4 1 5/16 5/g 7/16 2,020 2,295 
3/4 | 23/g 17/i6} 11/8 5/16 | 11/16 1/2 3,020 3,000 
7/8 21/9 11/16} 13/g 3/3 3/4 5/8 4,195 4,685 
1 23/4 1 7/g 11/9 W/o 7/8 3/4 5,510 6,750 
1 1/g 27/8 21/3 1 5/g 1/9 1 13/16 6,930 7,920 
11/4 3 2 3/g 1 3/4 W/o 1 1/g 7/3 8,900 9,190 
13/g | 31/8 25/8 1 7/8 916] 13/16} 1 10,540 12,000 
1 1/g 31/4 23/4 2 5/8 11/4 1 1/16 12,940 13,545 
1 5/g 3 3/g 3 21/8 11/16] 1 3/g 1 1/g 15,150 15,185 
13/4 31/9 31/4 | 21/4 3/4 11/9 11/4 17,440 18,750 
17/g 3 5/g 31/9 2 3/g 13/16] 1 5/g 1 5/16 20,490 20,670 


2 33/q | 33/4 | 21/2 7/3 | 13/4 | 13/s 23,000 22.685 
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Table 50.—Dimensions and Safe Load of Special Eye-bolts 
(See Fig. 36) 


Dimensions in Inches. 


Safe Weight, lb. 


a | ee | RE ee eal ee || Straight Lift) | cniry auease 
11/4 1 3/g 1,500 600. 
11/2 13/4 2,500 800 

21/8 4,000 1500 
21/2 21/4 5,500 2600 
31/4 9,000 3600 


14,000 4800 


PATCH BOLTS.—The function of the patch bolt, Fig. 37, is to fasten patches on the 
sheets of boilers. They should be used only where it is impossible to use rivets. Stock 
sizes have 12 threads, of the Am. National Standard, per inch. The length of patch bolts 
is measured from the point to the large diameter of the head. The stock sizes made by 
the Pittsburgh Screw & Bolt Co. are: 1/2 in. diameter by 3/4, 7/g or 1 in. long, and 5/g, 3/4 
and 1 in. diameter by 7/g, 1, 1 1/g, 1 1/4 or 11/9 in. long. 

STANDARD STUDS.—The Upson Nut Co., Cleveland, gives the following formulas 
for the dimensions of standard stud bolts. Let A = diameter of stud; B = length of 
short thread; C = length of unthreaded portion; D = length of long thread; E = total 
length of stud, allininches. Then B=4A-+1/3;C=A;D=H=-(B+ (0), 


£ hee. 


Fic. 37. Patch Bolt Fig. 38. Upset End, Round Bar 


Table 51.—Dimensions of Upset Ends for Round Bars 
See Fig. 38. American Standard Thread, Free Fit, Class 2. 
(American Bridge Co. Standard) 


Bar Upset 
Additional | Diameter Area 
i Weight |Diameter,| Length, length at root 
ray ah Ar Zep per ior a, E for upset | of thread, eee) eens oe 

° sq. in. : : , : 
in. qa lb. in. in. ~ oe ie Pry Batccne 

3 0.442 1.50 1 4 5 0, 838 0.551 24.7 

i . 601 2.04 11/4 4 5 1/2 1.064 0.890 48.0 

1 .785 2.67 1 3/g 4 4 1,158 1,054 34.2 
1 1/g .994 3,38 11/2 4 4 1.283 1.294 ohly 74 
11/4 Ne Pe! 4.17 1 5/g 4 4 1.389 1.515 235 
13/g 1.485 5705 13/4 4 4 1.490 1.744 17.5 
11/2 1.767 6.01 2 41/9 41/2 LAW 2.300 30.2 
1 5/g 2.074 7.05 21/g 41/2 4 1, 836 2.649 2757 
13/4 2.405 8.18 21/4 5 4 1.961 3.021 25.6 
17/g 2.761 9.39 2 3/g 5 4 2.086 3.419 23.8 
2 3.142 10.68 21/2 5 1/2 4 275) 3.716 18.3 
21g 3.547 12.06 2 5/g 5 1/2 3 1/2 2.300 4.156 wir 
21/4 3.976 13.52 27/8 6 41/2 2.550 5.108 2 is 
23/g 4.430 15.06 3 6 41/9 2.629 5.428 ee 
21/2 4.909 16.69 31/4 61/2 51/2 2.879 6.509 a : 
25/3 5.412 18.40 31/4 61/2 41/2 2.879 6.509 ae 
23/4 5.940 20.19 31/2 7 51/2 3.100 7.549 nae 
27/8 6.492 22.07 33/4 7 6 Si 37 8.641 ay 
3 7.069 24.03 3 3/4 7 5 SS 1z: 8.641 a 
31/3 7.670 26.08 4 71/2 6 3.567 ite on Z 
31/4 8.296 28.21 cf 7 1/2 5 3,567 os ae ; 
3 3/g 8.946 30.42 41/4 8 51/9 3,798 HW. aoa 
31/2 9.621 3227) 41/4 8 5 3,798 11.330 by 
35/8 10. 321 35.09 41/9 81/2 5 1/2 4.028 eet va 
33/4 11,045 SY fre) 43/4 8 1/g 6 4.255 eal ay 
37/8 11-793 40.10 43/4 8 1/2 51/2 4.255 14. . 
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Table 52.—Dimensions of Upset Ends for Square Bars 
See Fig. 39. American Standard Thread, Free Fit, Class 2 
(American Bridge Co. Standard) 


Diameter Area 


at Root of 
ieee At Root 
b, in. 


Weight 
per foot, 
b. 


Diameter Length for Upset 


: Excess 
a, in. l, in. +1 0% 


of Thread, | Over Area 
sq. in. of Bar, % 


0. agi 1 1/g 0.939 0.693 232 
0. .60 11/4 1.064 0.890 16.2 
We -40 11/2 1.283 1.294 29.4 
Ve 30 1 5/g 1.389 S15 19.7 
UG woe 17/3 1.615 2.049 31.1 
ile 43 2 eral 2.300 2d. 
Zs .65 21/4 1.961 3.021 34.3 
Z. Shy 23/g 2.086 3.419 29.5 
a 41 21/2 2173 3.716 213 
De chp 23/4 ye Ye) 4.619 31.4 
4. . 60 27/3 2.550 5.108 eH fav 
4. a2 3 2.629 5.428 20.2 
ae 21 31/4 2.879 6.509 28.6 
Dis 18 31/2 3.100 7.549 33.8 
6. 25 3 3/4 Spe STE 8.641 38.3 
6. 43 3 3/4 3.317 8.641 25.4 
ds By I 4 3.567 9.993 32.1 
8. 10 41/4 3.798 11.330 S74) 
Oo: . 60 41/4 3.798 11.330 D539 
oe . 20 41/2 4.028 741 30.5 
0. 4 6 


~ re 


9 43/4 .255 .221 34. 


TURNBUCKLES may be made of the following proportions: In Fig. 40, let D = out- 
side diameter of screw. Then length of tapped heads = 1.5 D; overall length C = 
A+3D; A = 6in.upto D = 4in.,and9 in. for D = 4 to 61/2 in. Dimensions of stand- 
ard turnbuckles are given in Table 53. 


Table 53.—Dimensions of Turnbuckles (See Fig. 40) 
Cleveland City Forge Co., Cleveland, Ohio, 


S| as RS f= lien renal fe = 
a $y] 4 = 3 = 
Dae| 2@ | 2° KB seit ES 
3/3! 6/51] %16| 16 21/9 aa ae 23.25 
Wo) 6} 5 | lW/y6} 3/4 2 3/4 6 | 5) 33/4 5 5/g) 31.50 
B/g| 6 | 5 | 18/16) 29/39 3 6] 5 |35/g 61/3) 39.50 
8/4) 6 | 5 | 15/16) 1 1/16 31/4, 31/g | 6 | 5 |37/8 6 3/4) 61.00 
7/3 | 6 | 5 | 13/39 | 1 7/39 31/4,31/o | 9 | 8 |37/8 6 3/4| 70.00 
1 6 | 5 | 19/32 | 1 3/8 33/4, 4 6 | 5 1438/4 8 1/9} 89.00 
11/g | 6 | 5 | 118/39) 1 9/16 41/4,41/2,43/4) 9 | 8 | 51/4 9 3/4)152.00 
11/4} 6 | 5 | 19/16 | 13/4 5 9/816 200 .00 
13/g} 6 | 5 | 111/16] 1 15/16 51/4 9| 816 10 1/9|200 .00 
11/2} 6 | 5 | 127/39) 2 1/g 51/9 9 | 8 |63/4 315.00 
15/g| 6 | 5 | 181/39) 21/4 5 3/4 9) 8 1638/4 11 1/9/315.00 
13/4) 6 | 5 |21/g |21/2 6 9/8 |71/4 12 1/4)431.00 
17/g,2) 6 | 5 |23/g | 23/4 61/4 9] 8171/4 12 3/4)431 .00 
21/4} 6 1 5 | 211/16) 3 3/8 61/2 9 | 8 171/21 9 3/4l 28 1/9] 13 1/41520.00 
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4. STRENGTH OF SCREW FASTENINGS 


STRENGTH OF BOLTS.—The load that a bolt in simple tension will sustain is 
fea be ores etn yer tae tere |r| 


where P = load, lb.; A = minimum cross-sectional ates 
= load, Ib.; . | area of bolt, sq. in., 7.e., area at 
of thread; s = stress in bolt, lb. per sq. in. Faires (Design of Machine Elements) ris 


for the value of s the formula s = C VA, from which by substitution in [7] 
Pie CAI ROT cron eat ets 


C is a constant depending on the material used in the bolt. For i 
of 56,000 lb. per sq. in. ultimate strength C may be taken as Pode bie ee 
diameter. The value of C for other materials is proportional to the ultimate fies th. 
Thus if Sa, S, = respectively, ultimate strength of an alloy steel and ordinary ee 
stock, and Ca, Cs; = respectively, constants for the alloy and ordinary steels, S /Sa=C/C 
oe Saad oe = ae of ordinary steel, the value of s for peaation [7] Ring be 
aken as , P in this case being the exte ‘ 
er hes ie ace eee g rnalload. For alloy steel bolts, values of s up 
Initial Tension, or stress due to screwing up to the nut may va i 
Kimball and Barr state that it may be as high as 30,000 D, icin Hea aa 
of the bolt. As the result of experiments on different sizes of bolts tightened by various 
mechanics, they deduced that the initial load on a bolt, due to tightening, may be taken 
as W = 16,000 D, where W = load, lb. This is equivalent to a tensile stress in the bolt 
of p = 27,500/D lb. per sq. in. The initial tension is indeterminate, as it will vary with 
the length of wrench used, the effort of the mechanic, and the character of the surfaces in 
frictional contact. 

: The action of screwing up also puts torsional stress on the bolt, which in the smaller 
a cag ereeee the ee bog one The Kimball and Barr experiments indicated that 
a 1/-in. bolt is too small where the nuts are to be scr i i 

ee ae ewed up tight. See Working Strength 
Stress in Bolts Subject to Impact.—Examples of bolts subject to impact or suddenly 
applied loads are long bolts acting as tension members in bridges, and bolts in connecting- 
rod ends. The bolt not only must have sufficient strength to sustain the static load, but 
have the resistance necessary to absorb the energy of the impacting load. Let W = 
static value of load, lb.; A = cross-settional area of bolt, sq. in.; A = height corresponding 
to velocity with which load is applied, in.; s = unit stress in bolt, lb. per sq. in.; A = 
deformation produced in bolt by impact load Wh, in. Then : 
5 (Cis AHR co oe Fete oe) SIS) 
Faires (Design of Machine Elements) gives a modification of formula [9], which is more 
convenient for checking stress for a given set of conditions when the area remains con- 
stant. This formula is 


8=(W/A)+(W/A)V1+ @hEA/iW).... . . [10] 


where EH = modulus of elasticity of the bolt material, and / = length of bolt, in. 

The strength of a bolt is determined by its cross-sec- 
tional area at the root of the thread. Hence the unit stress 
is higher on this area than in the body of the bolt. The 
deformation in the threaded portion under shock loads will 
be greater than in the body of the bolt. If the unit stress 
in the body of the bolt is made equal to that in the threaded 
portion, the deformation will be uniform throughout the 
bolt, and its capacity to resist shock loads will be increased. 
Fig. 41 shows three methods that may be used. Tie rods 
for bridges and similar structures are made with upset ends 
on which the threads are cut, the diameter of the upset being Fra. 41, Bolts for Shock Loads 
such that the diameter at the root of the thread will be the same as that of the body of 
the rod. 

An investigation to determine the impact and static tensile properties of bolts is 
reported in U. S. Bureau of Standards Research Paper No. 763, February, 1935. Impact 
and static tensile tests were made on bolts with nuts having American National Standard 
coarse threads, American National Standard fine threads, and Dardelet threads. Diam- 
eters were 3/g, 1/2, 5/g and 3/4 in., and materials were heat treated chromium nickel steel, 
cold rolled Bessemer steel screw stock, Monel metal, a copper-silicon-manganese alloy, 
and brass. The following is a summary of the conclusions drawn from the tests: 

Impact Tests.—Except for brass bolts and those which showed stripped threads or brittle 
failures, the work per unit volume required to rupture bolts was for each material and each type of 
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thread approximately independent of the diameter of the bolt; the stretch in exposed threads war 
independent of the diameter. The impact work was greater with American National Standard fine 
threads than with American National Standard coarse threads, and approximately the same for 
Dardelet threads. Brass bolts with American National Standard fine threads averaged 12% less 
in impact work than bolts with Dardelet threads. In all cases, the impact work of Dardelet threads 
was greater than with American National Standard coarse threads. 

Static Tests.—The static work with American National Standard fine threads was greater than 
with American National Standard coarse threads and approximately the same as with Dardelet 
threads. Brass bolts with American National Standard fine threads averaged 26% less static work 
than bolts with Dardelet threads. The static work in all cases with Dardelet threads was greater 
than with American National Standard coarse threads. In all cases, the maximum static load with 
Dardelet threads was approximately equal to the maximum static load with American National 
Standard fine threads and greater than with American National Standard coarse threads. 

For bolts of the same size and having the same threads, the static bolt efficiency, 7.e., ratio of 
maximum static load to product of cross-sectional area of shank X ultimate tensile strength of 
material, was approximately the same for all classes of material. 


Stress Due to Combined External Load and Initial Tension.—The maximum value of 
the combined stress on a bolt is the sum of the initial tension and external loads. This is 
obtained when the bolt is rigid and the parts which it connects are more or less yielding. 
The minimum value is either the initial or external 
load, whichever is greater, obtained with bolts that 
may yield to a certain extent. In practice, neither 
condition is attained, the actual stress lying some 
place between these two extremes. A form of con- 
struction in which the combined stress approaches 
the maximum is shown in Fig. 42, while Fig. 43 
shows a type of connection in which the combined 
stress approaches the minimum value. The judgment 
of the designer must be exercised to determine the 

vd the character of stress for which the bolt is to be designed. 
pie oe vidas toa =— Kimball and Barr (Elements of Machine Design) 

Member Yielding Bolt quote from The Locomotive the following suggestions 

as a guide: 

When the conditions are such that the nut is apt to be screwed up hard, that is, when the initial 
load may be safely neglected, design for the external load alone. 

When the initial load, due to screwing up, is apt to be considerable: 

a. If a bolt is manifestly very much more yielding than the connected members, design the bolt 
simply for the initial load or for the external load, whichever is greater. 

b. If the probable yield of the bolt is from one-half to once that of the connected members, 
consider the resultant load as the initial load plus from one-fourth to one-half the external load. 

c. If the yield of the connected members is probably four or five times that of the bolts, take 
the resultant load as the initial load plus about three-fourths the external load. 

d. In case of extreme relative yielding of the connected members, assume the resultant load to 
be nearly the sum of the initial and external loads. 

WORKING STRENGTH OF BOLTS.—Forrest E. Cardullo has developed a formula, 
based on the Kimball and Barr experiments, for the working strength of bolts, which may 


be expressed as S=sX working section . . Sr ds: aeete ta Lh 


where S = working strength, lb., and s = permissible stress in the bolt, lb. per sq. in. 
The working section is determined by the formula 
Working section = A. —(@ x 2D) 0 J) PS Sere} 

where A = area of bolt at the root of the thread; a = area of a 1/9-in. bolt at the root of 
the thread; D = nominal diameter of bolt. This formula takes account of the fact that 
the initial stress in a 1/9-in. bolt, produced by screwing up of the nut, frequently equals 
or exceeds the tensile strength of the material. Table 54 is calculated from this formula 
on the basis of bolts threaded with American National Standard coarse threads. 

SAFE HOLDING CAPACITY OF SET SCREWS.—(B. H. D. Pinkney, Am. 
Mach., Oct. 15, 1914).—The diameter of a set-screw to secure a rotating body of known 
capacity may be found by formula [13] or [14]: 


P= FV. wea 4 i oye [li ay 63,025) Brig ae ee eee 
where 7 = torsional moment, in.-lb.; 7 = radius of shaft, in.; H = horsepower; n = rev. 


per min., P = resisting pressure, lb., at surface or shaft, which should be equal to, or less 
than, the safe holding power of a set-screw as follows: 


Size, in... .... Ye  Bfye., S/a.. Te. Ne %19, . S/e Sie. Ta 1 Tg the 
Capacity, lb.. 100 168 256 366 500 658 840 1280 1830 2500 3288 4198 


The foregoing figures were based on experiments with 1/4-in. and 1/9-in. set-screws, in which 
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it was found that the latter had a capacity of 5 times the former. Set-screws should be 
securely tightened with a wrench of sufficient leverage. Cup-point and flat-point set- 
screws are the best to use. The shaft should be provided with a “ flat” of width equal 
to the diameter of the set-screw. The safe holding power of headless set-screws appears 
to be considerably less than those with heads. 

HOLDING POWER OF NAILS AND SCREWS.—Nails.—The holding power of nails 
in wood varies with the specific gravity of the wood, which will vary in any given species. 
Hence, a considerable variation from published figures may exist in any nailed joint in a 
given species of wood. Table 55 gives the results of tests on the holding power of nails 
made by L. J. Markwardt, Senior Engineer, U. S. Forest Products Laboratory, and pub- 
lished in Am. Lumberman, July 13, 1929. 


Di Area at 
ean Root of 


of a Thread, 
‘ : sq. in. 
5/g 0.2018 
3/4 . 3020 
7/8 .4193 

1 .5510 
11/g . 6931 
11/4 . 8898 
13/g 1.0541 
11/, 1. 2938 
13/4 1.7441 

2 2.3001 
21/4 | 3.0212 
21/2 3.7160 
23/4 4.6194 

3 5.6209 
31/4 6.7205 
31/2 7.9183 
33/4 9.2143 

4 10.6084 


Table 54.—Working Strength of Bolts 


Work- 
ing 
Section, 
sq. in. 


0.0447 


. 1134 
. 1993 
. 2996 
. 4103 
.5755 
. 7084 
.9167 
. 3041 
.7973 
-4555 
. 0875 
. 0000 
. 8667 
. 9034 
. 0384 
.2715 
. 6028 


CoONUbteRWHH= 


Permissible Stress in Bolt, lb. per sq. in. 


5000 


224 
567 
997 
1,498 
2,052 
2,878 
3,542 
4,584 
6,521 
8,987 
12,278 
15,438 
20,000 
24,334 
29,517 
35,192 
41,358 
48,014 


| 6000 | 7000 | 8000 | 10,000 | 12,000 | 15,000 | 20,000 
Working Strength of Bolt, Ib. 


268 313 358 447 536 671 894 
681 794 BANAT Uli! 1,361 1,701 2,268 
1,096) 4,895} 1594 115993: 2,392 2,990 3,986 
798s) 2097.1 42:397. (2: 996 3,995 4,494 5,992 
2,462 | 2,872} 3,282) 4,103 4,924 6,155 8,206 
3,453 | 4,029 | 4,604] 5,755 6,906 8,633 | 11,510 
4,250 | 4,959 | 5,667] 7,084 8,501 10,626 | 14,168 
33900 | 6,4l7 1" 73354) Stove 11,0007]! 13,7511 18,334 
7,825 | 9,129 | 10,433 | 13,041 15,649 | 19,562] 26,082 
10,784 | 12,581 | 14,378 | 17,973 | 21,568 | 26,960 | 35,946 
14,733 | 17,189 | 19,644 | 24,555 | 29,466 | 36,833] 49,110 
18,525 | 21,613 | 24,700 | 30,875 | 37,050] 46,313} 61,750 
24,000 | 28,000 | 32,000 | 40,000 | 48,000} 60,000} 80,000 
29,200 | 34,067 | 38,934 | 48,667 | 58,400) 73,001 | 97,334 
35,420 | 41,324 | 47,227 | 59,034 | 70,841 | 88,551 | 118,068 
42,230 | 49,269 | 56,307 | 70,384 | 84,461 | 105,576 | 140,768 
49,629 | 57,901 | 66,172 | 82,715 | 99,258 | 124,073 | 165,430 
57,617 | 67,220 | 76,822 | 96,028 | 115,234 | 144,042 | 192,056 


Table 55.—Nail-holding Power of Various Species of Wood 


(7d. cement coated nails, driven 11/4 in. and pulled at once) 


Wood of 


Ash, white......-- Ark. 
Basswood.......-- Pa. 
Birch, yellow...... Wis. 
Cedar, { Mont. 
western red... Wash. 
Cedar, 
northern white } Wis. 
Md. 
Chestnut....... { Teng 


Cottonwood, black.} Wash. 
Cypress, southern. |La.,Mo. 


Average Holding 


Average Holding 


Power of | Nail, Spe- Power of | Nail, 
Ib., in cific Ib., in 
Ra- | Tan- Place | Gray- Ra- | Tan- 
dial jgential Wood of ity, End dial |gential 
Sur- | Sur- Growth| Oven- oe Sur- | Sur- 
face | face Aah face | face 
(edge-| (flat- (edge-| (flat- 


grain) | grain) grain) | grain) 


Oreg. 
Douglas fir..... { Washelist 
Elm, American... - Pa. 54 
Fir, California red.| Calif. Ley 


Gum, tupelo...... La.,Mo. 
Tenn. 
Hemlock, eastern { Wins 


Hemlock, western.| Wash.| . 
Maple, black...... Ind. .62 
Maple, silver ...-. Wis. 5l 


TiI—14 


eke - |0.65| 396 | 497 | 459 
Pee MEL || 664) 312>| 466. 4-422 


320 | 496 | 444 


Pine, longleaf... 244 | 362 | 376 


196 | Pine, Norway..... 5 165.) 273 | 282 

266 | 291 | Pine, pitch........ Tenn. 154) 1235) |) 3255) 3380 

Pine, shortleaf..... La. wet) 23904) 331 377 

273 | 296 Fine, f ae 
344 | 339 northern Bee Wis. 39 | 136 | 22 

177 | 189 | Pine, western white) Mont.| .45 | 134 | 255 | 246 

376 | 345 | Pine, Calif. 

western = Oreg. } 44 | 122 224 | 233 

225 | 230 | poplar, yellow.....| Tenn. | .42| 162 | 212 | 223 

266 | 277 | Redwood......... Calif. .42 | 106 | 221 | 226 

480 415 | Spruce, Engelmann} Colo. 36] 136 177 184 

333 | 338 | Spruce, white..... Wis. 43 | 146 209 218 
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The resistance of nails to transverse loading, when used to fasten two planks together is, 
according to H. K. Hatt (Proc. Ind. Eng. Soc., 1900), P = cd, where P = resistance, lb.; 
d = size of nail, pennyweight; c = a constant whose values are 


Common Nails Finish Nails Fence Nails 
Cut Wire Cut Wire Cut Wire 
DITUEVGSIN OM eye ore 25a io) ats oe lapolorona 82 70 49 52 100 ete es 
sy EeeEO GLOW {DIDO x /« cotoso.s. o1eusys 50 48 42 32 90 84 _ 


Joints will slip at about 60% of the loads given by the application of the formula. 

Resistance of Railroad Spikes.—Values for the resistance of railroad spikes in various 
species of woods for both axial and lateral pull are given by H. K. Hatt in Proc. Am. Ry. 
Eng. Assoc., 1910, as follows: 


Red Shortleaf Longleaf Loblolly Red 
Oak Pine Pine Pine Gum 
Direct pulls lb sesie-evs aeterencis 7639 4359 3955 3930 3883 
Tatenal pully lpm mses cteradays oer. 2026 1704 1650 1633 1619 


The resistance of screw spikes was from 1.7 to 3.8 times greater than that of plain 
spikes in direct pull, and from 1.2 to 2.4 times greater in lateral pull. 

Resistance of Drift Bolts in Wood.—Tests at the Watertown Arsenal in 1902 showed 
the resistance of drift bolts in wood driven parallel to the grain to be about one-half the 
resistance when driven across the grain. The holding power is in direct proportion to the 
area of contact and the compressive strength of the wood. There is no difference in the 
resistance of square drift bolts and round drift bolts of the same diameter. The tests 
gave the following values for ultimate resistance of drift bolts driven across the grain: 


l-in. bolt 1-in. bolt 3/g-in. bolt 3/4-in. bolt 1/2-in. bolt 1/2-in. bolt 


15/j¢-in. 13/1¢-in. 11/;¢-in. 9/16-in. 7/16-in. 5/16-in. 
hole hole hole hole hole hole 
Douglas Fir.... 2250 886 800 1000 374 1000 
Yellow Pine.... Sco 740 a ecg aie isis 
White Oak..... 3250 1300 : 


ing power of wood screws in various species of wood (I. J. Fairchild, U. S. Bureau of 
Stds., Tech. Bull. No. 319, July 17, 1926) developed the formula 

P'="wl@20 20 Ny Se ee ot 
where P = ultimate resistance to withdrawal, lb.; 1 = length of screw embedded in wood; 
N = commercial number representing diameter of screw = (d — 0.06)/0.013; w = factor 
depending on the species of wood, values of which are given in Table 56. A wide varia- 
tion from average values may occur in individual cases, ranging from —25% to +40%,. 
The tests further showed that the diameter of the lead hole in soft wood should be about 
70% of the diameter of the root of the thread, and in hard wood about 90%; holding 
power is not greatly diminished by the use of a lubricant, as soap; in general, long, slender 
screws are to be preferred, but may fail in tension before the limit of holding power is 


attained ; holding power of screws in end grain is about 75% of holding power across the 
‘grain. 


Table 56.—Values of w in Fairchild Formula for Holding Power of Wood Screws 


Wood w Wood w Wood 
Cypress. . pees eee ee eeee 1.00 | Maple (Hard).......... 3.00 | Pines White) saeeeeee 1.00 
Dougie Hin sc.0.< estes Ur45 halk (Wihite)h see coe ee 2.50} Poplar (Yellow)... ce. 133 
Hemlock (Western)...... 1.35 | Pine (Georgia).......... 2, 25) | Spruce. eee eee 1.15 
Hiokoty vise suas Heelan See 4.50 (No. Carolina)... 1s 900 | Sycamores. 7.0 eae eb 


Experiments made in Germany on the holding power of wood screws led to a formula 
that gives values fairly close to those given by formula [15]. This formula, transformed 
to U.S. units (D. A. Hampson, Meck. Engg., April, 1929) is 

H=RUMDS Sb) ae oe ee ee . [16] 


where H = holding power, lb. per inch of screw embedment; D = diameter of screw, in.; 
FR, M, and b = factors whose values are as follows: 


Oak Fir Larch Teak Elm Ash Beech 
R = 342 218 316 302 375 297 370 
* = 6.6 5.7 3.6 6.7 5.5 (ee 9.1 


1.35 1.36 1.68 1.48 1.49 1.58 1.88 
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Holding Power of Lag-screws.—Tests of the holding power of lag-screws in various 
wood were made by A. J. Cox, at the University of Iowa, 1891, with results as follows: 


C Size Size Hole Length in Max. Resis- No. 
Kind of Wood Screw, in. Bored,in. Tie, in. tance, lb. Tests 
Seasoned white oak.......... 5/g 1/5 4 1/o 8037 3 
oe w ee SEES ene 9/16 7/16 3 6480 1 
Es * SIT id. 1/o 3/8 41/s 8780 2. 
Yellow-pine stick............. 5/8 1/9 4 3800 2 
White cedar, unseasoned...... 5/3 1/9 4 3405 2 


RIVETS AND RIVETED FASTENINGS 


GENERAL CONSIDERATIONS.—In making a riveted joint, the head is formed 
with a set or forming tool, by hand or by hydraulic or pneumatic machines. Machine 
riveting usually is better than hand work, as the pressure of the machine causes the rivet 
shank to fill completely the rivet hole. A rivet driven hot shrinks in cooling, pinching 
the riveted parts and making a firm joint. The cooling also leaves a tensile stress in the 
rivet, the amount of which cannot be measured. The pinching due to cooling of the rivet 
causes a frictional resistance between the riveted parts which Stoney found to be about 
10,000 lb. per sq. in. of rivet area. American and English practice takes no account of 
this frictional resistance, but bases design on the tensile and shearing strength of the plates 
and rivets. Some French and German authorities base design entirely upon the frictional 
resistance. 


1. RIVETS 


RIVET HEADS.—Rivet heads are of many different forms, the particular form being 
determined by the use of the joint or fastening. Heads of greatest stiffness and strength 
are used when the rivet is to resist a tensile stress. Countersunk rivets weaken the plate 
and should be used only where projecting heads are objectionable. The proportions devel- 
oped by the Hartford Steam Boiler Inspection and Insurance Co., and which have been 
adopted as standard in the A.S.M.E. Boiler Code, are shown in Fig. 1. 

RIVET HOLES.—tThe rivet holes in a plate either may be punched or drilled. The 
latter is preferred as the action of the punch causes an injurious lateral flow of metal. It 
is current practice to make holes 1/;¢ in. larger than the cold rivet diameter, except that 
for rivets not over 7/g in. diameter a hole of 1/39 in. greater diameter than the rivet is pre- 
ferred. Where work is to be reamed, it is usual to punch the holes 1/g or 3/16 in. less than 
the finished diameter, and to drill or ream to the proper size after the parts are assembled. 

It is good practice to remove the sharp corner at both ends of the reamed holes, so 
that a fillet will form where the body joins the head in finished rivets. Also, annealing 
will equalize the internal stresses caused by punching, and thus restore the strength of 
the plate. 

The A.S.M.E. Boiler Code Committee recommends for boiler work that: 


Rivet holes, except for attaching stays or angle bars to heads, shall be drilled full size with 
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Fic. 1. Proportions of Rivet Heads 
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plates, butt-straps and heads bolted in position; or they may be punched not to exceed 1/4 in. less 
than full diameter for plates over 5/16 in. thick, and 1/g in. less than full diameter for plates not 
exceeding 5/1g in. thick, and then drilled or reamed to full diameter with plates, butt-straps and 
heads bolted in position. After drilling rivet holes, the plates and butt-straps shall be separated 
and the burrs removed. 

ARRANGEMENT OF RIVETS.—When several rows of rivets are used in lap-joints, 
the rivets may be arranged as: 1. Chain riveting; 2. Staggered riveting. See Fig. 2. 
See Figs. 7 to 13 for examples of the use of the two types in boiler work. For allowable 
shearing and bearing values of rivets in stractural 
work, see Table 25, p. 17-79. For length of rivets for 
various thicknesses of joint see Table 26, p. 17-80. 

RIVET SPACING.—Rivet spacing has been the 
subject of much controversy and experiment. The 
rivets must be spaced far enough apart to allow 
proper clearance for use of the set during driving; 

Fia. 2. Chain and Staggered 3/16 in. is the minimum clearance. However, rivets 

Riveting must not be spaced at such a distance that the 

fastened parts open between rivets, allowing leak- 

age in a fluid pressure joint, or the accumulation of dirt or water to aggravate rusting 

in a structural joint. With the usual proportions of riveted joints, a distance from the 

center of the rivet to the edge of the plate equal to (rivet diameter X 1 1/9), is sufficient 

to prevent tearing or shearing. The proper rivet spacing for joints in boilers and pressure 

vessels is given on pages 6—24 to 6-28 of Kent’s Mechanical Engineers’ Handbook—Power, 

forming Vol. 2 of this series. See pages 17-14 to 17-19 of this book for standards of the 

American Institute of Steel Construction for structural work. See also Pitch of Rivets, 
p. 9-49. 

RIVET MATERIALS.—It is well known that the strength of rivets is different in single 
and double shear. Kimball and Barr (Machine Design) recommend the following average 
values: 


Shearing Strength, Crushing Strength, 


lb. per sq. in. lb. per sq. in. , 
fron rivets, single shear....st vec oes ae ete 40,000 60,000 
Trom rivets, double shear... 4. cee ee ei ee 39,000 72,000 
Steeltivets, smele'shears ...2..< oon. see 49,000 80,000 
Steel rivets, double’shear. 7.....22s-snecee ec 42,000 100,000 


The A.S.M.E. Boiler Code prescribes values as follows in computing the ultimate 
strength of rivets in single shear: Iron rivets, 38,000 lb. per sq. in.; steel rivets, 44,000 
lb. per sq. in. For double shear, twice these values are used. 

Specifications for steel for rivets are given in A.S.T.M. Specifications, Designation 
A131-36. See Table 6, p. 2-22. The tests to which the material shall be subjected are 
given in the notes appended to that table. 

PRESSURE REQUIRED TO DRIVE RIVETS may be obtained from Fig. 3, which is 
based on formulas by Wilfred Lewis (Am. Mach., July 13, 1911). 


Pressure Required, in Tons 
0 25 50 15 100 125 150 175 ‘200 


‘Diameter of Rivets, Ins, 


% 
0 50,000 100,000 150,000 200,000 250,000 .300,000 350,000 400,000 
Pressure Required, Lb. 
Fig. 3. Pressure Required to Drive Rivets 
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2. RIVETED JOINTS 


FORM OF RIVETED JOINTS FOR MORE THAN TWO PLATES.—In tanks 
boilers, and all pressure vessels requiring tight seams, the problem often is to join thres 
or four plates. Fig. 4 shows method of making such joints. 

Fig. 4—A is a junction of three plates, m, n, and s, where both seams are single-riveted 
lap-joints. The corner of m is drawn to an edge and tucked under s. 

Fig. 4—B is a junction of three plates; one seam is single-riveted and the other is a 
double-riveted lap-joint. As before, the corner of m is drawn down and tucked under s. 

Fig. 4-C is a junction of three plates with butt-straps; the longitudinal butt-strap is 
planed down and tucked under the cross butt-strap. 

Fig. 4—D is the junction of three plates; the cross seam is a single-riveted lap-joint, 
and the longitudinal joint is a double-riveted butt-joint with double cover-plates. The 
upper cover-plate is planed on the end so that it can be tightly calked where it abuts 
against plate n. 

Fig. 4—E is a method of joining four plates; both seams are single-riveted lap-joints, 
n and s, both being drawn down as shown. 


SSSA 


Fic. 4. Riveted Joints for More Than Two Plates 


Fia. 5. Fia, 6. 
Methods of Joining Plates Not in the Same Plane 


Junction of Plates Not in the Same Plane usually is effected by means of a rolled 
structural form. Fig. 5 shows an angle used with plates at right angles to each other. If 
T = thickness of plate and tf = mean thickness of angle leg, then t = 7+ 1/jgin. The 
width w of each leg of the angle = 3.757; the diameter d of the rivet = 27 and 
a = 1/, (w — t), where w = width of angle. 

Fig. 6 shows methods of connecting plates by flanging the plates themselves instead 
of using angles. Care should be taken not to use too sharp a radius of curvature and the 
flange should be annealed after it is bent. The inside radius of the flange must be greater 
than the thickness of the plate even with the mildest steel. Unwin recommends an inside 
radius of at least 47. 

SIZE AND PITCH OF RIVETS.—Size and pitch of rivets for different forms of con- 
struction, as boiler work and structural work, are determined by the requirements of codes 
covering such construction. See Kent’s Mechanical Engineers’ Handbook—Power, pp. 
6-25 to 6-28, forming Vol. 2 of this series, for extracts from the A.S.M.E. Boiler Code, 
and pages 17-14 to 17-19 of this book for riveting for structural work. For other types of 
construction, the following formulas given by Unwin (Elements of Machine Design) may 
be used. 

Let d = diameter of rivet, in.; t = thickness of plate, in.; f, = resistance of plate or 
rivet to crushing, lb. per sq. in. of projected area of rivet; fs = shearing resistance of rivet, 
lb. per sq. in.; f; = tensile strength of plate, lb. per sq. in.; p = pitch of rivets, in. 


Size of Rivet.—For a rivet in single shear, d S 1.27 t(fp/fs). 
For a rivet in double shear, d S 0.635 t(fp/fs). 
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0.785 (d?/t) (fs/ft) + d. 
1.57(d?/t) (fs/ft) + 4. 
0.785 (d?/t) (fs/ft) + 4. 


Pitch of Rivets.—Singlé-riveted joint in single shear, p 
Single-riveted joint in double shear, 
Double-riveted joint in single shear, p 
Double-riveted joint in double shear, p = 3.14(d?/t) (f/ft) +d. 
Triple-riveted joint in single shear, p 2.356 (d?/t) (fs/fi) +d. 
Triple-riveted joint in double shear, p = 4.712(d?/t) (fs/ft) +d. 
A joint may fail along a diagonal line between rivet holes unless the net diagonal sec- 
tion is from 30 to 35% greater than the net section along the transverse line between 
rivet holes. This excess of net section will be obtained with a diagonal pitch of 


pa = 0.667 p + (d/3). 
Strength and Efficiency of Riveted Joints 


A riveted joint may fail by shearing the rivets, tearing the plate between the rivets, 
crushing the rivets or plate, or by a combination of two or more of the above causes. To 
determine the efficiency or relative strength of a riveted joint, calculate the breaking 
strength for the different ways in which it may fail. That method of failure which gives 
the least value determines the actual strength of the joint. This value divided by the 
strength of the solid plate gives the efficiency of the joint. 

The strength and efficiency of various types of riveted joints may be calculated by 
the following formulas. Tables 1 to 6 show the dimensions and efficiencies of standard 
boiler joints, as published in the Boiler Book of the Hartford Steam Boiler Inspection and 
Insurance Co. The dimensions D, FE, and F in these tables may be increased for con- 
venience in riveting, without affecting the efficiency of the joint. They should not be 
decreased. 

Notation.—a = diameter of rivet hole, usually 1/15 in. greater than rivet, ¢ = thickness 
of plate, t, = thickness of cover-plates, p = pitch of inner row of rivets, P = pitch of 
outer row of rivets, all in inches; and let f, = shearing strength of rivets; f¢ = tensile 
strength of plate, f, = crushing strength of rivet or plate, all in lb. per sq. in. Then the 
resistance for the various joints are as follows: 

Single-riveted Lap-joint, Fig. 7—Resistance to shearing one rivet = (1/4 7 d?) fs. 

Resistance to tearing plate between rivets = (p — d) tf. 

Resistance to crushing of rivet or plate = dtf,. 

Double-riveted Lap-joint, Fig. 8—Resistance to shearing two rivets = 2 (1/4 7d?) js. 

Resistance to tearing between two rivets = (p — d) tf; 

Resistance to crushing in front of two rivets = 2dtf,. 

Strength of solid plate = ptf;. 


Fre. 7. Double-riy- Fie. 8. Single- Fie. 9. Single-ri i 
bl 1G. 7 ins amos gle-riveted Fre. 10. Double-riv- 
eted Lap-joint riveted Lap-joint Lap-joint with Inside eted Tait swith 
Cover Plate Inside Cover Plate 


Table 1.—Dimensions and Efficiency of Double- and Single-riveted Lap-joints for Longi- 
tudinal Seams. (See Figs. 7 and 8) 


Single-riveted Joints 


Double-riveted Joints+ 


ness of Effi- ' = 

Plate, ciency Pitch, A, ee Passe Pitch, A, B, 
ene %, in. in. Failure* % in. in. in. 
1/4 60.7 13/4 1 1/46 “Lina 3 69.5 21/4 [wt 3 
?/16 59.4 2, 11/4 Mie a 69.1 2 5/g \ a hs 
*/8 58.3 21/4 17/16 ee 68.9 3 1 7/16 2 
1/16 57.5 21/9 1 5/g tie). 68.5 3 3/g 15/g 21/8 
/2 56.7 21/9 1 5/g 8.R. 68.5 3 3/g 1 5/g 21/g 


= failure by shearing 
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Single-riveted Lap-joint, Inside Cover-plate, Fig. 9.—Resistance to tearing between 


Outer row of rivets = (p — d) t fp. 


Resistance to tearing between inner row of rivets, and shearing outer row of rivets 
=P 2 ait fe) Cam?) fa. 

Resistance to shearing three rivets = 3 (1/4 2 d®) fy. 

Resistance to crushing in front of three rivets = 3td tne 


Resistance to tearing at inner row of rivets and crushing in front of one rivet in outer 
row = (P — 2d)tfi+tdfe. 

Strength of solid plate = pif;. 

Double-riveted Lap-joint with Inside Cover-plate, Fig. 10.—Resistance to tearing at 


outer row of rivets = (P — d) tj;. 


Resistance to shearing four rivets = 4 (1/4 7 d?) fy. 

Resistance to tearing at inner row and shearing outer row 
of rivets = (P — 11/sd) tfz-+ (1/4 3 d?)f,. 

Resistance to crushing in front of four rivets = 4td foe 

Resistance to tearing at inner row of rivets, and crushing in 
front of one rivet = (P — 11/od)tfp + tdfe. 

Strength of solid plate = Ptf;. 

Double-riveted Butt-joint, Fig. 11.—Resistance to tearing 
at outer row of rivets = (P — d)tf,. 

Resistance to shearing two rivets in double shear and one in 
single shear = 5 (1/4 1 d?) fy. 

Resistance to tearing at inner row of rivets and shearing one 
of the outer row of rivets = (P — 2d) tf; + (1/4 rd?) fy. 

Resistance to crushing in front of three rivets = 3tdf;. 

Crushing in front of two rivets and shearing one rivet = 
2tdfe + (1/4 wd*) fy. 

Strength of solid plate = Ptf;. 

Triple-riveted Butt-joint, Fig. 12.—Resistance to tearing 
at outer row of rivets = (P — d)tft. 
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Fic. 11. Double-riveted Resistance to shearing four rivets in double shear and one in 


Butt-joint single shear = 9 (1/4 1 d?) fs. 
Resistance to tearing at middle.row of rivets and shearing one rivet 
= (P= 2d)tfi+ Glad?) fe . ; 
Resistance to crushing in front of four rivets and shearing one rivet 
= 4dif. + (1/4 md?) fs. . 
Resistance to crushing in front of five rivets = 5dtfy. 
Strength of solid plate = Ptf +. : ; } 
Quadruple-riveted Butt-joint with Two Cover-plates, Fig. 13.—Resistance to tearing 


at outer row of rivets = (P — d) tft. 


Resistance to tearing at the third row and shearing one rivet in the outer row 
= (P — 2d) tf; + (14 rd?) fy. , } ; 
Resistance to tearing at the second row of rivets and shearing three rivets 
= (P — 4d) thy +3 (1/42) fe ; 
Resistance to double shearing eight rivets and single shearing three rivets 
= 19 (1/4 rd?) fr. 
Resistance to crushing in front of eight rivets and single shearing three rivets 

= 8dif, +3 (\/4rd®) fy. 
Resistance to crushing in front of eleven rivets = 11 dtfc. — . 
Resistance to tearing at the third row of rivets and crushing in front of one rivet in 


the outer row = (P — 2d)tfhp + dtfe. 


Resistance to tearing at the second row of rivets and crushing in front of three rivets 
= (P—4da)th+3dtf.. 
Strength of the solid plate = Pt f;. 
Table 2..Dimensions and Efficiency of Double-riveted Butt-joints. (See Fig. 11) 
All joints fail by tearing the plate between rivet holes in the outer row. 


Thick- Thick- Long Short C, D, 

ness of ness of ciency, Pitch, Pitch, 2 Fg 

Plate, in. | Straps, in.| Holes, in. | percent in. in. 7 a 
1 1 82.8 4 2 16 8 
o/s i 81.9 41/9 21/4 | ue ; 1/36 
3/3 5/16 81.9 41/9 21/4 Hef ASike 
7/16 3/8 81,3 5 21/2 | 7/16 : ua 
1/9 7/16 HME! 5 21/2 17/16 /4 
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Lap-riveted Girth Joints.—(Boiler Book of Hartford Steam Boiler Inspection & Insur- 
ance Co.)—In horizontal tubular boilers, tanks, and similar vessels, it is customary to use 
the same size of rivets in both girth and longitudinal seams. If the heads are not stayed 
by tubes or through braces, the strength of the girth joints should be at least 50% of that 
required for the longitudinal joints. The joints in Table 5 are designed to meet these 
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Fia. 12. Triple-riveted Butt- | Fic. 18. Quadruple-riveted Butt-joint 
joint 


Table 3.—Dimensions and Efficiency of Triple-riveted Butt-joints. (See Fig. 12) 


Joints for plate thicknesses of 3/4 in., and 7/g in. to 1 in. @both inclusive), fail by tearing the plate 
between rivet holes in the second row and shearing a rivet in the outer row. All other joints fail by 
tearing the plate between rivet holes in the outer row. 


Thick- | Diam. Effi- 
ness of of ciency, 
Straps, | Holes, 


SNK DAUANNWOLUY 


requirements; a higher efficiency could be obtained in some cases by using a different size 
of rivet. It is assumed in each case that the efficiency of the corresponding longitudinal 
aes yest greater than that of the standard design of quadruple-riveted butt-joints given 
in Table 4. 

Where 50% of more of the load which would act on an unstayed head of the same 
diameter as the shell is relieved by the effect of tubes or through stays, as in tubular 
boilers, the strength of the girth joints should be at least 35% of that required in longi- 
tudinal joints. When the girth joints are exposed to products of combustion, the shearing 
strength of the rivets should be not less than 50% of the full strength of the plate corre- 
sponding to the thickness at the joint. Table 6 is designed for such conditions, using 
rivets of the same size as standard butt-joints. Plates thicker than 9/1¢ in. are not 
advised if the girth seams are exposed to fire or products of combustion. In those por- 
tions of the seams exposed to fire, the riveting should be started at the bottom of the boiler 
and carried up continuously on both sides, reaming the holes anew as the riveting is car- 
ried up to the full diameter of the boiler. 


2 
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Precautions to be Observed in Making Riveted Joints. —Plates must be brought into 
close contact before the rivet is driven, either by bolts close to the rivet hole, firmly drawn 
up, or by a power-actuated holding device. The latter sometimes is incorporated in 
power-driven riveting machines. 


Table 4.—Dimensions and Efficiency of Quadruple-riveted Butt-joints. (See Fig, 13) 


Joints for 4/4-in. and 7/g-in. to 1 1/4-in, plates (both inclusive) fail by tearing the plate between rivet 
holes in the third row and shearing the rivets in the two outer rows, All other joints fail by tearing 
the plate between rivet holes in the outer row. 


Thick- | Thick- | Diam, Mid- 
ness of | ness of of Effi- Long dle Short A, B, Cc, D, E, F, 
Plate, | Straps,| Holes, | °°@2°Y" Pitch, Pitch, Pitch, j,' in. in. in. in, in, 
in, in, in, percent in, in: in, 
MW/4 W/4 U/16 | 93.8 | II 51/9) 23/4 | 1631/2] 73/4] 11/16 | 13/4 | 21/g | 21/4 
5/16 9/32 18/\g | 93.8 | 13 61/2) 31/4 | 187/g) 83/4] 11/4 | 17/g | 27/16 | 2 5/g 
4/4 5/16 18/16 | 94.2 | 14 7 31/2 | 19'/g} 88/4) 11/4 | 17/g | 27/16 | 23/4 
7/16 3/g 16/16 | 94.0 | 151/o | 78/4) 37/g | 213/g] 98/4] 17/16 | 2 28/4 | 31/16 
1/2 7/16 16/16 | 94.1 | 16 8 4 21 3/g} 98/4] 17/46 | 2 23/4 | 31/8 
9/16 7/16 | \4/16 | 93.4 | 16 8 4 23 5/g| 11 15/g | 21/4 | 3 3 5/16 
5/g M/g 11/ig | 93.4 | 16 8 4 23 6/g| II 15/g | 21/4 | 3 3 5/16 
11/16 \/g 13/16 | 92.8 | 1611/2 | 81/4} 41/g | 255/g| 12 118/36) 23/g | 31/4 | 39/16 
3/4 1/2 13/36 | 92.7 | 161/o | 81/4) 41/g | 255/g} 12 118/36) 23/g | 31/4 | 39/16 
13/16 9/16 | 15/16 | 92.3 | 17 81/g| 41/4 | 277/g) 131/4 25/g | 31/2 | 313/16 
7/8 5/8 15/36 | 91.2 | 17 1/2 | 88/4) 43/g | 28 131/4| 2 25/g | 31/2 | 37/3 
15/36} U/jo | 15/16 | 90.1 | 18 9 4l/g | 281/g} 1313/4] 2 25/g | 31/2 | 316/16 
1 4/4 17/16 | 90.2 | 19 91/g| 43/4 | 30 1/2} 141/2| 28/76 | 27/g | 33/4 | 41/4 
11/16 4/4 17/16 | 89.0 | 19 91/o} 43/4 | 3013/2) 1431/2} 28/36 | 27/g | 33/4 | 41/4 
1 1/g 3/4 17/1 | 88.0 | 19 91/g} 43/4 | 301/o| 141/2| 23/46 | 27/3 | 33/4 | 41/4 
1 3/16 13/jg | 17/16 | 87.7 | 20 10 5 30 5/g| 14 1/2} 28/16 | 27/8 | 33/4 | 45/16 
11/4 1/8 17/16 | 86,8 | 20 10 5 30 5/g| 14 1/2 | 23/16 | 27/8 | 33/4 | 45/16 


Table 5.—Dimensions and Efficiency of Lap-riveted Girth Joints 
(For Cylindrical Vessels with Solid Unstayed Heads.) 


Single-riveted Double-riveted Double-riveted 


Thick- | Diam. of Joint Joint Joint 
ness of Mh ee eH TE oe Pee 
Pitch of | Effi- Pitch of | Effi- Pitch of | Effi 
f Plate, Holes, Rivets, | ciency, | Rivets, | ciency, Rivets, | ciency, 
: om ~ in. percent in. percent es in. _percent 
1/4 11/16 1 3/4 vhs ql burger one) Rathore i rare 
5/16 13/16 ee ee pre y ue Z 
3/g 13/16 7am latte fe «ltesames a by 
1/16 15/16 PE Mirkoin:k «i$ |S iatancol tap } v2 mais 
1/2 15/16 STE sete. cartel eieiglens gee i va che 
ye pene 4 ic 48.6 
5/g UIA es tee het base AO , ve yar 
1 3/16 now a i «005 /2 , 


VENA enone aerate OSA. O90 Pes aural nel Rete ove ca:all els) arieieri\leieie es aia 


Thickness of Plate, in. 
1/4 5/16 3/3 7/16 1/o 9/16 


Diameter of holes, in......sssereeescsees 11/16 13/16 13/16 15/16 16/16 1 1/16 
Pitch of rivets, in....secccecerscvrssecees 1 3/4 1 7/g 17/g 21/g 21/8 23/g 


Efficiency of joint, percent......+++++++4. 60.7 56.7 56.7 55.9 52.0 53,3 


Shearing strength of rivets, percent of solid 
AEDT delaras oir 'v'e V0 PO ROR Roxen LOT as 


"r= 


67.9 70.8 59.1 
i i to be joined. This is 
j les must be perfectly aligned in the members that are : 

Albion “e drilling of the members. Punched holes, usually used in structural work, 

re difficult of alignment, and have a stress set up around the hole which seriously impairs 

the strength of the plate unless it is subsequently relieved by reaming, drilling, or anneal- 

i Punched plates or structural members in which the holes do not align never should 

Par Gisticht into alignment by drifting with taper pins. This practice usually causes 

na us injury to the plates or structural members. The best practice with punched 

: bars is to punch the holes smaller than required, and after assembly, ream or drill 
ect size. 

pe rrhe M adietibin completely fill the hole, and consequently must be upset throughout 
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its entire length. Otherwise, an undue concentrated stress, either in bearing or in shear- 
ing, may be brought upon adjoining rivets. To insure complete upsetting all of the 
larger sizes of rivets should be power-driven. Care must be taken in machine riveting 
to avoid applying a riveting pressure that will set up stresses in the plate tending to crush 
it. It is essential in machine riveting that the pressure be so applied that the heads are 
concentric. Pressure should be maintained on the rivet until it has cooled sufficiently to 
hold the plate firmly. 


FASTENINGS FOR TIMBER JOINTS 


METHODS OF FAILURE.— Wooden framed structures, especially roof trusses, towers, 
bridges and trestles tend to fail at bolted joints. Fig. 1 shows the method of failure when 
the wood is stronger than the bolt. In Fig. 2, where 
the bolt is the stronger, the joint fails by deforming 
and splitting the wood. Drawing the bolt up tight 
(0) creates friction between the surfaces and retards 
slipping. Shrinkage of the wood decreases the friction 

and promotes failure. 
METHODS OF FASTENING WOOD JOINTS.— 
Fic. 1. Wood Fic. 2. Bolt Fig. 3 shows various fastenings for wood joints. At 
SM seg than Stones on A is the simplest bolted joint, with a washer under 
Methods of Madure of Wood Tointe the head and nut, which is adequate in well-dried 
timber, when there is little tension, or a large number 
of bolts. If the washer is made with prongs, as at B, tendency to slip is much reduced. The 
insertion of a washer of substantial thickness in counterbored holes on mating faces of the 
joint, as at C, prevents slipping, up to the point where the pressure on the end wood tends 
to crush the fiber. If the faces of the washer are serrated, as at D, the tendency to slip is 

further minimized. 

The steel plate, with prongs at right angles, inserted between the members of the joint, 
as shown at FZ, covers practically 
the entire area of contact and 
makes a firm non-slipping joint. 
A variation of this construction 
is shown at F, in which ribbed 
cast-iron plates are substituted 
for the steel plates with prongs. 
A ring washer, as shown at G, 
adds largely to the strength of 
the joint, since it affords external 
resistance to slipping on the out- 
side of the ring, as does the plain 
washer, but also adds internal 
resistance on the portion of the Fia. 3. 
wood within the ring. Rings of 
this type should be tapered into the wood to obtain full bearing surface. A similar con- 
struction is shown at H, except that the washers are made of hard wood. They should 
be er with the grain of wood in the washer parallel to the grain of the wood in the 
timber. 


Forms of Timber Joint Fastenings 
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MECHANICAL SPRINGS 


By Mortimer F. Sayre 


1. TYPES OF SPRINGS 


DEFINITIONS.—A mechanical spring is a resilient machine member used for the 
absorption or redistribution of energy. .Springs are made in many forms to meet a variety 
of conditions. The more usual types are: 

Helical Springs. Compression, Extension, or Torsion.—A helical spring comprises 
a bar or wire coiled in the general form of a helix, the bar advancing like the thread of a 
screw. 

Cone, Double Cone, and Keg Springs.—A cone spring is one form of helical spring, 
but is wound on a tapered mandrel. A double cone spring may be considered as two similar 
cone springs joined at the small ends. A keg spring may be considered as two similar 
cone springs joined at the large ends. These types usually are compression springs. 

Volute Springs are conical springs made from a flat bar, which is so wound that each 
coil partially overlaps the next adjacent coil. 

Leaf or Laminated Springs are made of flat or slightly curved bars, plates, or leaves, 
of regularly varying lengths, superposed on each other. 

Elliptical Springs; Semi-elliptical and Full Elliptical are the commonest of the leaf 
springs. The latter may consist of one or more parallel units, designated as Single Full 

' Elliptic, Double Elliptic, Triple Elliptic, etc. A semi-elliptic spring, or one unit of a full 
elliptic, comprises a number of plates of rectangular section, superposed on each other. 
The term elliptical spring is sometimes extended to include all forms of leaf springs. 

Spiral, Clock, or Power Springs lie in one plane, and are wound around a fixed center, 
continually receding from it. 

Special Flat Springs usually are made of a single metal strip or bar, initially flat, 
formed into any one of a great variety of shapes. 

Disc Springs. Ring Springs.—The disc or ‘‘ Belleville ’’ spring comprises a series of 
dished or otherwise specially shaped discs, which act similarly to spring washers, in com- 
bined bending and direct stress. The ring spring is composed of a series of metal rings of 
alternately larger and smaller diameter, which bear against each other along wedge-shaped. 
or conical faces. As the spring is loaded in compression, the individual units are driven 
together and stressed in tension or compression. 

SPRING MATERIAL.—Table 1 covers the principal materials used for springs. The 
compositions given are typical, and can be modified somewhat to meet special requirements, 

For hot-coiled helical compression springs, of material 1/9-in. round or larger, for railroad 
car and locomotive suspensions and for general industrial purposes, Grade 5 or a similar 
steel with 0.15% minimum Si content requirement is used almost universally. Alloy steels 
have not proven very satisfactory. The same material generally is used for hot-wound 
helical extension and torsion springs, cone and keg springs, and volute springs. 

Small helical and special shape coiled springs of #/g-in. round, or smaller wire, usually 
are wound cold from Grades 8 or 10. Grade 7 is used occasionally for severe service 
requirements. 

For automobile valve springs (small helical compression) Grade 6 in electrically 
melted and cold-drawn steel has been successful. Special precautions are required through- 
out all fabricating processes, to eliminate surface defects in the finished wire. Straight 
carbon steel of Grade 8 may be used as an alternative. : 

Safety-valve and pop-valve springs usually are made from Grade 5. For marine work, 
to minimize atmospheric corrosion, they often are nickel plated. 

Cone shaped upholstery springs are made of Grade 10. ; 

For elliptic springs in railroad car and locomotive suspensions Grade 5 is popular, but 
Grade 6, and some special alloys, have found favor, particularly silico-manganese steel, 
3.A.E. 9250, S.A.E. 9260, or A.S.T.M. Specification A 59-27. Surface defects in the 
material used in elliptic springs are not apt to be serious; in helical springs they are fatal. 

Elliptie springs for automobile suspensions are sometimes made of Grade 5, but more 
often of silico-manganese steel, S.A.E. 9250, S.A.E. 9260, or chrome-vanadium steel, S.A.E. 


6150, or other special alloys. 
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For special flat springs for brake beam hangers, agricultural seat springs, etc., Grade 5 
or an alloy steel may be used. 

Small flat springs for general purposes usually are made of Grade 4. 

Music wire Grade 9 is recommended for small helical springs operating under severe 
“ae It is the strongest, stiffest, toughest and most uniformly made wire on the 
market. 

To resist corrosion, small sizes of helical springs have been made from stainless steel 
Grade 11. An increasing number of springs are being made from chrome-nickel-steel 
(18% Cr, 8% Ni) Grade 12. Other metals used are brass, phosphor-bronze, German 
silver, Monel metal, and alloy steels. Brass and phosphor-bronze are recommended for 
springs which must resist moisture; phosphor-bronze is tougher than brass and resists 
fatigue better. Springs of these materials must be larger than steel springs for the same 


Notes for Table 1 


Note1. 1. WSS = Watch spring steel. 2. CSS = Clock spring steel. 3. MSS = Motor spring 
steel. 4. FSS = Flat spring steel. 5. HRB = Hot rolled bars. 6. CV = Chrome-vanadium 
steel. 7. AHC = Annealed high-carbon wire. 8. OTW = Oil tempered wire. 9. MW = Music 
wire, 10. HDS = Hard-drawn spring wire. 11. CW = Straight chromium wire and flat strips; 
corrosion resistant. 12. 18-8 = Stainless steel wire and flat strip; corrosion resistant. 13. LCN 
= low-chromium, 2% nickel strip; corrosion resistant. 14. 30C = 0.30-0.40% carbon wire and 
flat strip; heat resistant. 15. HB = High brass. 16. SB = Spring brass. 17. CB = Clock brass. 
18. NS = Nickel-silver. 19, 20. PB = Phosphor bronze. 21. MM = Monel metal. 


Note 2. Cleaned and annealed strip is cold rolled to correct size. 

Note 3. Heat treated before forming. 

Note 4. Heat treated before or after forming, depending on sharpness of required bends, 
Note 5. Open hearth or electric steel, rolled in rod or bar mill. 

Note 6. Electric steel rod, annealed. 

Note 7. Cold-drawn to size. 

Note 8. Heat treated after forming. 

Note 9. Annealed after drawing. 


Note 10. Quenched and tempered, usually after forming. 

Note 11. If formed after hardening, is blued to remove strains. 

Note 12. Highest grade electric steel. 

Note 13. Basic open hearth steel. 

Note 14. Cold-rolled or drawn from annealed bars or strips. 

Note 15. 60% reduction to spring temper. 

Note 16. 35% reduction to hard temper. 

Note 17. Wire reduced 70% to spring temper. 

Note 18. Varies with size: 0.177 in. = 210,000 1b.; 0.054 in. = 260,000 Ib.; 0.020 = 300,000 lb. 
Elastic Limit: 0.177 in. = 75% of ultimate strength; 0.020 in. = 85% of ultimate strength. 

Note 19. Varies with size: Ultimate strength, 0.187 in. = 230,000 lb.; 0.062 in. = 300,000 lb.; 
0.032 in. = 350,000 lb.; 0.015 in. = 400,000 lb. Elastic limit = 60% of ultimate strength. 

Note 20. 60% of ultimate strength. 

Note 21. Cold-rolled or drawn to various degrees of spring hardness; does not possess the higher 
elastic limits of hardened and tempered carbon steels. 

Note 22. Wire, 3 to 8%; sheet, 1 to 2%. 

Note 23. Mainsprings for watches. 

Note 24. Clock springs; brush holder springs. 

Note 25. Phonograph and motor springs; used where forming properties are important. 

Note 26. Locks; clips; spring washers; flat springs generally. 

Note 27. Heavy coil or flat springs; formed hot and heat treated. 

Note 28. Used for special applications. 

Note 29. Scale springs; highest grade wire springs, especially in coarse sizes. 

Note 30. Spiral springs generally. 

Note 31. High grade, small and tough springs. 

Note 32. These springs have high shock resistance, but will take a small set if overloaded. 

Note 33. Flat and helical springs generally to resist corrosion. 

Note 34. Stiff, resilient flat springs. 

Note 35. Springs to resist stress under heat. Must be polished after tempering to resist corrosion. 

Note 36. Flat or coiled springs for electrical equipment and for moderate stress. 

Note 37. Flat springs with sharp bends or threaded holes. 

Note 38. Better class springs, and where white color is desired. 

Note 39. To resist corrosion at normal temperatures. 

Note 40. Stiff resilient springs, corrosion resistant. 

Note 41. To resist corrosion at high temperatures (except sulphurous gases). 

Note 42. Varies as size. 


Diam., in. = 0.187 125 .062 .032 .015 
Ult. Str. = 140,000 150,000 175,000 190,000 200,000 
Note 43. Varies as size. 
a Diam.,in, = 0.187 2S) .062 .032 015 
Ult. Str. = 180,000 200,000 225,000 250,000 265,000 
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duty. This is due to the lower unit stress necessary for such materials, and also because 
both brass and bronze are approximately 10% heavier than steel of the same dimensions. 
Monel metal is useful for springs subjected to heat and moisture. 

For springs to resist corrosion and fatigue, beryllium copper has been strongly gsces © 
This alloy of copper contains usually 2 to 2.25% beryllium, is very susceptible to heat treatment, 
and after heat treatment develops a tensile strength of 150,000 to 175,000 lb. per sq. in. The John- 
son’s elastic limit is stated to be from 75,000 to 130,000 Ib. per sq. in., depending on amount of cold 
work and on heat treatment. Young’s modulus of elasticity is 16-18,000,000. Beryllium copper 
increases in strength and decreases in ductility very rapidly on cold working. The resistance to 
fatigue in the form of springs is stated to be unusually high for a non-ferrous metal, being compara- 
ble to that of spring steel. 


2. HELICAL COMPRESSION AND EXTENSION SPRINGS 


DESIGN FORMULAS. Notation.— d = diameter of (round) bar; D = outside diam- 
eter of spring; k = ratio D/d; H = free length of spring; h = solid length of spring; 
I = inactive portion of length, due to flattened ends, or to loops; n = number of active 
helical turns or coils; P = compressive or extensile load on spring; C = maximum 
allowable load; S = maximum fiber stress in the section, ignoring direct shear and effect 
of curvature; S’ = true maximum fiber stress; f = extension or compression of one coil 
with load P; f, = extension or compression of n coils with load P; G = torsional modulus 
of elasticity. All dimensions in inches; all loads in pounds. 

The stress usually is assumed to be pure torsion. The standard formulas for round 
section are: 

3 3 > aye TD eae: 
pe ee 8 ages soil po RYT; pote a1, ee ee [2] 
8(D — a) D-—d Gd} G d 

If S be the maximum permissible stress, f in the last formula is the maximum permissible 
deflection per coil. The deflection in the whole spring may be obtained by multiplying f 
by the number of effective coils in the spring. In helical compression springs (see Fig. 1) 
it is customary practice to design the springs with sufficient space between coils so that 
they can be closed solid in the manufacturer’s test, and return to the desired free height. 
Then f becomes the allowable space between coils, and C is the capacity or load required 
to close the spring solid. The free height is 

B= nld +) ee ee eel 
The solid height is 
h = pid <b. Tie nee Pare t ROR 


In fabricating hot-rolled helical compression springs, the 
ends of the bars are tapered before coiling, so that the 
finished spring will have flat ends. Sometimes the ends are 
ground after coiling, so that the ends will be truly square 
with the helical axis; this is regular practice with valve 
springs. The inactive length added to the spring by the two 
tapered ends is about J = 1.25 d for ordinary flat ends, and 
somewhat less for ground ends. + 

CORRECTION FOR CURVATURE (THE ROVER COR- 
RECTION).—The stress in a spring due to direct shear, while 
eer sek neglected in the above standard formulas, often is consider- 
able. The formulas also neglect the curvature of the bar. 
These errors have been examined mathematically by A. 
Réver, and his conclusions verified experimentally by A. M. 
Wahl, with very satisfactory accuracy. The correction (for the two errors combined) 
is as follows: If D/d = k, and the true maximum stress = S’, then: 


S’ 4k-—5 0.615 
5 Ee re ee ahaa AneeeSt 


= 3.5 4.0 4.5 5.0 6.0 a0 8.0 100 © 1230 16.0 
S’/S = 1.746 1.580 1.476 1.404 1.311 1.253 1.213 1.162 1.131 1.095 


This true maximum stress S’ is present at only a single point element in the section, 
the point on the surface of the bar at the extreme inside of the helix. Care must be exer- 
cised in using a localized stress such as this as the sole criterion of design. With hot- 
rolled springs, or other springs with moderately roughened surface, it is probable that 
stress concentration due to curvature will be masked, in part, by the effects of other 
stress concentrations due to irregularities of surface. The values of S’ /S given above then 
exaggerate the true effect. For music wire springs, or springs with smooth wire surface, 
carefully made so that other stress concentrations are absent, it is probable that the 


Fie. 1. Helical Compression 
Spring 
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Rover curvature correction should be used almost, if not quite, in full. This is particu- 
larly true if fatigue is an important factor. Engineers are not in agreement on these points 
and further experimental work is needed. 

Note particularly however that if the Rover curvature correction factor is to be used 
in design, the allowable working stresses must be changed to correspond. This is necessary 
if the two formulas are to give concordant results over that range of values of k within 
which the old standard formula has been satisfactory. Taking k = 8.0 as a mid-point 
in that range, the corresponding value of S’/S is 1.213. If a stress of 100,000 Ib. per 
8q. in. has given good results with a given material and the standard formula, then for the 
same material, using a formula containing the Réver correction, a design working stress 
of 121,300 Ib. per sq. in. should be used, and pro rata for other stresses. 

TABLES FOR HELICAL SPRING DESIGN.—Table 2 is taken from A.S.T.M. 
Tentative Specifications for Heat-Treated Carbon Steel Helical Springs (A125-33). It 
represents maximum test loads for typical railroad type springs. The Réver curvature 
correction is not included. A torsional modulus of 10,500,000 was used to compute deflec- 
tions. When using this table to find total deflection, the deflection per coil should be 
multiplied by the number of completely free coils in the spring, treating one coil at each 
end, measured from tip of tapered bar, as inactive. 

Table 3, based partially on data prepared for the Wallace Barnes Co., gives for smaller 
sizes of springs, three items: 1. Load in lb. at 100,000 lb. per sq. in. fiber stress, Rover 
curvature correction ignored. 2. Load in lb. at 100,000 lb. per sq. in. fiber stress, com- 
puted on basis of Réver curvature correction formula. 3. Deflection in inches per coil 
per 1000 lb. of load, computed for a modulus of elasticity of 11,500,000. 

In these two tables, working loads and the corresponding deflections for other unit 
stress than 100,000 lb. per sq. in. may be obtained by changing the tabular values in the 
corresponding ratio of stresses. For other moduli of elasticity than those used for the 
tables, vary the deflection in inverse ratio to the modulus. 

y Exampues.—1. Find safe load and deflection for a steel spring of 15 effective coils, 0.50 in. outside 
diam., made of 16 gage wire (0.0625 in. diam.). Solution. From Table 3, safe load w , at 100,000 lb. 
fiber stress for this spring is 21.9 lb., ignoring curvature correction, or 18.1 lb. corrected for curva- 
ture. Deflection is 0.00382 in. per lb. per coil; total deflection = 0.00382 & 15 X 18.1 = 1.037 in. 
under full load. 

2. Design a spring to carry a load of 50 lb. with a deflection of 2.5in. Use fiber stress of 120,000 
Ib., including correction for curvature. “Solution. A load we of 50 Ib. for 120,000 Ib. fiber stress 
is equivalent, by proportion, to a load of 41.7 lb. under 100,000 lb. fiber stress. The following 
choices are possible among others: 


Wire diam., in. Coil diam., in. we of, No. of coils 
I. 0.080 0.4375 41.5 0.000776 64.5 
2. 0.0915 0.625 44.7 0.001507 33.2 
3. 0.1055 1.000 43.7 0.00402 12.5 


The desired deflection per lb. for this spring is 2.50/50, or 0.05 in. The required number of effective 
coils is 0.05/f in each case. j 

: 3. Design a phosphor-bronze spring to carry a load of 50 lb. with deflection 2.50 in., using maxi- 
mum stress of 50,000 Ib. and torsional modulus of 6,000,000. Solution. A load of 50 Ib. with a 
unit stress of 50,000 lb. is equivalent to 100 Ib. load under 100,000 Ib. stress. The following choices 
are possible among others: 


Wire diam., in. Coil diam., in. , we f No. of coils 
a3 0.1205 0.500 117.0 0.000180 144 
2. 0,125 0.625 109.4 0.000356 77.8 
3. 0.135 0.875 102.0 0.000848 34.9 
4, 0.148 1.000 118.0 0.000897 29.1 


The desired deflection per pound is 2.5/50, or 0.05 in. Since phosphor-bronze with a modulus 
of 6,000,000 is to be used instead of steel with a modulus of 11,500,000, the deflection per pound will 
be greater than those given in the table in the ratio 11.5/6, and the number of coils will equal 
(0.05 X 6)/(11.5 X Sf). 

MODULUS OF ELASTICITY.—The normal value of the torsional modulus of carbon 
steel ranges from 11,000,000 to 12,000,000, averaging 11,500,000. The actual value to be 
used in design, however, varies with three factors. 

1. The modulus decreases with increasing temperature at the rate of approximately 
0.015% per deg. F. change, this rate of change increasing at higher temperature. Except 
for precision instruments or for high temperature work, this change usually can be neg- 
lected. 

; 2. By initially overloading a spring, the metal in the spring may be cold-worked, and 
the apparent elastic limit of the spring raised, so that higher allowable stresses may be 
used in design. The effect of this overstressing is to lower the torsional modulus of the 
spring under future loading. In heavily overstressed springs, the torsional modulus may 


be reduced by as much as 5 to 15%. 
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Table 2.—Test Loads and Deflections for Heat-treated Helical Carbon Steel Springs 


ding to a maximum fiber stress of 100,000 Ib. per sq. in. (A.S.T.M. Specification A125-33) 
ee ac sie load, lb.; D = Deflection, in. per turn, for G = 500,000 lb. per sq. in. 


os 5 Diameter of Bar, in. 
eee 
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SEOs Slips aol ese ese 0.906|0. 808|0.72510.654/0 59410. 540|0.49410.452|0.416/0.383]0.353).....|.....]..... 
1 sae | aes |e 2651| 3488) 4493) 5688] 7091) 8726|10614|12780|15250|18045|21200|24750|..... 
UES raya bella alle el 1008/0 .900|0..809|0.731|0.664|0 .60610.554/0. 5090. 468|0.432I0.40010.370|.....|...... 
ce oe | eae Mec ali « caret 3313] 4266] 5396] 6723] 8267]10049|12089|14415|17040|20005|23335|.....|..... 
SIE Tel ee Nee ile | as (0.997|0.898/0.812|0.73910.675|0.618/0. 569/0.524/0.484]0.449|0.416|.....|..... 
LW 22 os eae eee 3155] 4060| 5133] 6391) 7854] 9540|11469|13665|16145|18940|22070|29450|..... 
ae P29 aad Soe ee 1 .099|0.991|0. 898]0 .818]0. 74810 .686|0 .632|0 .583]0.540|0. 501|0.465]0.404).. 
Perl Vegeta wR coy eta mee 3874] 4894] 6090] 7480] 9080|10910|12990|15340|17980|20940\27900)..... 
abt aA os Lah ee es 1.0880. 987/0.901|0.824|0.758/0.699]0 .645/0. 59810 .55610.517\0.450|..... 
ON Ed eV RD Re fee 2 0k 3703| 4676| 5816] 7140] 8660|10402\12379|14610|17115|19920|26505|34565 
RIE won| gel eee 1.191|1 .081|0.987/0, 905]0 .833/0. 768]0.711|0.659|0 .613|0.571\0.498|0. 437 
Bar| U Pereslanne<te-as pane eee aieeany 4478| 5566| 6829} 8282] 9940|11823|13945|16325|18995|25245|32880 
HEH DD acta ec a iccreell comes ee ee 1. 180]1 .078/0.989/0.910|0.841|0.779/0.72410.674|0 6280. 550/0. 483 
7 Ds | usoktal hae vis ac 2: (GCS eee ee 4295] 5337} 6545] 7933] 9517]11314|13340|15610)18150|24095/31350 
10g eet al rete (ake cite Alias ailioe.. 1 .283|1.172|1 .077/0.993|0.91810.851|0.791/0.73710.68810 6030532 
wt fy an oo oom be ents fc 5125| 6283| 7612] 9129]10847)12780|14950|17375|23050|29955 
LOS) OR EP oe fee ee yes ie 1.271|1.168}1 .078|0.998]0.926|0. 861|0.80410.75110.659/0.582 
stage | [ean «colt ll ge em oe am 4930| 6041] 7317] 8770|10418|12270|14345|16665|22090|28680 
a ad Oe Be Bes oo 1.374]1.263|1. 167|1 .081|1 .004/0.935/0.87310.81610.718|0.635 
Fay, | [ose seh itor -|icical bw fede dnc tbe ee neat 5817| 7043] 8440|10020|11800|13790|16015|21205|27510 
aE een > ee Werte Peet CE er 1 .363}1.259}1 . 167|1 .085]1 .011/0.945/0.88410.779|0.691 
: BN a clea cas clbcga tel hace (Ge eee | are 5610| 6789) 8133] 9653]11360|13275|15405|20390|26430 
Dl ecdecsial Obes gees Alb a tol Seed ea (oe a 1.466)1.355|1.256]1  169]1.090]1 .020|0.95510.84210.748 
$y Fae Vere eee ae eres eee eee aller | nen Rt 7847] 9312|10955|12795|14845|19635|25435, 
EU Meron eee) eee || raeene aires | ue ive eee el dy 1,350]1 .256|1.173]1 .097|1 02810. 90810, 808 
re Fa en eee a Sr ee ee eS ee 7581] 8993|10575|12350|14325| 18935|24510 
BD ss ohlly ee scl ate salen tac I cl cath Uv et 1.447|1.347|1.258]1.177]1.104/0.977/0.870 
B5/g | Ee [eet fencenf-enen|steve|sbwnd)onon|oonte.fiveailoy aailemite|uadas 8696|10225|11935)13840|18280|23650 
44], Dis Necsts Wess bared bk ah ello real acetate | ee eae | ee eam | 1.441|1.34611.260]1.183|1.04810.934 
§ Es M9 leer tea leet ac pe | ee | a [| 8418) 9895|11550|13385|17670|22845 
Dy | sak sd has. elt cs leave ewer pers (Copeeoh | Rete econ ee 1.538 


1 .437|1.347|1.265}1.122|1.001 
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Table 2.—Continued 


o.S-5 . . 

mo R Diameter of Bar, in. 

Be) a OO OTe ee 
km 

Saé V/2 | /16 | 5/3 | 11/16) 3/4 |18/16) 7/g |15/y6| 1 |11/16)1 1/g |1 3/16] 1 1/4]1 5/16/1 3/g|1 1/2| 1 6/g 


marie evade wee lees ieee | ae ter 9585)11185)12960/17100|22100 

etre iMafames|cosce|ee seule eces|sseeticsculasces|oedeciaseealeoe ef le d52(1,496I1 3491. 1981 070 
Bio s\aho|| eter hell vetenetel | ste (6 [sis hist = v:<\s/o] (sno Giblicials Nga wie leall oraz « el presarere 9295) 10840} 12565}16565|21395 
SOS Os iegs5) ecacu) Mao geod Gcibod asc bccn cate airtel Ince adel idence 1.629|1 .528)1.436]1.276]1.141 
9 3/4 as etfs ree a eee te eee hekse| «a cic, len Seat ha SUM SRe el Moone a. Alien oa leas 10520}12190|16065)20746 
12) SES (ose leek seal eo ee cy eee eats |r a te (cama |e |e 1.622)1.526}1 .357/1.215 
11835]15590|20120 
1.619}1.441]1.291 
11185}14725}18985 
1.811)1.615]1.450 
eietels |p gateia| etorstors 13950}17975 
Soous| maple near 1,800}1.618 
arioce| Pacis Adame 13250}17065 
Pelarsral ctor esvaleus 1.9941 .795 
Bier t exereet leita | exer 16240 
See Bee loteets| ses 1.981 


3. In compression helical springs with flattened ends, a certain amount of twisting oc- 
curs in the metal of the so-called inactive coils, as well as in the completely free coils. The 
true equivalent number of coils in the spring is equal to the number of completely free 
coils, plus one-quarter coil for each flattened end. It has been customary to compute 
total deflection by multiplying deflection per coil by the number of completely free 
coils, ignoring deflection in the flattened ends. When this was done, the error was tacitly 

~corrected in design by using a somewhat lowered value of torsional modulus, so that for 
springs of usual length, correct numerical results were obtained. This accounts for the low 
torsional modulus values of 10,500,000 to 11,000,000 often used in practical design. 

For most extension springs a similar end effect is present. In springs with the com- 
monly used hook ends, formed by bending up the last half coil, each hook is equivalent to 
0.1 coil added effective length. , 

HOT-COILED HELICAL COMPRESSION SPRINGS.—The permissible design stress 
varies somewhat with the service required. For Grade 5 spring steel, in as-formed 
condition (commonly used for heavy railroad springs), ignoring the Rover correction, 
80,000 to 95,000 lb. per sq. in. may be used. By coiling the springs to an initial height 
much greater than the final free height desired and then compressing the springs beyond 
their yield point, entrapped stresses may be introduced and the apparent maximum fiber 
stress appreciably increased, up to 110,000 to 115,000. At these limiting figures the life 
of a spring in any service, except a practically steady load, would be very short. Provided 
the maximum normal load in service is well below the peak capacity, and the travel or 
range of movement is not too great or too frequently applied, a design stress of 90,000 lb. 
per sq. in. based on peak capacity usually is safe. | 

For smaller sizes of helical springs (wire 3/g in. diam. or smaller) used in compression, 
stresses of 100,000 or sometimes as high as 120,000 lb. per sq. in. may be used, if im- 
pact stresses or fatigue conditions are not severe. Itis customary to reduce these allowable 
stresses by 20% for springs used in extension. Further reductions must be made if the 
springs must withstand large numbers of repetitions of loading. 

HOT-COILED HELICAL EXTENSION SPRINGS.—The fundamental formulas are 
the same as for compression springs. Design stresses, however, should be lower. A 
maximum stress of not over 60,000 lb. per sq. in. for large springs under service conditions 
is recommended. Even at this stress the spring will usually take a small amount of per- 
manent set when tested. In figuring overall length under load, allowance must be made 
for this set. Alternatively, the spring may be designed so that at the desired unloaded 
length, there will be a space between coils of 40% to 50% of the desired elongation per 
coil. This gives leeway for the manufacturer to coil the spring close, and then apply 
such test loads that when unloaded it will have the desired free length. By so doing, 
the apparent elastic limit is raised, and the spring should take no further permanent set 
under maximum stresses up to 60,000 Ib. per sq. in. 

COLD-COILED HELICAL COMPRESSION SPRINGS.—Several different grades of 
steel wire are in common use. Permissible design stresses vary not only with the grade, 
but also with the size of wire, and type of service. When not subject to severe impact or 

Continued on p. 10-12- 
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Table 3.—Safe Loads and Deflections for Smaller Sizes of Helical Extension and Com- 
pression Springs 
1 = load, lb., for fiber stress of 100,000 Ib. per sq. in., curvature correction neglected. 


we = load, lb., for fiber stress of 100,000 lb. per sq. in., curvature correction considered. 
f = deflection, in. per 1000 coils, per Ib. of load. 


rT 


MECHANICAL SPRINGS 


A.W.G Outside Diameter of Spring, in. 
No, &) | ______ 
fhe -125| .156| .187| .219| .250| .312| .375| .437| .500) .625| .750| .875| 1.00] 1.25] 1.50] 1.75 | 2.00 
No. 25|w| 2.99| 2.31| 1.87] 1.57| 1.36| 1.07] 0.88] 0.75] 0.66).....|..... 
020 | w2} 2.30] 1.90] 1.59] 1.38] 1.20] 0.96] 0.82) 0.70] 0.62).....]..... 
in. | f¢ | 5.03/11.0 |20.4 |34.1 [52.9 | 108] 194] 317] 481].....}..... 
ww, | 4.06] 3.12) 2.52) 2.12] 1.82] 1.43] 1.18] 1.00] 0.87].....]..... 
022 in.|we | 3.07} 2.50| 2.10] 1.83] 1.60] 1.30; 1.09) 0.93] 0.82].....]..... 
f | 3.24] 7.19]13.5 [22.7 | 35.2] 72.8] 131] 213|_ 324).....]...-- 
w | 5.38) 4.12| 3.31| 2.78] 2.40| 1.87) 1.54] 1.31| 1.14] 0.90]..... 
024 in.| w2| 3.90] 3.20] 2.73} 2.36] 2.08] 1.70] 1.42] 1.21] 1.07] 0.85]... 
f | 2.16] 4.85] 9.16/15.5 |24.2 150.3 |90.7 | 148] 226] 455]... 
w1| 6.96| 5.30] 4.25 3.57| 3.07| 2.40] 1.97| 1.67] 1.46] 1.14] 0.99 
.026 in,| wz] 4.90] 4.05] 3.40] 2.94] 2.61] 2.13] 1.81 1.54] 1.35] 1.07] 0.94 
1.48} 3.37] 6.41|10.9 |17.1 [35.8 \64.7 | 106] 162] 327) 578 
No. 22|wi| 9.54] 7.21| 5.76] 4.81| 4.14] 3.22! 2.65] 2.24] 1.95] 1.53] 1.27 
0286 | w2| 6.39] 5.36] 4.53] 3.97] 3.48] 2.85] 2.38] 2.03] 1.81] 1.44] 1.20 
in. | f | .932] 2.16] 4.17| 7.13]11.3 [23.8 |43.2 [71.1 | 100} 221/390 
NOSZit tor eee 10.1 | 8.02| 6.67| 5.73| 4.45] 3.64] 3.08) 2.67| 2.11] 1.74 
0317 |w2l..... 7.28| 6.10} 5.35] 4.70] 3.84] 3.21] 2.78] 2.44] 1.95] 1.65 
be ia es 1.33] 2.60| 4.50] 7.17/15.2 |27.9 |46.0 |70.7 | 144] 258 
No. 20|wil..... 13.6 |10.8 | 8.96| 7.68] 5.93] 4.86] 4.10) 3.55| 2.80] 2.31 
.0348 | wo|..... 9.28] 7.90] 6.94] 6.16| 5.04] 4.25] 3.68] 3.25] 2.56] 2.17 
a ll eee 841 1.69] 2.95] 4.73|10.2 |18.7 [31.0 147.7 97.5 | 174 
No 19 }wil.....|..... 18.4 |15.2 |12.9 | 9.92! 8.08] 6.80| 5.88| 4.62| 3.81] 3. 
.0410 |we}.....)..... 12.6 |11.1 | 9.93] 8.11] 6.88} 5.91| 5.21) 4.19] 3.57] 3.04 
ow eld ee eee _774|1.38 | 2.25} 4.93] 9.17|15.3 |23.8 |49.0 |87.7 
No. 18|wi].....|..... 30.0 24.6 |20.8 |15.8 |12.8 |10.8 | 9.31| 7.30] 5.99 ee 
.0475 | we}.....|..... 18.9 |16.8 {15.1 |12.4 |10.6 | 9.20] 8.04| 6.53) 5.50 
ia [A ipadndl Dew 375) .686| 1.13] 2.54] 4.80| 8.10|12.7 |26.3 |47.4 
Nov? [will ovec (heel eee 37.3 [31.5 |23.8 |19.2 |16.1 |13.8 |10.8 | 8.86 
054'5ib-toa |v, eee hea 23.9 121.6 |18.0 |15.4 |13.3 |11.7 | 9.35] 7.90 
en PA ee eee eee .366| .616| 1.41] 2.71] 4.62] 7.26/15.2 127.6 : 
INO} 161| Aux, |cceya |e ck | se ete 51.2 38.3 |30.7 |25.5 [21.9 |17.0 |13.9 2 
Ta eee res eee ae 32.5 |27.3 |23.4 |20.8 |18.1 14.6 |12.2 34 
RA, a eae 1S) Utah oe 300) .712| 1.39] 2.40] 3.82] 8.11]14.8 [24.4 |37.6 
Rte Cpl rele laa: 82.2 |60.6 148.2 |39.9 |34.2 |26.5 |21.6 |18.2 |15.7 
$07 ol 8 lads Leneat Poabiccla ak 46.8 |40.3 |35.0 [31.2 |27.3 |22.2 |18.6 |16.0 |14.2 
eaeal Solas calchansh ees ee ee 146] .360] .720] 1.26] 2.03) 4.38] 8.07|13.4 |20.7 
ANV65, 14 I tou leesroi en ou etme ac |e | 85.9 |67.9 156.1 |47.7 |36.8 |29.9 |25.3 |21.8 
A ON ee eee aged (eee Lea 53.9 147.1 |41.5 [36.8 [30.4 |25.4 4 
ee ee EAR fen cok! 213| .436) .776| 1.26| 2.75) 5.11] 8.54]13.4 |27. 
ISTH REF eee ese | eee | Seaeai|| Pes 136] 106186.8 |73.6 |56.4 |45.7 [38.4 [33.1 |25.9 21.4 18.1 |..... 
esta aw chhnrss las wale eonclecme? 76.1 |68.2 |60.7 |54.3 |44.7 [37.7 [32.7 |28.9 123.2 |19.5 |16.9 |..... 
ont A EN des bi elie, Geet 107} .226| .411] .677| 1.51] 2.83] 4.77] 7.44/15.4 |27.7 |45.3 |..... 
Wor Wane... dccaccllnccheceeenueee 222} 171) 139] 117/88.8 |71.5 159.8 |51.5 (40.2 [33.0 |28.0 |..... 
SPONSOR |... custaeees een cnier: 107/99.8 |90.0 |81.9 68.0 |57.3 |49.3 |43.7 135.3 |29.8 [25.6 |..... 
om Nea ct RR is Maes he 050) .110| .205} .345| .787] 1.50] 2.56) 4.02! 8.42115.2 [25.0 |..... 
ENF EpL Ba hahaa (SU ON pac Ger Lilo 270) 216) 181} 136) 109/91.0 |78.0 60.8 |49.7 (42.1 |..... 
eg Oy aig or, 8 ER Pee egy area 137] 127] 117/98.3 185.0 |73.4 |64.3 |52.8 |44.1 [38.1 |..... 
eS ae er ed ee eee he .054| .105] .180} .424] .823] 1.42] 2.24] 4.75] 8.66]14.3 |..... 
ba) RSA ices Re ee Be 306} 244] 204) 153! 123| 102187.6 |68.2 (55.7 |47.2)..... 
MDBY inline, |e, Sees eee Ne SP 149] 140} 129} 109|93.7 81.5 172.3 |58.6 149.4 |42.3 |..... 
ee ee ee ee ee .044] .087] .150} .356| .696] 1.20] 1.91] 4.06].7.41|12.2 |..... 
NGO}! eT Pe. | ete ROME EET een |e ee Boe 318] 264) 197] 157] 130] 111|86.4 \70.6 |59.7 |51.7 
Be erred Pond rey cn terme ces Mine 170| 159} 136] 116] 102/90.2 73.4 161.8 52.9 |46.8 
Sa a Pe RS i a .058| .102| .246] .487| .848] 1.35| 2.90 5.32] 8.82113.6 
No 9}. 0 | Arc cacca| Gecctae | Sapiee Me | Es ca 442) 364] 268] 213) 176! 150| 116194.6 |79.8 169.1 
N48] tha asakralcs on olla ciel ae Rea Mallen le 214} 199] 173} 151] 133] 118196.7 81.2 |70.0 61.9 
Tita nlf: safSsithvthe-ciellebersetl dla bees aera Renn teas 0351 9631 .157] .3161 .557| .897] 1.94] 3.58] 5.96] 9.21 
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Table 3 (Continued) 


———— eee 
A.W.G. 


Outside Diameter of Spring, in. 


No. & 
ae Se eee eee ee 
Wire 

Diam -437| 500] .625| .750] .875] 1.00} 1.25] 1.50] 1.75] 2.00] 2.50/3.00| 3.50! 4.00/4.50|5.00] 6.00 
Bag (Loo ASS S IB e252) 8 208/177] 1 1361. 11119326 |SIeO}| Reel sent ener ae eet. Gne| Laan eee 
‘hee A oad 225 \ 2021 me 76 |i 155) 1394 113|95c 2" GDL 2 17 Leno | Meee a elk dea locimaa| ate 
AS 5047420244) 4321: 701) 0253] 62-83). 14 FoI 7 Saher seca se eal eect le. ook eee lnc leat 
No 8/wi|..... 493] 360} 284] 234! 199] 153] 125! 105/90.8|.....|.....|.....|.....|.....|.....]..... 
eal Alea DAS NE 223 WA TD5 172) 4 153|/0125]) TO6ISL S60 ISOS? |e eeteente an | es (esta neal Reta 
“Oe 039] .100} .205] .366] .594] 1.30] 2.42] 4.04] 6.27).....].....].....|.....|.....|-....1.0. 2. 
Rep rh ees ere 484 379] 311] 264! 201] 164) 138} 119193.4 |.....|...0.|...1.\ececleseecleases 
ci Ad eee DTZ gAT ia 22 Wie 198)01162) \137\ReIT9|t ELBA. Ailey See ales Slime lie pe ee et 
Bal tocockes. .064| .133]_.241] 395] .876| 1.64] 2.76] 4.29] 8.88).....|.....|...0cfeceecleccecleoese 
tie [Mol SO Diese M3761 318) e245 ii 197] me  hanl-4 2 Ai1 | Senet | gene | eevee |e epee 
ie toate oe ede. S72 20Uh O298) 9230). | 1931) 162) (Al UZ AGO. 2 ral vistios| ow tectleeatera eeroe | neon. 
BAN eaciec ck pigs Ot nO os 183. 302], 675) V7) 21513 351,696)... | crnid one feogeg lone stdaste 
ost lt |raccdlacaa GAT 497) 406) 343] 262) 212 178| mIS3ia Olesya (Cec lca em cle ealnceeallenee 
ME Gpiulitne | stacicdete sae 335|e308|Ne277}e246l 2041| 1711 150) 133 TOGIE we sclecnenincmcletecclocectes 
in. | f foo n-[s-+00| O41] 089] 163] .270| .606 1.15] 1.94] 3.02] 6.29]... oc... c-[ecoes[eeeeehe coos 
No. 5 |w].....|..... 831} 641| 520] 438| 333! 269] 225) 194] 152| 124|.....|.....]....-...-l..... 
B20 Fw .t3ailches. le sens 408|5).378|| -341|'s 308], 255] 215] 187] 466) 134] 11t|..-..|...c.\o.cocloc- sales ec 
ony td en Oe .028} .061] .113] .189] .430] .819] 1.39] 2.18] 4.57] 8.25].....].....|.....|.-...]...0- 
We (Mfp of TTAG240524| 0 397|~ 3191e 267| e230 ZO TAT Cech. lee locale ; 
PSB ep est! 2 See 433 |b 396)°360|)- 297|' 252) 220/195] 1580 130|00. 5 .[Laoc.|cs cles seclecene 
9 £2) ES eS 045] .086| .145| .333] .638| 1.09] 1.71] 3.60] 6.53).....}.....[.....]-..e0f-0.0 
COS ri eel een ine B54 | ROIS 7810437) S51 294[e 55/197] TG II mee s[ac nes saad eon cline 
$9758 | a0 Vrs eewcl soo eee MGS MEA DOS 32210 2751) 242 PIS ag ral 143 | eae a| eal coc Mh cecel cece 
Sy ee eee -039| .074| 126] .292} .562/ .962| 1.52] 3.19] 5.80].....].....].....[...0-fe0ee. 
NESE Wd Oe Se eee 1129] 905] 754! 570} 455! 379] 325/ 253] 205| 174/.....|.....|.....]...-. 
NES eee eA IPS 564 529] 484] 407| 349] 303/ 267] 219] 183] 158|.....].....}.....)..-.. 
ii Miche. doe 025] .049 ne) P2001 389] 671) s1NG6i2e25|) 4eAill O78 le lets cl sacs el eee 

ee ONS oe ee 1226] 982| 818] 613] 490| 409} 350] 272/ 223| 189] 163 

a em eae ees 597| 562| 518| 437| 376] 327| 287) 235] 197] 170) 149 

eM tales blended 022} .043| .075| .178) .348| .601] .954] 2.03] 3.70] 6.11] 9.39 

ee oan eae ES aa 1167| 969! 723] 579| 480} 411] 319) 261) 221] 191 

75) ES Ore ee gee 630] 588} 496] 428] 373] 331] 269) 227] 196] 172 

a ak Wier Sirens ee eee .034| .059| .142| .280] .486| .775] 1.65] 3.03] 5.01] 7.71 

Noulultouiccece ancien laceee 1503| 1243| 921] 732| 607} 519] 402) 328) 277| 240 

E583 hit08 caedesv beer: | eee 755| 715| 615} 533| 467| 415} 338] 285] 245] 216 

in. 549] 1.18] 2.17| 3.61] 5.58 

671| 518] 422} 356] 308 

518] 425| 358} 309} 272 

.385] .837] 1.55] 2.58] 3.99 

710| 547 446] 378} 325 

553| 453) 382| 329} 290 

351] .764] 1.42} 2.36 3.66 

961| 740} 600} 504} 436 

727| 597) 504} 437} 382 

.226| 499.934) 1.57) 2.43 

1272] 973] 788] 662| 571 

931] 766} 650] 563) 494 

151] 337] .636] 1.07] 1.67 

1646] 1255] 1015| 850] 732 

I oo A) a (OM tea A en 1564] 1435] 1290] 1165] 966] 820| 712] 629 

LEGS RE eae Lae Uae el 015] .033] .062] .103] .234] .446] .756] 1.18 

Teil Re Rs le Bence eee 3094] 2503] 2102] 1595] 1280] 1072} 922 

CC WORN BR 3 etal (i a 1740] 1585| 1436] 1196] 1019} 884] 776 

ANE eee eee boon eo aes Boe .023| 043} .072| .167| .319|_.545|_.859 

Belden Re eon Sees here ad ase 3913] 3153} 2632] 1990] 1595] 1331] 1144 
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fatigue, a maximum stress of 90,000 lb. per sq. in., when the spring is solid, is safe for all 
grades and sizes. With the smaller sizes of wire, 100,000 lb. per sq. in. may be used. 
In cases of severe impact or fatigue, stresses should be reduced to 80,000, or even 60,000 lb. 
per sq. in. These figures are for use with the customary design formula, which ignores 
correction for curvature. In case the Rover curvature correction factor is used, the allow- 
able stresses just given may be increased by 20%. For special service, or materials, higher 
stresses may be used, but a reputable manufacturer then should be consulted. 

Stresses for good quality brass wire may be taken at 40% of the above figures; for 
phosphor-bronze wire at 50%. Torsional modulus with steel may be taken at 11,000,000 
to 11,500,000, if the design stress is conservative. For high stresses it will be lower. 

Cold-coiled springs are coiled in multiple lengths, the ends are dressed, either auto- 
matically or by hand, and are then ground square, or have their end coils bent down flat. 
An allowance of 1.25 d should be made for the inactive height. 

COLD-COILED HELICAL EXTENSION SPRINGS usually are coiled with initial 
tension, produced by partly overlapping the wire as it is fed into the coiling machine. 
A very considerable load must be applied before the initial tension is neutralized and the 
spring begins to elongate. The fundamental load formula is applicable, but, owing to the 
initial tension, extensions cannot be accurately predicted. Springs can be made without 
initial tension, and the same conditions then apply as for hot-wound extension springs. 

Stresses for cold-coiled helical extension springs of steel wire, not subject to severe 
impact or fatigue, usually are limited to 80,000 lb. per sq. in. (96,000 to 100,000 lb. per 
sq. in. with Rover correction). 

The ends of extension springs are commonly formed into hooks, loops, or some other 
shape, to permit the extensile load to be applied to the spring. See Fig. 2. 
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Fie. 2. Types of Spring Ends. A, Hook over center. B, Loov over center. C, Loop of two coils 
over center. D, Loop of one coil on side. #, Smail eye on side. F, Small eye over center. G, 
Small hook on side. H, Plain ends—one end ground. J, Long hock. K, Square long loop. 
ZL, V-shaped hook. M, Knotted loop. N, Square knotted loop. P, Knotted eye. Q, Extended 
eye from center. FR, Straight end from center; part of straight end usually annealed so that it can 
be twisted to attach to other parts or to form an eye, as shown in S. J, Extended swivel eye in 
tapered end spring; commonly employed when the ends must be safeguarded against breakage. 
U, Regular swivel eye in tapered end spring. V, Special-shaped swivel hook in tapered end 
spring. W, Swivel threaded bolt in tapered end spring. X, Plain end to screw on threaded 
plugs. Y, Plain end attached to special threaded plug. 


DOUBLE COIL SPRINGS, consisting of two concentric helical compression springs, 
_ one inside the other, often are used. Triple coils, consisting of three concentric springs, 
also are common. A double coil spring, for a given design stress, is more flexible than a 
single coil of the same capacity and outside dimensions. Usually the concentric coils 
are of the same free height; but by making one of the springs (usually the inner) 
shorter than the other, a graduated effect, t.e., a change in slope of the load-deflection 
curve, is produced. In double coils of common railroad sizes the clearance between the 
outer and inner springs should be 1/1, in. all around. Thus in a spring 6 1/4 in. outside 
diameter, with an outer coil of 1 1/4-in. round bar, the inner coil should be 3 5/g in. outside 
diameter. In very large or long springs, the clearance should be 3/39 or 1/g in. 

In a double coil spring properly designed there is a definite relation between the bar 
sizes of the outer and inner coils. If the design stress is the same for both coils, and if 
there is no inactive height, the index D/d should be the same for both coils. Practically, 
since the inner coil always has the smaller bar diameter, its design stress can be somewhat 
greater, and its inactive height (I = 1.25 d) somewhat less, than for the outer coil; hence 
its index can be a little the smaller of the two. Using commercial sizes of bars, this relation 
must be approximate in some cases, but should be adhered to as closely as possible. 

SQUARE WIRE.—For helical compression or extension springs of square steel 


_ 0.4163 Sb3 ‘ 5.57 P(D — b)3 ~—-2.82(D — b)2'8 
aes ied Yo N eokauele ce melas {=~ Tl @i | i 


where 6 = side of square bar, in.; P = load corresponding to stress S; D = outside 
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diam. of spring, in.; @ = torsional modulus of elasticity; f = deflection, in. per coil. 
If the Réver correction for curvature is to be included, the stress S as given by these 
EBL must be further multiplied by the curvature correction factor following for- 
mula [5]. 
When coiled into a spring a square bar upsets into a keystone 
_ Section, with the larger side next to the coiling mandrel. The 
amount of this upset is difficult to predict, but a roughly ap- 
proximate formula is: Upset = 0.3 b?/(D — 2b). See Fig. 3. 
Allowance must be made for this upset in figuring the solid 
height of the spring. Its effect upon stiffness and strength is 
telatively small, except in springs of very small spring index. 
Bars initially rolled to a keystone section sometimes are used, 
with the smaller side placed next to the coiling mandrel. ' In this 
way, after coiling, a square section is obtained. 

For the same working stress, the safe load with square wire is 6% greater than with 
round wire of diameter equal to the side of the square. The deflection per pound of load 
is 70% as great; the deflection for a given unit stress is 74% as great for the square as for 
the round wire. 

RECTANGULAR SECTIONS.—Helical compression or extension springs made of 
rectangular bars are not very common, but sometimes they will meet requirements that 
no round bar spring can fulfill. The torsional theory of rectangular bars is quite complex. 
The fundamental formulas for springs are: 


B28 2 PR? 
ge Pcie = [9] 


where R = mean coil radius measured from center of coil to center of wire; a = in all 

cases, the longer side, and b = the shorter side of the rectangular bar, irrespective of 

whether the spring is made up with the bar coiled edgewise or flatwise; f = deflection 

“per coil; a and y are constants (see Table 4); G = torsional modulus of elasticity. 
Similar formulas for bars of elliptical section are as follows: 


0.1963 ab? S 2n7PR3 
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Values of 8 are given in Table 4. 
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Table 4.— Values of Constants for Torsion in Rectangular and Elliptical Bars 


a/b = | 1.25 ees 1.75 2 oe 3 4 10 Infinite 
a= | 0.208 0.221 O25 1 05259") 082469105258 0.267 9) 02282 +)"O5312 || 0.333 
7 = 141 eles .196 .214 .229 .249 .263 .281 pol "333 
B= . 0982 -1197 . 136 . 147 aleve . 169 TT . 185 .194 . 196 


In many cases flattened wire, made by passing round wire through rolls, is used rather 
than truly rectangular wire. In these cases the moduli a and y may be multiplied by 
0.85 to 0.95, depending on how nearly the shape approximates a true rectangle. 

In rectangular sections, as in square, the upset of the bar in coiling must be considered 
in design. The allowable design stress in rectangular bar springs is greater than in rounds, 
and increases as the ratio a/b increases. For large ratios it may be as high as 125,000 lb. 
per sq. in. This is because the stress is maximum at only two points in the section, viz., 
the middle points of the long sides. 

Correction for curvature in springs of rectangular or elliptical section is complicated 
by this same fact that maximum stress, as given by the above formulas, exists only at the 
middle point of the long sides, while the maximum stress increase due to curvature occurs 
at the midpoint of the side parallel to and nearest the axis. If the wire is coiled with the 
long side parallel to the axis, the stress must be multiplied by the same curvature correc- 
tion factor as for round wire springs. See p. 10-06. If the baris coiled with the long side 
perpendicular to the axis of the coil, the point of maximum stress in torsion comes at a 
point on the bar at which the curvature correction factor is unity, and if the bar is appreci- 
ably out of square the curvature correction factor can be neglected. ‘ 

CONICAL HELICAL SPRINGS.—Conical springs have the following advantages: 
1. By making the difference in diameter of successive coils equal to or slightly greater 
than the thickness of the wire, the coils may be made so to nest together as to give, for a 
given total extension, a small solid height as compared to that for cylindrical springs. 
2. If made with uniform initial pitch between coils, the outside coils will bottom before 
the inner coils; the spring will show an increasing stiffness with load, rather than a constant 
stiffness. This curved load-deflection line may be desirable in special cases. 3. Conical 
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springs have somewhat greater lateral stability than cylindrical springs. On the other 
hand, in conical springs as usually designed, much of the metal is only partially stressed; 
to carry a given load with a given deflection, from 50% to 100% more metal may be 
needed than in a cylindrical spring. 

Volute springs, hot coiled from flat bar stock, are used to some extent in railroad work 
in Europe. They are not used in the U.S. 

The Safe Load on a Conical or Volute Spring is the same as that on a cylindrical helical 
spring made of the same size wire or bar, and of a diameter equal to the maximum diameter 
of the cone. The stiffness depends on the number of coils in action at any one time, and on 
the minimum and maximum coil diameters. Deflection per pound of load at any instant 
=(f/P) = (16 n/G@d*){ (Ro? + Ri*)(R2 + Ri)}, where Ri, R2 = respectively, minimum 

“and maximum radii, measured from center of coil to center of wire; m = number of coils; 
d = wire diameter; G = torsional modulus of elasticity. 


3. TORSION SPRINGS 


HELICAL TORSION SPRINGS act to transmit a twist instead of a direct pull. 
This twisting action may be used to: 1. Maintain a steady torque to hold an object in 
place, with only enough motion to compensate for wear or readjustment. 2. Store up 
energy while the spring is being coiled, and to restore the energy when the spring is un- 
coiled. 3. Absorb shocks when power is applied to rotate a shaft, or to act simply as 
a buffer. 

DESIGN FORMULAS.—The stiffness of the spring, in terms of torque required to 
produce a given angle of twist, depends only on the material and the size of wire used, and 
on the length of wire. Number of coils, and within reasonable limits, the spacing between — 
coils, have no effect except as they may determine the length of the wire. 

Similarly, the maximum safe load in inch-pounds of torque that may be applied to the 
spring depends only on the size and material of the wire used. The length of coil has no 
influence. The radius of the coil is important only in that, if the spring is too sharply 
coiled, a minor correction must be applied to provide for the effect on strength of this too- 
sharp curvature. 

For springs of round wire, the formulas used are as follows: 


Torque or turning moment developed, in.-lb., is 
IM = ra" S/83 KS ESO RS Re eee Sl 
1167 ML 114.6 SL 
Edt = Edk . . . . . . . ° . [14]; 


Ed‘w 
L as 1167 M . . . . . . . . . . . . [15]. 


Q = 


For rectangular wire, these formulas become: 
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In these formulas, 6 = breadth of rectangular wire, parallel to axis of coil; @ = diam. 
of wire, or thickness of rectangular wire, perpendicular to axis of coil; L = effective length 
of wire in coiled portion of spring, plus a small allowance for length of wire in projection 
lugs; w = angle turned through, deg.; S = unit stress in wire; E = modulus of elasticity 
in bending of spring material = 30,000,000 for steel; = 15,000,000 for phosphor-bronze 
or brass; k = correction factor for effect of sharp curvature. See Table 5 for values of 
k for different values of spring index, i.e., ratio of mean diameter of coil to diameter of 
wire, 

It has been general practice to omit the curvature correction factor k from theseformulas 
tacitly caring for it by using a value of allowable stress which has been determined exporie 
mentally to work satisfactorily for springs of average spring index. An objection to this 
method is that an unnecessarily large amount of metal will be used for springs of large 
index, while springs of small index will be overstressed and may fail. More economical 
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results may be obtained by using an allowable stress value 8 to 10% larger, but inserting 
the proper curvature factor in the formulas. 


Exampies.—l. Design a helical torsion spring for a screen door, 30 in. wide, to develop a pull 
at the handle of 1 lb. with the door just opened, and of 3 lb. after the door has been turned through 
180°. Use round wire with allowable unit stress of 150,000 lb. per sq. in. Solution —Maximum 
turning moment developed = 3 X 30 = 90 in.-lb. From equation [13], d?/k = (10 & 90)/150,000 
=0.006. Assuming a spring index of 6, k = 1.142. Substituting and solving, d = 0.218. Fora 
spring index of 6, outside diameter of coil will be (6 + 1) X 0.218 = 1.52in. From equation [15], 
ZL = (30,000,000 X 0.2184 & 180)/(1167 * 90) = 116.1in. This length is equivalent to 28.4 coils 
of 1.30 in. mean diam. 

2. Design a helical torsion spring of square wire for a window shade to develop a maximum 
pull of 3 lb. on the shade after 15 revolutions. Diameter of roller = 1.25 in. Solution.—Maxi- 

-mum turning moment developed = 3 X 0.5 & 1.25 = 1.875 in.-lb. In this case, in the equation 
for rectangular wire, b = d and d3/k = 6M/S = (6 X 1.875) /150,000 = 0.000075. As a first 
trial, let k = 1; then d = 0.042 in. Assuming the mean diameter of the spring inside the shade 
roller to be 0.625 in., the approximate value of the spring index will be 0.625/0.042 = 14.9. 
From Table 5, the corresponding value of k = 1.046. Resubstituting d? = 1.046 * 0.000075, 
d= 0.0428in. w= 15 X 360 = 5400°. ZL = (30,000,000 K 0.04284 & 5400)/(687.6 X 1.875) = 
421.6 in., equivalent to 215 coils, 0.625 in. mean diameter. Actually a slightly larger size wire, 
with correspondingly greater number of coils, might be used. 


DESIGN SUGGESTIONS.—The following comments, from The Mainspring (Wallace 
Barnes Co.), will aid in the design of helical torsion springs: 


1. While the spring as a whole is acting in torsion, the wire itself is being bent, not twisted. 
For manufacturing reasons, it may be cheaper and more expedient to make the spring of round 
wire. Inherently a square or a rectangular shape is better in bending than a round one; if space 
or weight limitations are important, square or rectangular wire often may be substituted to advan- 
~ tage. a. Flat wire, made by running round wire through flattening rolls, often is used instead of 
true rectangular wire. Due to its rounded corners, its stiffness and strength is 5 to 10% less than 
true rectangular wire, but it usually is easier to manufacture and handle. 6b. For a powerful torsion 
spring in small space, flat wire, coiled edgewise, may be advantageous. 

2. The twisting action exerted by a torsion spring cannot be transmitted by means of a one-point 
contact, as the hook used with extension springs. A clamp or a firm two- or three-point contact is 
needed at each end of the spring. In simplest form, one of the necessary two points of contact 
may be furnished by a lug projecting inward or outward at the end of the coil, as in Fig. 4. A 
thimble placed within the coil and bearing against the inside of the wire at a point 90° away from 
the lug could furnish the other contact point. Alternatively, clamps may be used as in Fig. 5 
to furnish these two points of contact at each end of the spring. 

The shorter the lever arm between the lines of pressure through the points of contact, the 
greater the pressures must be to give the desired twisting moment. With stiff springs, lugs pro- 
jecting outward rather than inward, will reduce the resulting bearing pressure exerted at the lug. 
Tf the end of the coil is supported externally rather than internally, the points of contact being at 


Table 5.—Curvature Correction Factors for Torsion Springs 


Curvature Curvature Curvature Curvature 
Correction Correction Correction Correction 
Spring Factor k Spring Factor k Spring Factor k Spring Factor k 
Index | Rect- | Cir- | Index | Rect- | Cir- | Index | Rect- | Cir- | Index | Rect- | Cir- 
angular| cular angular] cular angular] cular angular cular 
Wire Wire Wire Wire Wire Wire Wire | Wire 
3 1.286 | 1.332 6 1.124 | 1.142 10 1,072 | 1.080 16 1.043 | 1.049 
4 1.200, | e229 7 1.105 } 1,119 12 1,057 | 1.066 20 1.036 | 1.039 


5 Ue eave, 8 13091] .bat03 14 1.049 | 1.056 40 1.017 | 1.019 
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A and C, Fig. 6, with 270° of coil between them, the useful torque is determined by the lever arm a; 
the stress in the wire at the point of contact is controlled by the greater lever arm 6. The wire 
along the major portion of the length of the spring is no more heavily stressed when the external 
support is used than with the internal thimble; but with the external support, the stress at the one 
danger point is greater than the average stress in the ratio b/a. The useful load on the spring then 
must be reduced proportionately. This difficulty can be avoided by using an internal thimble, 
or by using clamps as in Fig. 5. ‘ ; 

3. Always so place torsion springs that they will coil up under load. All: cold-coiled helical 
springs have internal stresses as a result of the methods used in forming the spring. These stresses 
act to form a hidden safety factor, strengthening the spring against failure under a repetition of the 
same kind of deformation as originally caused the stresses but weakening it under stresses in the 
opposite direction. In general, if material in springs, or other types of construction, is to be heavily 
stressed in a direction opposite to that in which it was stressed in forming, the material should be 
heat-treated after shaping. 

4. Long torsion springs, like long compression springs, but unlike extension springs, tend to be 
unstable laterally and to buckle on moderate provocation. This can be counteracted: a. By care 
in clamping or so holding the spring at the ends as to provide a slight degree of lateral support, 
and avoiding skew pressures that would tend to start buckling. Less desirable alternatives are: 
b. Providing a slight degree of lateral support along the length of the spring. c. Placing the spring 
under a small initial tension, tending to hold it straight. 

5. As a torsion spring is loaded, its coil radius changes. Inside and outside clearances must be 
provided to permit these changes in radius. For example, a spring, 10 coils long, whose maximum 
twist is to be 0.5 revolution, will change by 0.5/10, or 5% in radius of coil. That much clearance, 
at least, must be present. 

6. The longitudinal spacing between coils also changes. In the case just cited, initial spacing 
should be at least 5% of the wire diameter. A slight excess will pre- 
vent rubbing action. Unless frictional resistance is definitely desired, 
close-coiled springs should not be used. 

7. For best results, the spring should act in torsion only, with the 
center line of the coil coinciding with the axis of rotation. Sometimes 
clearance conditions prevent this, and the spring must be placed off-side. 
If this is done the spring will bend laterally as well as twist in opera- 
tion. Successful results may be obtained under these conditions, but 
care is required, and lower stresses must be used. 

SPIRAL OR POWER SPRINGS, Fig. 7, usually are made 
of thin cold-rolled strip steel. Under ideal conditions, the strip 
acts as a long curved beam subjected to a uniform bending 

Fra. 7. Spiral or Power Moment throughout its entire length. The fundamental formulas 
Spring are the same as for helical torsion springs of rectangular steel. 
The maximum torque exerted by the spring upon the central 

shaft is equal to the bending moment in the strip considered as a beam, and 
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Working stresses in this formula may run extremely high, 150,000 to 200,000, or even 
250,000 lb. per sq. in. The higher values should be chosen only after consultation with 
a spring manufacturer. Rigorously, the curvature correction factor k should be intro- 
duced in this formula as in the equivalent formula for helical torsion springs. Practically, 
the radius of curvature is usually so large, compared to the thickness of the strip, that the 
correction can be neglected. The angle of twist @ in radians is given by the equation 


6 = ML/EI = 12 ML/EDAS. i 0S) re eal 


Dividing by 27, gives 6 in terms of revolutions of the shaft. See notation on p. 10-14. 

Practically, these formulas must be used with caution. It is somewhat difficult to so 
support the springs as to produce pure bending in the ends, rather than a combination of 
bending and tension. The presence of tension or shear in the metal at the ends of the 
spring causes a variable, rather than a constant, bending moment throughout the length of 
the spring. The metal then is overstressed in some places and understressed in others. 

The relation between bending moment and angle of twist is even more influenced by 
practical conditions. If the spring shaft is turned through more than moderate angles the 
spring begins to coil solid on the arbor, and L, the working length of spring strip, gradually 
decreases. Also, strips in successive coils begin to touch, and the resulting friction mate- 
rially affects the torque acting on the shaft. Fortunately, where power springs are to store 
energy, the demand usually is for the maintenance of a certain minimum torque over the 
maximum angle of rotation. With the spring fully wound up, available torque is much 
greater than the desired minimum value, and the large amount of friction then present is 
not particularly detrimental. When the spring is nearly run down, and torque has dropped 
almost to the minimum allowable value, the coils no longer touch and friction is much 
smaller. Friction may be reduced by lubricating the sides of the strip. 

In spiral springs used in precision instruments, or for hair springs in watches or clocks, 
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the problem is entirely different. Here the angle of twist is relatively small compared to 

_ the length of the spring. The coils are so supported that at no time do they come in contact. 

; Cold-rolled strip steel, properly heat treated, is capable of extremely high fiber stresses, 

- In making spiral springs it is usual to cut off the proper length of strip, slot or form the 
ends as required, coil the strip, and apply it in the assembly without previous forming, 
_ except as the coiling itself serves to form the shape. Until the elastic limit is exceeded, 
the stress developed during forming may be computed from 


CMD h/ SR Ret ee a apt cas (21] 
7 the strip being assumed to be changed from an initial straight condition to a radius of 
_ curvature R. If the strip has an initial radius curvature Ry, and is further bent to a 
_ radius R,, the resulting change in stress is given by 
oF S = {(1/Rs) — (1/Ry)}(Bh/2) . . . . . . . [22] 
3 Usually the arbor about which the strip is coiled is go small that the elastic limit is 
exceeded, and the strip is given a permanent radius of curvature. This introduces internal 
stresses which act to strengthen the material under further bending applied in the same 
direction as in forming, but to materially weaken it if bent in the reverse direction. 


4. ELLIPTIC AND SEMI-ELLIPTIC SPRINGS 


ee 
ia NOTATION.—L = length, in., of spring between hanger or bolt centers, under work- 
ing load; n = number of plates in spring; » = width of plates, in.; h = thickness of 
plates, in.; B = width of band, in.; P = working load, 

lb. applied at center of spring; S = maximum fiber 

stress in plates, at load P, lb. per sq. in.; f = deflection, 

in., of spring under load P; EH = Young’s modulus of 


: elasticity. a ; ' 

£ otis ee ‘ In the ideal case, the laminated semi-elliptic spring 
= _-- esa eon migiey aide is considered as equivalent to a single flat ere 1 oplsind 
3 ported at both ends and loaded in the middle, of uniform 

4 thickness h, and of width equal to nb at the center and tapering regularly to zero at each 

_ end. The fundamental] equations for this ideal case are: 

P=(2 Sbi*n)/{3(L—B)} ... [23]; . f=3 PL?/8 Eb h'n=SL*/{4E(L—B)h} ... [24]. 

_ The case is supposed to be one of pure bending, direct shear being neglected. 

t In practice, a proportion of the plates are of length L orlonger. Hence the equivalent 
width of the single plate is not zero at the ends. ‘This does not affect the load formula, but 
the defiection formula becomes 

fie BRA) {4 Eii— BY, 4 2 se oe 2 > [26] 
K ={A—-r)(1 — 3r) —2r*log,r}/A—r)4,. . . . . [26] 
where r = (number of plates of length L)/(Total number of plates.) Values of K are given 

in Table 6. 
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Table 6.—Values of K 
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Deflection formulas for elliptic springs are at best only approximate. It is customary 
for manufacturers to make up a trial spring before executing an order. 


For Automobile Springs, former practice was to design for a static deflection, of 2 to 2 1/2 in., 
front axle, and 6 in. rear axle, the car containing no passengers. The present trend (1937) is toward 
a static deflection, both axles, of 6 in. unloaded, 7 1/2 to 9 in, loaded, with a maximum possible 
deflection of 12in. This gives a car with approximately the same natural frequency, 80 to B5 cy cles 
per min. for both front and rear springs. To obtain the higher flexibility for front springs, it has 
been necessary cither to increase materially the size of the front leaf spring or springs, or (usually) 
to use helical eprings for the front oe Diet ire stresses run 65-85,000 lb. per sq. in., unloaded 

_ in. maximum for leaf springs. ' 
natn ae eae a stemative Springs the maximum fiber stress under working load (weight on 
epring with locomotive stationary on level track) is standard at 70,000 lb. per aq. in., on the sapere 
tion that the spring has adequate reserve movement. This requirement, under average heb 
conditions, will be met if the length of spring and thickness of plates are related as shown in Table 7. 
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Table 7.—Length and Thickness of Semi-elliptic Locomotive Springs 


4 Length of spring, in...---.------ 22-27 27-33 33-40 40-48 ie 
> Thickness, in., ideal........----- 1/4 4/16 3/3 7/16 ; /2, 
Thickness, in., good practice. ..--| 1/4-3/16 9/30-3/g | _-5/16-7/16 2/g-1/2 /16-9/16 
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FULL ELLIPTIC SPRINGS usually are so designed that they can be tested band to 


band. This insures against excessive deflection in service. 


For usual railroad service, if 


the maximum stress when springs are so tested does not exceed 125,000 lb. per sa. in., safe 


maximum stress at working load usually can be 80,000 to 85,000 lb. per sq. in. 


DIMENSION W 


~ 
No. Max. 
of Dimensions 


stresses are for Grade 5 carbon steel (see Table 1). 
designed to somewhat higher stresses. 


END OF SPRING 
Fie. 9. Quadruple Elliptic Passenger Car Spring 
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Fie. 11, Typical Elliptical Spring Ends 


29,000,000 for all common grades of spring steel. 


Fig. 8 shows a typical semi-elliptic locomotive spring. 
elliptic passenger car spring. 
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Alloy steel springs usually can be 
Young’s modulus of elasticity can be taken at 


: Fig. 9 is a typical quadruple- 
In American practice all railroad elliptic springs are 
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“banded,” or encircled with a cast steel or welded wrought iron strap. The latter has 
been most generally used, but cast steel bands are becoming more common. Fig. 10 shows 
typical styles of bands. For semi-elliptics the size of iron is usually from 3 X 1/2 in. to 
5 X 3/4 in., depending on the size of spring. The “ head” or side of the band running 
across the short plate, usually is heavier than the other three sides. It often bears a groove, 
a round dowel, a boss, or a hole, to position the spring on its seat. 

The spring plates are ‘‘ nibbed ”’ at their centers, as shown in Fig. 9. This locks them 
together and into the band. The nib on the short plate is forced into the hot iron when 
the band is forged into place. Ends of the main plate on semi-elliptic springs are slotted, 
grooved, lipped, or turned into eyes, to provide engagement with the spring hangers. 
Fig. 11 shows typical ends, formed by welding steel pads on the ends of the main plate, or 
by attaching malleable iron end clips. 

The bands of full elliptic railway springs usually are of 3 X 3 /3-in. iron on all four sides; 
sometimes a little heavier. Ends are either of eye-and-wrapper type, standard on pas- 
senger car elliptics, or are lipped to fit into end castings. The latter are known as the 
sectional type, and are standard for tender springs. 


5. FLAT SPRINGS 


FLAT SPRINGS is a term used to cover springs of a wide range of shapes, which are 
alike only in that they have all been made from originally flat strips. Simple flat springs 
are included, but the term also includes springs which have been twisted or notched out, 
bent or dished, each to meet special uses. Due to the wide range of shapes it is difficult 
to give exact design equations but the following statement of general principles taken 
from The Mainspring (Wallace Barnes Co) will be useful. 

1. For highest efficiency, proportion each part of the spring to the load it must carry, no stronger 
and no weaker. Excess metal in the flexible part of a spring not only is useless in itself; it is unde- 
sirable, as it reduces flexibility, and so may result in a reduced, rather than an increased, safety 
factor. A tapering cantilever section is much more efficient than a plain rectangular strip. 

2. As far as possible, place the metal so that it acts in bending rather thanin torsion. A round 
rod is well adapted to resist twisting. Thin strip metal, no matter how dished or otherwise shaped, 
is weak and uneconomical under forces wHich tend to twist rather than bend it. 

3. For parts of the spring where flexibility is desired, use a simple flat rectangular section. 
Added strength or stiffness, desired at any one point, can be obtained by crimping the metal 
longitudinally, but at a sacrifice in efficiency in absorbing energy. 

4. Similarly, cupping the metal is an efficient method of obtaining local strength and stiffness 
at the expense of resilience. 

5. Sharp bends are undesirable, both for manufacturing reasons and because of the serious 
localized stresses introduced in the material. A radius of curvature two or more times the thickness 
of the metal is advisable. Table 8 gives curvature stress factors. 


Table 8.—Curvature Stress Factor for Flat Springs 
t = thickness of metal 


Inside Radius of Bend....... nORS Ee NOT Sz are ON Aes: sy 3t 4t 
Curvature Stress Factor...... 1523) ie 7 Ot 1 286 2369) 12200) |) oh. S38 W057) 1 4060 


6. For simpler cases of design, where a more or less straight rectangular strip can be used, the 
customary beam formulas for strength and deflection give satisfactory results. As deflection from 
a straight line becomes greater, or as bends are introduced (see Fig. 12-A) modifications become 
necessary. a. Correct values for strength can be obtained in all cases by using as Lin the beam 
formula the perpendicular distance from the point where stress is desired to the line of application 
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Flat Springs 
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of theload. 6. Correct values for flexibility can be approximated by using as L a value intermediate 
between the length of the strip and this perpendicular distance, using judgment as to the exact 
value to use. ‘ f : ’ 

For a given maximum required spring deflection and given material, a definite relation exists 
between effective spring length and thickness of metal which gives the best results. If greater 
thickness of metal is used than this relation calls for, the metal will be overstressed and will fail. 
If a smaller thickness is used, the width of the spring must be increased by a far greater ratio than 
the thickness if reduced, in order to obtain sufficient stiffness. Where feasible, therefore, the best 
relation between spring length and thickness of metal should be approximated. 


DESIGN FORMULAS.—The usual cantilever beam formulas may be used: 
Required section modulus=b#2/6=PL/S. . . . . . [87] 
Deflection=PL?/3 EI=2SL7/3Ht . ... =. « ~ [28] 


where b = width of spring; ¢ = thickness of spring; L = effective cantilever length of 
spring; all in inches; S = allowable stress = 150,000 1b. per sq. in. in good grade spring 
stock; P = load on spring, lb.; H = modulus of elasticity = 30,000,000 for steel; J= 
moment of inertia. Using S = 150,000 and Z = 30,000,000, equations [27] and [28] 
become 

P/b = 25,000 #/L. . . [29]; y = PL3/7,500,000 bt3 = TPA/300/t a ee eS 
whence ~ Recommended thickness = L?2/300y, . . . . . . (81 


where y = maximum deflection, in. For a spring supported at both ends and loaded in 
the middle, Z = 1/9 (effective length between end supports); each arm carries 1/2 full load. 


6. VIBRATION IN SPRINGS 


LONGITUDINAL OR LATERAL VIBRATIONS of helical, or lateral vibrations of 
flat or leaf springs carrying an attached load.—The natural frequency is given by 


Frequency = 3.12V k/(Wz + Ci Ws) cycles per second, 


where k = stiffness of the spring, lb. per in. of deflection; Ws = weight of spring itself, 
and Wy = weight of load carried by spring, lb.; C; = constant; for helical springs in 
extension or compression C; = 1/3; for cantilever springs of uniform cross section Cy; = 1/4; 
for semi-elliptic springs of uniform cross section with load at center, C; = 1/2. For leaf 
springs the proportion of the weight of the spring which must be taken as acting with the 
load depends on the number of master leaves and on other variables. In a cantilever 
leaf spring it would be but a small proportion, possibly one-eighth. 

Usually the weight of the attached load is so great, as compared to the weight of the 
spring, that spring weight can be ignored in the equation. The equation is inexact if the 
attached load equals or is less than the weight of the spring itself. Dash pots or other 
damping devices act to slow down this frequency slightly, but usually the change is not 
over 1 to 5%. 

TORSIONAL VIBRATIONS in spiral springs or torsion helical springs.—Frequency = 


1.245 VET vibrations per second, where 7 = stiffness of spring, in.-lb. of torque per 
revolution; J = mass moment of inertia of the rotating hody, lb.-in.?, including one-third 
of the mass moment of inertia of the spring, in addition to the inertia of the attached mass. 

TRAVELING WAVES moving back and forth within the helical spring itself.— 


Frequency = 8.85 Vk/ Wg, where k and Wg have the same meaning as before. 


In valve springs this type of vibration has a frequency of 15,000 to 25,000 vibrations per min. 
If frequency is an exact multiple of operating speed, resonance may occur. In work done both in 
the U. 8S. and Great Britain, resonances have been found up to as high as the 25th harmonic. 
Maximum effects usually occur below the 12th harmonic. This spring surge usually is accom- 
panied by poor valve seating, resulting in noise and loss of power. It also has caused many valve 
spring breakages, the fracture usually occurring at between one and two coils from the end of the 
spring. The exact shape of the cam greatly influences the magnitude of these waves for any given 
harmonic. Re-design of the spring, change of cam contour, or change of weight of valve mechanism 
may be necessary to overcome the difficulty, 


7. ENDURANCE OF SPRINGS 


Extensive research has been made on the endurance of springs and spring steels under 
repeated stress. Fatigue tests of hot-rolled spring steel (Grade 5), tested in a cycle of 
torsional stress between zero and a maximum, resulted in the following indications: The 
endurance limit, or maximum stress at which steel will withstand the test indefinitely, 
is close to the proportional limit in torsion, viz., about 85,000 lb. per sq. in. Preliminary 
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results from fatigue tests on full-size railroad type helical springs suggest that a somewhat 
lower fiber stress, possibly 75,000 lb. per sq. in. (with the Rover correction) more accurately 
represents the endurance limit when in spring form. Further tests are needed to confirm 
or disprove this tentative result. 

In standard fatigue tests in bending, stress usually is completely reversed; i.e., the 
cycle is between positive and negative stresses of the same numerical value. The endur- 
ance limit for Grade 5 steel under these conditions is about 100,000 lb. per sq.in. The 
ultimate strength of this steel, heat treated to a troostitic condition, is about 190,000 Ib. 
per sq.in. According to the Goodman diagram the endurance limit for a zero-maximum- 
stress cycle would be about 130,000 1b. persq.in. Therefore, an elliptic spring in which the 
maximum stress never exceeds the latter figure should last indefinitely. It is difficult ac- 
curately to apply the criterion to an actual case. In practical manufacturing, unavoidable 
departures from the ideal spring of theory occur, which may give rise to serious local varia- 
tions in maximum stress, notably in the short plates. 

It is well known that surface defects, such as pits, seams, guide marks, decarburization, 
etc., even if slight, have a marked effect on endurance limit. This is particularly true of 
the comparatively thin sections used in elliptics. Ground and polished specimens show 
endurance limits very much higher than those from an ordinary hot-rolled finish. 

In large hot-coiled springs, surface defects probably are not as important as in an 
elliptic spring; conversely, they are harder to control. A helical spring cannot be ground 
or polished economically after coiling; the best that can be done is to use centerless ground 
and polished bars, and guard carefully against decarburization throughout the subsequent 
operations of fabrication and heat treatment. 


8. COMPARATIVE EFFICIENCY OF SPRINGS 


The primary function of a spring is to store energy, and later return it when needed. 
The efficiency of different types of springs, therefore, may be compared on the basis of 
the amounts of energy which they will store per cubic inch or per pound of metal in the 
spring. Conversely, the potential energy storage per cubic inch of metal in a given type of 
spring may be used to estimate the volume or weight of spring needed to perform a 
given task. 

THE MODULUS OF RESILIENCE, or amount of energy that may be stored in 1 cu. 
in. of metal in a spring, is given by the equations 


Ma = S2/mG or = S2/mE 2. ws ss ~ [82 


where M, = modulus of resilience; S = allowable unit stress, lb. per sq.in.; G = modulus 
of elasticity in shear; E = modulus of elasticity in tension or compression. For values of 
Gand # see Tablel. Values of m for different types of springs are as follows: 


Relative 
* Shape of Spring Efficiency m 

Helical spring, extension or compression service, round wire.... 50% 4 } in 
SIS UIGHUEY WPS Ee se. 2,. 6. cA B GuERERE rt Oc CO 30.8% Gao 
LESS TG MWEEONIBEC. IMmGCCM ROM tom ccs or.c cue cele sieuwisisieisle's 5 06 100% py) 
Helical spring used in torsion, round wire .............+ee+5 25% 8 
ROUaEeTOL TeCUMNO UATE WING uate aioe aclcic ¢/fiei lc os ss. as 1's 0 soe 33% 6 
SILA VOWEL SLIM Se LOUNG WILOlaye eevee Ge icieicvere cicw se oe oe diere 25% 8 B 
PENAL GW INC Caen stares reel tetey ctalatscess ataielcuel sce syed Giclee 6.04 oad ee ede 83% 6 
WPOaIMS OMIT Seems enero aciGie en cle eso Soins ss Solo t cisions up to 33% 6+ 
Flat spring, uniform cross section, concentrated load......... 8 1/3% 24 

A—Metal in shear; Modulus of Resilience = S?/mG 

B—Metal in tension; Modulus of Resilience = S?/mE 


If correction factor for curvature k is to be included 
M, = S2/k2mG or M, = S2/k2mE ee a ee (Sal 
For values of k, see pages 10-06 and 10-15. , . 

To find the volume of active metal needed in any spring, multiply the maximum deflec- 
tion by 1/9 the maximum load, and divide by the modulus of resilience for that type of spring. 
The result should be increased by 5 to 10% or more, to allow for the inactive or partly 
inactive metal in end coils orloops. By introducing a proper correction factor results can 
be obtained in terms of weight of spring, rather than in terms of cubic inches of material. 


Exampirs.—1. Music wire compression spring to show maximum compression of 0.5 in. under 
a load of 10 lb. Unit stress, 80,000 lb. per sq. in. Solution—Here m = 4 and G = 12,000,000. 
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M; = (80,000 X 80,000)/(4,X 12,000,000) = 133 in.-lb. per cu. in. Volume of metal needed 
=0.5 X 5/133 = 0.0188 cu. in. per spring, or 0.020 cu. in. after a reasonable allowance for inactive 
material has been added. At 0.284 Ib. per cu. in. for steel, the springs will weigh 5.68 lb. per 
thousand. 

2. Steel torsion helical spring to develop torque of 100 in.-lb. for an angle of twist of 2 revolu- 
tions. Use round wire and unit stress of 120,000 lb. per sq. in. 

Solution —M, = (120,000 X 120,000)/(8 X 30,000,000) = 60 in.-lb. per cu.in. Angle of twist 
in radians = 4r. Volume of active metal needed =4 7 X 50/60 = 10.46 cu. in. net, or 11 cu. in. 
allowing for inactive metal. Weight per spring = 11 X 0.284 = 3.12 lb. 

In each of these cases many alternative designs using different wire and coil diameters are 
possible, but for all of these designs the comparative efficiency is about the same. Approximately 
the same net weight of material will be required. The following, however, should be noted: 

1. It is often commercially advisable to use stock sizes of wire, and round dimensions for coil 
diameter, even if these sizes result in lowered unit stresses and greater weight of metal. 2. The 
efficiency factors tabulated above assume the springs to be properly detailed at the ends. If load 
is improperly applied, the spring may be severely over-stressed locally, compelling reductions in 
working loads, and, hence, in the energy-storing capacity of the spring. 3. Judgment must be 
exercised in estimating the percentage to be allowed for inactive metal, 
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AXLES AND SHAFTS 


1. AXLES 
(See also Shafting, p. 24-03) 


The terms, axle, shaft and spindle, are applied to rotating or oscillating machine parts 
whose motion is constrained by journals or bearings. Such members may be classified 
according to the predominating stress, or according to the particular purpose for which 
they are used as: a. Axles, loaded transversely and subject principally to bending, as 
axles of railroad cars. 6. Shafts subjected to torsion or to combined torsion and bending, 
as transmission shafting or the shafts of engines. c. Spindles, or short shafts which carry 
a tool for actually doing work or which carry the work itself, and in consequence must have 
accurate motion. Examples are shafts or spindles of machine tools. 

MATERIALS OF AXLES AND SHAFTS.—Bessemer steel, open-hearth steel and 
alloy steel are commonly used. While Bessemer steel is extensively used, open-hearth 
steel usually is specified for shafts for armatures and engines, and for machine tool spindles 
and shafts operating under similar conditions. Alloy steel is used where great strength 
is required. Nickel-steel, because of its ability to withstand heavy shocks and torsional 
stresses, is well adapted for 
axies and shafts. See pp. 2-21 
and 2-40 for specifications of 
suitable steels. 

AXLE DESIGN.—The 
graphicalmethodisbestadapted 
to the solution of axle problems, 
as it gives the moments at all 
sections, and shows at once the 
location of the mazimwm bend- 
ing moment. Fig. 1 shows a 
typical case. 

Axle A carries the loads 
P, Po, P3. Torsional moment 
due to friction is neglected. 
The axle is considered as supported at the center of the bearings N and Ni. The dangerous 
section, unless the shaft is very short, will be where the bending moment is a maximum. 

In Fig. 1, denote the forces P1, P2, etc., as ab, be, ed, etc., and draw the corresponding 
force diagram as shown, making AB = Pi, BC = P2, CD = P; to any convenient scale. 
These forces are drawn consecutively downward, as they act in that direction; their sum 
AD, must equal the sum of the reactions, or vertical forces. From any pole, O draw 
OA, OB, OC, and OD. From any point on ab, in the space diagram, draw oa, and ob, 
parallel respectively to OA and OB in the force diagram. From the intersection of ob 
and be draw oc, parallel to OC, and similarly draw od. Join the intersection of oa and ea 
with the intersection of od and de, thus locating the closing string oe. Draw OF parallel 
to oe, locating E. Then in the force diagram DH = R2, HA = Rf, to the assumed scale 
of the force diagram. ' 

The vertical ordinates of the space polygon are proportional to the bending moments 
at the point considered. The numerical value of any bending moment is the continued 
product of the length of the ordinate, the perpendicular distance of O from AD, the recip- 
rocal of the scale of the space diagram, and the reciprocal of the scale of the force diagram. 
Thus, if a given ordinate is 2 in., the pole distance 2 1/2 in., the space scale 1 1/gin. = 1 ft., 
or 1/g size, and 1 in. = 5000 Ib. on the force diagram; then the bending moment at the 
point considered, M = 2 X 21/2 X 8 X 5000 = 200,000 in.-lb. From this moment the 


diameter of the shaft may be computed. : 
If the shaft is short, resulting in a small section to withstand the applied bending 
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moment, the section at XX should be checked for shearing. Also it is important that all 
forces acting be considered, and that the maximum value of each be selected. It has been 
found (Machine Design, Smith and Marx) that the force due to vertical oscillation caused 
by jar in running is about 40% of the static load for car axles. Hence, the axle should be 
designed for 1.4 X the static load. In addition, there is in car axles, a bending moment 
due to curves, switches, and wind pressures. This may amount, at a maximum, to the 
equivalent of a horizontal force, of 40% of the static load, applied at a height of 6 ft. from 
the rail. Also, due to the reversal of stress, which causes the fibers to be subjected alter- 
nately to tension and compression, the allowable unit stress is correspondingly reduced. 
For data on standard locomotive and tender axles see Kent’s Mechanical Engineers’ Hand- 
book—Power, pp. 14-25 to 14-27, forming Vol. 2 of this series. 


2. SHAFTS 


The American Standards Assoc. has issued a code for the design of transmission 
shafting, in which all of the commonly used theories are discussed, and a rational procedure 
for the design of shafts under all conditions of loading is developed. The following notes 
are abstracted from the code: 

Notation A = area of cross-section, sq. in.; @ = ratio of maximum to average 
intensity of stress, resulting from axial loading only; D = outside diameter of shaft, in.; 
d = inside diameter of hollow shaft, in.; H = modulus of elasticity, approximately 
30,000,000; F = axial tensile or compressive load, lb.; K = d/D = ratio of inside diameter 
to outside diameter of hollow shafts; Km = shock and fatigue factor to be applied to the 
computed bending moment; K; = shock and fatigue factor to be applied to the com- 
puted torsional moment; * = radius of gyration of transverse cross-section of the shaft, 
in.; 1 = length of shaft between centers of supports, in.; JJ = maximum bending moment, 
in.-lb.; N = rev. per min.; P = maximum power transmitted by the shaft, horsepower; 
Pp, = Maximum intensity of shearing stress in shaft, lb. per sq. in. = 8000 for commercial 
shafting without allowance for keyways = 6000 with allowance for keyways *; S = 
maximum flexural stress, either tension or compression, lb. per sq. in. = 16,000 for commer- 
cial shafting without allowance for keyways = 12,000 with allowance for keyways *; 
Ss = maximum torsional shearing stress, lb. per sq. in. = 8000 for commercial shafting 
without allowance for keyways = 6000 with allowance for keyways *; 7 = maximum 
torsional moment, in.-lb.; V = transverse shear, lb.; W = transverse load supported by 
shaft, lb. 

SOLID SHAFTS.—The formulas recommended differ from the formulas heretofore 
in general use in that they introduce factors Km and K; for shock and fatigue. These fac- 
tors vary with the nature of the load. Values are given in Table 1. 

Shafts in Pure Torsion.— 


K; T=.0,196388,D20 ss 63s ee me 2 


3; 
yO YE Ey SOOO GW INR RS PS eG Uk 8 RY 
Shafts Subjected to Bending.— 
Cees = aes 
D = V32Km M/r S 
Shafts Subjected to Combined Torsion and Bending.— 


D os V6/« PVR, MP -p (ees Heid we RE AT 

If the diameter to transmit a given horsepower is desired, it may be found by substituting 
for the term (K; 7’)? in equation [4] its value in terms of horsepower, as follows: 

(Ky T}? = (96,000 A. PJ/2n Nj2 2 an. see eS! 

Shafts Subjected to Torsion, Flexure and Axial Loading —This is the general case, and 


all other shaft formulas may be derived from it by the omission of the factors that do not 
apply to the case under consideration. 


3/16 V( aFD(1+ K)\?2 1 

D= 4/—\i( Ku 4+ ——— 2x = ——— 

= m M -+- 8 V+ ne ae" Bead EG] 

To determine the diameter of a shaft in terms of horsepower transmitted, substit te i 

equation [6] the value of (K; T)? as found by equation [5]. > dot Rh 
Shafts in Bending over Short Spans with Heavy Transverse Shear.— 


De N16V/8 aiWus sii Sey Seer 


* S may be taken as 60% of the elastic limit in tension, but not more than 36 f th i 
tensile strength of steel purchased under definite physical s: ecificati yoda ee te 
P, are 30% of elastic limit and 18% of ultimate siecumth. seen edldana tk ds Ek a 
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Table 1.—Shock and Fatigue Factors for Shafts 


K, 
Stationary Shafts 
Gradually anpled=loadeutenase tet ores Poe cc tere rail cee hee. 1.0 
Rdvaly-ariphlad loader testa 26 ev vs ace cdakoe cea skocakoteerhee. 1.5+2.0 


Rotating Shafts 


Shafts Subjected to Combined Torsion and Heavy Transverse Shear.— 
eG Thay AO Visas ta tet. a dee Sl 


Diagrams for Solution of Shafting Problems.—All of the equations given above except 
equations [7] and [8] can best be solved by the diagrams Figs. 2 and 3. In these diagrams, 
the heavy ares represent standard transmission shafting sizes, and the lighter arcs the 
standard machinery shafting sizes. The scale of abscissas represents values of Km, T; the 
scale of ordinates at the right represents values of K; 7; the scale of ordinates at the left 
represents the values of K; P, where P = horsepower at 100 r.p.m. The diagrams are 
applicable to steady, fluctuating, reversing, and gradually or suddenly applied loads, with 
or without minor or heavy shocks, provided that correct values of Km and K; are used. 
They are not applicable to shafts in bending over short spans with heavy transverse shear, 
or to shafts subjected to combined torsion and heavy transverse shear. 

The diagrams are based on a maximum permissible shearing stress of 6000 lb. per sq. 
in., but can be used for other stresses by multiplying the shaft diameter found from the 
diagram by an appropriate factor as follows: 


Shearing stress, lb. per sq. in. ...... 4000 5000 6000 7000 8000 9000 
LILIES 1) mea een Stet Ss Wi og test ae SEE 1.14 1.06 1.00 0.95 0.91 0.87 


Exampyt5 1.—Required the size of shaft to withstand a maximum bending moment M of 
~ 9350 lb., and a maximum torsional stress 7’ of 9600 lb., the allowable unit shearing stress being 8000 
lb. per sq. in., and the load suddenly applied with minor shock. From Table 1, values of Km and 
Kz may be taken as 1.5 and 1.25 respectively. Then Km M = 1.5 X 9350 = 13,975 and Ki T = 
9600 X 1.25 = 12,000. In Fig. 2, the intersection of Km M = 13,975, and of Kz; T = 12,000 lies 
on the are representing a shaft 2 1/9 in. diameter, with a unit stress of p, of 6000 lb. per sq. in. Since 
the allowable unit torsional stress in the present case is 8000 lb., the correct diameter for the con- 
ditions given is found by applying the factor for the higher stress. 2.5 X 0.91 = 2.275. The next 
higher standard size of shaft is 2 5/1g in. 

Exampie 2.—Required the size of an alloy steel shaft to transmit 210 Hp. at 150 r.p.m., and 
at the same time sustain a bending moment of 90,000 in.-lb. The unit allowable shearing stress 
may be taken as 9000 1b. persq.in. At150r.p.m., 210 Hp. is equivalent to 210 & (100/150) = 140 
Hp. at 100 r.p.m. The intersection of 140 Hp. and Km M = 90,000 in Fig. 3 shows that a shaft 
4 3/4 in. diameter would be required at a unit shearing stress of 6000 lb. per sq. in. Applying the 
factor 0.87 for the higher unit stress, 4.75 X 0.87 = 4.1325in. The next larger standard shaft is 
41/4 in. diameter. 

Exampup 3.—Required the size of a non-rotating shaft to support a steady load of 4000 Ib., the 
supports being spaced 3 ft. apart. From the equation for simple beams (see p. 7-22), M = Wl/4 = 
4000 X (8 X 12)/4 = 48,000in.Ib. From Tablel, Km = land KmM = 48,000. Since there is no 
rotation T = 0, and Ky 7 = 0. In Fig. 3, on the abscissa of K; T = 0, at a value of Km M = 
48,000, the nearest size of shaft that will be suitable at a unit shearing stress of 6000 Ib. per sq. in., 
is 3 1/2 in. 

HOLLOW SHAFTS.—AlIl of the foregoing equations are applicable to hollow shafts, 

3 . 0 
when multiplied by a factor equivalent to (1/1 — K‘), in which K = d/D, that is, the 


3 ———— 
ratio of the inside and outside diameters. Values of (1/ V1— K‘) are as follows: 


= 352 ae OD UONIOIIG 26 0.95 0.90 0.85 0.80 0.75 0.70 0.65 0.60 0.55 0.50 
a <n OnbTOecOOn7s 0.84 0.88 90.91 0.9370.95 0:97 0.98 
V1 — Kt Behieaers niece ool Ola ledOual O07 9105 1.038 9 1302 


The procedure is to determine the diameter of a solid shaft for the given conditions, and 
to then multiply the diameter so found by the factor corresponding to the desired value of 
d/D. 
/ Exampup 4,—Determine the size of a hollow shaft to be used under the conditions given in Ex- 
ample 1, assuming the value of K to 0.70. As determined in Example 1, the diameter of a solid 
shaft required would be 2.275in. The factor for K = 0.70 is 1.10. Therefore the outside diameter 
of an equivalent hollow shaft would be 2.275 X 1.10 = 2.250 in. The inside diameter would be 
925 10.70 = 1.75 in; 
SHAFTS UNDER AXIAL LOADING.—The maximum intensity of stress resulting 
from a force F applied axially is S = « F/A, where a = ratio of maximum to average 
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Fie. 2. Shaft Selection Chart 


intensity of stress resulting from the axial load only, and A = cross-sectional area of the 
shaft, sq. in. If the shaft is rigidly supported at short intervals and virtually acts as a 
column under compressive loads, a = 1. Under all tensile axial loads a also is 1. If the 
shaft is not rigidly supported, it acts as a long column, and @ should be computed by one of 
the long column formulas. Values of a, for ratios of 1/k up to 115, computed according to 


the formula wed {1 010084 0/0). 0 ue ee [9] 
are given below. For ratios of 1/k greater than 115, use Euler’s equation (see p 7-35). 
Ratio Umi ee tees SONIOO aS 0 25 50 75 100 115 


OES Tadstoraterieven ite sleleeee: 100 1.12 1.28 1.49 1.78 2.02 
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The value of a so determined then should be used in equation [6] to determine the size of 
shaft requied. 

SHAFTS UNDER ALTERNATING STRESS.—Shafts subjected to torsion and 
bending encounter reversal of stress at each revolution, and should be calculated by means 
of equation [4]. The value to be ascribed to the shock and fatigue factors, K; and Km, 
which take into account the stress reversals, depend on the conditions under which the 
shaft operates. No general statement can be made concerning the values to be used, since 
the shock factor, in particular, depends on the resiliency of the shaft system as a whole. 
For complete stress reversal Ky and Km should be 1.8. 
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< Table 2.— Critical Speed Equations 


Noratron—N}, Ne, Ns = critical speeds, r.p.m.; Ay Ag = static defection, in., st Wy and We Whaft 
horizontal); d@ = diam, of shaft, in.; J = moment of inertia; F = 29,000,000. Weights taken in pounds; 
vertical shafts considered as horizontal. 


Single Concentrated Guatwal Pormnla: 3 ee [10] 
V Ay 
Wi 
acre Wy ad? 
x —_—= —-v\V=—: = I 
Se Ni = 177 4/2 387,000 Vi; a = [i] 
—oos sc 
=== 


r m, | Wats 
Ny = 775,200 = = 187.7 a : 
: S\meaae Vi “ee Ft. 05) 


e. | 7 Wik 
= 2,337,000 en Lae = 
ap aa TVR Visa “7s SI U6] 


M = 387,000 \ gos A = uae [17] 


eS 


Two Concentrated 
Loads 


General Formula: 
Ni) al( Ki [fm Ks\?, 4k 
My = 23 \ (B+ #2) = VG or ee fis} 


hie 


6ST 
@— a — a RGl— mm — mw) —ea—ay 
2 2 
Ki = Ct @- as; Ky = C1 @-—a@)? 
; ers * a" oe 


C= 


[13] 


Ky =¢ (eR — a — @°) — mae — @) 
@y@Q 
N , Ng, use general formula, 


& in 
at—an VR (20) 
Na = 548,400 4/ tn pagal, ay = Wim? 

a \ W, Gi— 4) N ay “ear Bie) 
Gu SEI 
4LbG+O—-—heO+a)!?-&G+ eq) 


- & \?,, 
1% Xi = (“.) CHG +H -—- @+e@)9; 


le \2 
ir we Ky = (.) CHLG +H - G+ ea); Ry 


he 
mes ho +@) G@+a); 


Nj, Ne, use general formuls. 


W. | Ny = 548,400 


3= 
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Table 2,—Critical Speed Equations— Continued 


re 


Two Concentrated 


Loads (Continued) me 3B1l : 
7s ’ 
w 2ar(4h — 1 +a)¥y (22} 


K, = K, =C([82 — (+ a)4; Ky = Cl +a)2, 


—+p Mie Ni, Na, use general formula 
4 | | 
2 Ww; WwW, M = 1,547,000 dz WB wm 124.3 Vi. 23} 
LN ats. 1 Ne 7 \ 
Na = 2,337,000 d? \/——._ = 187.74/—; Ay = ——- A/—. 
Vwi i Fee NEY 
C 12 BI 
Ot 3 
@ Iy2 (4021) (+ Le) — (hy? — a4)4] 
Ww. Ww Ky = Cl? 2h + hy); Ke = Carb? h; Ky = 1g Call (2 = a). 
; Ni, N2, use general formula [24] 
i nsifiih (eh ial Wiah 
satay © Gene vant? 3 we 2 yt ae ai)s 
at 3En, ~ een, ~~ ™% 
Wr ly? aly 
A Bs 4 | _ | aos 
ey 3E1 1+) Wi con, (lh? — a?), 
3EI 
fe < O 
Ww. Ww, Ly? 2h + be) — 9/16 hy le? 
Ky = 16012 ( +b); Ke = Che; Ky = 3Cl2h; [25] 
a he a 
aes tyr N1, Nz, use general formula 
a, = Mile _ Wohl’, , Wa ath) Wibht, 
(5 46G0., .16-B 3 EI 16 BI 
Distributed Loads 4 = maximum static deflection 
a ert NE 
rot <w Ny = 2,232,510 d Wh = * a 
nascormeme. N; (shaft alone) = 4,760,0004/2; N =[I, 4, 9, 16, ete ]N1. {26} 
RATION wi eg SWS 
384 EI” 


1 1 
= ——w aE 245 — 
Ni = 4,979,250 d? NE =e, NE (27) 


N; (shaft alone) = 10,616,740d/12; N =[I, 2.78, 5.45, 9, ete]Ni; 
= (W B)/(84ET). 


Ni = 795,196 2 Pan = 167.644; (28} 


Ny (shaft alone) = 1,695,514d/2; N =[I, 6.34, 17.6, 43.6, eteJN1. 
A = (WI)/(8EI). 


1 i 
aaa 2% |—— = 209.7 NEE 
Ny = 3,482,715d Naa " [29] 


Ny (shaft alone) = 7,021,600 d/1?; N = [I, 3.24, 6.8, 11.6, ete.JNi; 
= (W It) /(185EI). 
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3. CRITICAL SPEED OF SHAFTS 


The center of mass of a rotating shaft never lies in its mechanical axis of rotation; 
hence, in a horizontal or inclined, shaft, even if additional loads are neglected, there is a 
deflection caused by the weight of the shaft itself, which causes the center of mass to lie 
below the true axis of rotation. When rotation begins the shaft remains bent downward, 
but as the speed increases the centrifugal force increases until a state of equilibrium is 
established at what is called the critical speed. At this speed the centrifugal force is just 
sufficient to counteract the force tending to deflect the shaft downward, and the shaft 
rotates in a bowed form, and it is said to be in a ‘‘whirl.’’ As vertical shafts cannot be in 
perfect balance the same applies‘to them. At the critical speed the maximum vibration 
of the revolving mass, and consequently of its support, occur, and for this reason, determi- 
nation of critical speed is of prime importance in design. Above the critical speed the 
center of mass revolves inside the bow of the shaft, the tendency being to cause the rotating 
mass to revolve about its own center of gravity and not about the mechanical axis. This 
condition is met by providing special bearings which will accommodate themselves to the 
conditions, or by providing a flexible shaft which is just strong enough to withstand the 
deflection stresses in passing through the critical speed. 

This refers to the first or lowest critical speed, Ni. There is a series of secondary 
critical speeds, N, of higher value with diminishing amplitudes of vibration. See paper by 
S. H. Weaver in Trans. A.S.M.E., 1910, from which Table 2, p. 11-08, is taken. 

In addition to the equations in Table 2, equation [30] (E. A. Lof, Machy., Feb., 1909) 
is useful for a multiple-loaded shaft, 


A NaNoNe 


— VNG NE + NENa? + No? No? 


where Ni = first critical speed of the system, Na = first critical speed of unloaded shaft, 
Nb, N; = first critical speed of each separate load. 
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CRANKS AND CRANK-PINS 


OVERHUNG CRANKS.—Works on machine design give the proportions shown in 
Figs. 1 and 2 for cast-iron and forged steel cranks. While the drawings show different 
methods of securing the pin to the crank, the best practice is to use either press or shrink 
fits, both for the pin and for attaching the crank to the shaft. 

Let F = greatest load on the crank-pin, when crank and connecting-rod are at right 
angles; S = maximum allowable stress in the crank, lb. per sq. in.; LZ = distance from 
center of pin to section at which stress is to be computed, in. Then dimensions may be 
checked for bending action at any section, as C-D, Fig. 2, by the following equations: 


Bending Moment = FL=tW?S/6 .... . . [ij 
t=G6FL/W*S . . « 2) W=V6RLS |. oss) 


1 
\ H | }e-1.35D-> 
ae K--- 1.75 D---> 
DtalzD ! 


Fia. 1. Cast-iron Crank Fic. 2. Forged Steel Crank 


' =U. 
K--D4+1.1D--4 


' 
| 
| 
i 
' 
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Fic. 3 Fia, 4 ' 
Methods of Reducing Crank Overhang ' Fie. 5. Forged Crank-shaft 


For cast-iron cranks ¢ may be taken as 0.6 D. The diameter of the crank-pin bosses dy 
may be taken asd; = 1.16d + 0.02 in. to1.24d + 0.02in. The thickness of the bosses, 2, 
may be taken as 0.75 (d; — d). 

Let F; = greatest force acting on the crank-pin when the crank is on dead centers. 
The bending moment at the section A-B, Fig. 2, then is 


Fiz =Wit?S/6. te ee ne Ee eee | 
We SOMALI 4 5 IR 7 = AAA beg oe GI 
For steel cranks, S may be taken as 4500 to 5500 lb. per sq. in. 

: The thickness of metal in the hub or boss of the crank (dimension a, Fig. 1), varies 
with the length of the boss. Values of a given by Seaton are as follows, D being the 
diameter of the crank-shaft: 

M = 1.0D 0.9D 0.8 D 0.7D 


ad, iron = 0.35 D 0.38 D 0.40 D 0.41 D 
a, steel = 0.30 D 0.32 D Osha) 0.34 D 

FORGED CRANK-SHAFTS.—Low and Bevis (Manual of Machine Drawing and 
Design) give the dimensions shown in Fig. 5, based on a large number of examples chiefly 
taken from marine practice. Sometimes a hole 1/3 the diameter of the pin is drilled 
through the crank-pin as shown. | 

CRANK-DISCS, Fig. 6, are often used in small engines which run at high speed. 
The weight W, opposite the crank-pin is for the purpose of balancing the crank-pin, and 
the part of the connecting-rod which revolves with it. The following proportions may be 
used in designing crank-discs: Di) = Dto1.2D;B =0.7DtoD;A = 0.9 B; C = 0.25 D; 
Fi—a 0.4 Den — 20) Bed, to 11d). B to £258. 

BALANCED CRANES.—Fig. 7 shows a method of balancing cranks. When the 
size of the weight is determined by experiment the counterweight must be detachable as 
shown in Fig. 8. Fig. 9 shows a case where the center of mass of the balance weight does 
not fall opposite the crank-pin. 

STRENGTH AND PROPORTIONS OF OVERHUNG CRANK-PINS, Fig. 10.—The 
dimensions of crank-pins are based on the strength required to resist all the forces to which 
it will be subjected, and on the intensity of pressure permissible between pin and journal. 
This pressure must be kept low enough to avoid forcing lubricant out of the bearing, in 
which event heating and excessive wear would occur. Bending action on the pin is 
1/9 F L, where F = load on the pin, lb., and ZL = length of pin,in. IfS = allowable maxi- 
mum stress, lb. per sq. in., andl d = diameter of pin, in., the resisting moment M,, in.-lb., 
is M, = 7d? S/32. Hence 

FL = d? S/5.1 BL een 1 cams: boats, Tcnke? tase uel 


and ah PLS tere te 1 OR.) OR Stay 


Fira. 7 Fre. 8 Fia. 9 
Fic. 6. Crank- discs Methods of Balancing Cranks 
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in is alternatel: compression and tension. The value of S, therefore 
nie ey whee az over 5500 Be steel. With this value of S, for a given ratio of 
L/d = J, equation [8] becomes 
d = VJ F/107.9 8 rears Pete : [9] 
To avoid heating, pins usually are made of greater dintnwete 
than are called for by equation [9]. Heating depends on the 
bearing pressure, which in turn depends on the projected area of 
the bearing, that is, on dX L. If P be the bearing pressure, 
lb. persq.in., F = PLd, and L = F/Pd. Substituting this value 
in equation [8], we have 


d = V5.1F*/PS [10] 
or, for a value of S = 5500, 
Fie. 10. Crank-pin cs {F107 P Fie: [11] 


For data on allowable bearing pressures see pp. 13-31 to 13-33. 

FORCES ACTING ON CRANKS.—Tangential Forces.—In engines, if the center-line 
of the crank-shaft lies in the same plane as center of the piston and crosshead, the effective 
force of the crank acts in a line tangent to the crank circle at any given position of the 
crank. This effective force is 

= P sec B sin (8 + a) [12] 


where F = effective tangential nig on the crank-pin, lb.; P = total force acting on the 


" Table 1.— Factors for Determining Tangential Effort 
Factor = sec 8 sin (8 + a) 
Forward stroke is toward crank-shaft. Velocity of crosshead = velocity of crank-pin X tabular value 


Crank Crank 
Angle, Ratio (Length of connecting-rod/length of crank) Asis 
ae pe ; 
or- , 
ward | 2 21/2 3 31/2 4 41/2 5 51/2 6 7 prea 
Stroke jotta OE ee 
5 {0.13061 |0.12191 |0.11611 |0.11197 |0.10887 |0.10645 |0.10452 |0.10295 |0.10162 |0.09956 |0.09801 355 
10 | .25948 | .24222 | .23075 | .22257 | .21644 | .21168 | .20787 | .20476 | .20216 | .19808 | .19503 350 
15 | .38488 | .35936 | .34246 | 33044 | 32145 | .31447 | 30889 | 30432 | 30052 | .29456 | .29008 | 345 
20 | 50512 | .47180 | .44986 | .43429 | .42266 | .41366 | .40644 | .40055 | .39567 | .38799 | .38223 | 340 
25 | .61855 | 57807 | .55158 | .53286 | .51891 | 50811 | .49949 | .49247 | .48661 | .47743 | .47056 | 335 
30 | .72361 | .67678 | .64639 | .62500 | .60911 | .59683 | .58704 | .57905 | .57242 | 56202 | 55423 | 330 
35 | .81880 | .76659 | .73313 | .70966 | .69226 | .67884 | .66817 | .65947 | .65224 | .64092 | .63232 | 325 
40 | .90278 | .84660 | .81082 | .78591 | .76751 | .75334 | .74209 | .73293 | .72533 | .71343 | .70454 | 320 
45 | .97437 | .91562 | .87861 | .85291 | .83411 | .81961 | .80812 | .79878 | .79102 | .77890 | .76985 | 315 
50 |1.03257 | .97296 | .93581 | .91023 | .89147 | .87709 | .86570 | .85645 | .84879 | .83681 -82788 | 310 
55 |1.07666 |1.01807 | .98196 | .95723 | .93915 | .92534 | .91441 | .90554 | .89820 88674 | .87819 | 305 
60 1.10622 | 1.05066 |1.01678 | .99371 | .97691 | .96408 | .95396 | .94575 | .93896 | .92836 | .82047 300 
65 1.12114 }1.07070 |1.04024 |1.01961 |1.00462 | .99320 | .98420 | .97691 | .97089 | .96147 | .95450 295 
_ 70 | 1.12174 |1.07842 | 1.05250 | 1.03502 |1.02235 |1.01272 |1.00514 | .99900 | .99393 | .98603 98015 | 290 
75 1.10868 | 1.07434 | 1.05395 |1.04024 |1.03033 |1.02281 |1.01689 |1.01210 | 1.00814 1.00199 | .99741 285 
80 1.08305 |1.05923 |1.04516 |1.03573 |1.02890 |1.02375 |1.01969 |1.01641 1.01370 |1.00948 | 1.00635 280 
85 |1.04626 |1.03406 | 1.02688 |1.02207 |1.01861 |1.01598 |1.01391 |1.01225 1.01087 |1.00873 |1.00713 | 275 
90 |1.00000 |1.00000 }1.00000 |1.00000 |1.00000 | 1.00000 |1.00000 |1.00000 | 1.00000 |1.00000 |1.00000 270 
95 |0.94613 |0.95833 |0.96551 0.97032 |0.97378 |0.97641 |0.97848 |0.98014 | 0.98152 |0.98366 0.98526 | 265 
100 | .88657 | .91039 | .92446 | .93389 | .94070 | .94586 | .94994 -95320 | .95591 | .96013 | .96327 | 260 
105 | .82317 | .85751 | .87790 | .89161 | .90152 | .90904 | .91497 | .91 975 | .92371 | .92987 | .93444 | 255 
110 | .75765 | .80096 | .82688 | .84437 | .85703 | .86666 | .87425 | .88038 | .88546 -89336 | .89924 | 250 
15 | .69147 | .74192 | .77238 | .79301 | .80800 | .81941 | .82841 | .83570 | .84173 85113 | .85812 | 245 
120 | .62583 | .68139 | .71527 | .73834 | .75514 | .76797 | .77809 | .78630 | .79309 | .80369 81158 | 240 
125 | .56164 | .62023 | .65635 | .68107 | .69915 | .71297 | .72391 | .73276 74011 | .75157 | .76011 | 235 
130 | .49952 | 55913 | .59628 | .62186 | .64062 | .65500 | .66639 | .67563 | .68330 -69528 | .70421 | 230 
135 | .43985 | .49859 | 53561 | .56124 | 58010 | .59460 | .60609 | .61544 -62319 | .63531 | .64436 | 225 
140 | .38279 | .43897 | .47475 | .49966 | .51804 | .53223 | .54348 | .55264 | .56025 57214 | 58104 | 220 
145 | 32835 | .38048 | .41402 | .43740 | .45489 | .46831 | .47898 | .48751 49490 | 50623 | .51470 | 215 
150 | .27639 | .32322 | .35361 | .37500 | .39089 | .40317 | .41296 | .42096 42758 | .43798 | .44577 | 210 
155 | .22668 | .26717 | .29366 | 31238 | 32632 | 33712 | 34574 | .35277 35863 | .36780 | .37467 | 205 
160 | .17892 | .21224 | .23418 | .24975 | .26138 | .27038 | .27759 | .28347 -28837 | .29606 | .30181 | 200 
165 | .13276 | .15828 | .17517 | .18719 | .19619 | .20317 | .20875 21331 | .21712 | .22308 | .22756 | 195 
170 | .08782 | .10508 | .11655 | .12472 | .13086 | .13562 | .13943 | .14254 14514 | .14921 | .15223 | 190 
175 | .04370 | .05241 | .05820 | .06234 | .06544 | .06786 | .06979 .07137 | .07268 | .07475 | .07630 | 185 
180__| .00000 | .00000 | .00000 | .00000 | .00000 | .o0000 | .co000 00000 | .00000 | .00000 | .00000 | 180 
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piston, lb. = area of piston, sq. in. X pressure on piston, lb. per sq. in.; a = angle between 
crank and the line between center of crank and center of piston; 8 = angle between con- 
necting-rod and the line between center of crank and center of piston. Table 1 gives 
values of sec 8 sin(8 + a) for various ratios of l/r, where 1 = length of connecting-rod, 
in., and r = radius of crank, in. If the crank is used to impart motion to a crosshead, 
as in a punch press, the resistance encountered by the crosshead, 7.e., the resistance of 
the metal to shearing or deformation, is taken as the value of P. The tangential force to 
be applied to the crank then can be computed, from which the horsepower required is 
determined. Force acting along the center line of the connecting-rod is 
re 


fo = Fert aight eis aw teen eae eS 
°” cosB [13] 


The force acting on the guides is Fz = Ptang. 
Notation as before. 
Inertia Forces.—The velocity of the crosshead or piston ata given position of the crank, 
when center line of piston and crank-shaft are in the same plane, is, approximately 
Van = eVies (Sion sin Dorf 2il) eats fs oe me RLS 
where Vp, V- = respectively, velocity of piston and crank-pin, ft. per sec.; other notation 


as before. ; 
The acceleration of the reciprocating parts is 


ett tt 


@— Ve (CONG n COROT Wnts Bn oo te Geert] 
and the inertia forces, lb. per sq. in. of piston, is 
Fo = (WY fe) Kosa ser.cos2a/DjAr . 2... [17] 


In these equations a = linear acceleration, ft. per sec. per sec.; W = total weight of 


Table 2.— Inertia Factors 


Values of cos a(r/l) cos 2a. Algebraic signs relate to forward stroke; use opposite signs 
for return stroke 


es Ratio (Length of connecting-rod/length of crank) ae 
Forward Return 
Stroke, 2 21/2 3 31/9 4 41/9 5 51/9 6 if 8 Stroke, 
deg. deg. 
0 1.5000} 1.4000} 1.3333) 1.2857} 1.2500} 1.2222) 1.2000} 1.1818] 1.1667] 1.1429] 1.1250! 360 
5 1.4886} 1.3901} 1.3244) 1.2776] 1.2424) 1.2148) 1.1932] 1.1752) 1.1604) 1.1369] 1.1193} 355 
10 1.4547} 1.3607] 1.2980} 1.2533) 1.2197) 1.1934) 1.1728] 1.1556} 1.1415} 1.1191] 1.1022] 350 
15 1.3990} 1.3123] 1.2546} 1.2134) 1.1824] 1.1582) 1.1391) 1.1234] 1.1103) 1.0897) 1.0742] 345 
20 1.3227] 1.2461} 1.1950) 1.1586} 1.1312} 1.1098) 1.0929) 1.0790) 1.0674) 1.0492] 1.0355} 340 
25 1.2277} 1.1634] 1.1206} 1.0900} 1.0670} 1.0490] 1.0349) 1.0232] 1.0135] 0.9982] 0.9867] 335 
30 1.1160] 1.0660} 1.0327} 1.0089] 0.9910} 0.9770} 0.9660] 0.9569) 0.9494) .9375| .9285} 330 
35 0.9902] 0.9560) 0.9332} 0.9169} .9047| .8951) .8876} .8813] .8762} 8680} .8619] 325 
40 .8529| .8355|] .8239} .8157| .8095} .8046} .8008) .7976} .7950| .7909| .7878} 320 
45 .7071} .7071} .7071} .7071} .7071) .7071} .7071) .7071) .7071) .7071| .7071) 315 
50 .5560| .5733} .5849) .5932} .5994) 6042} .6081) .6112} .6138) .6180] .6211} 310 
55 .4026| .4368} .4596} .4759) .4881} .4977) .5052) .5113| .5166) .5247) .5308) 305 
60 .2500} .3000} .3334) .3572} .3750) .3890! .4000) .4091) .4167] .4286] .4375) 300 
65 1012} .1655] .2084} .2390} .2619) .2799} .2941] .3058) .3155) .3308) .3423) 295 
70 —.0410} .0356] .0867/ .1232} .1505) .1720| .1888} .2028) .2143) .2326| .2463 290 
75 — .1742|—.0876|—.0298} .0114] .0423] .0666} .0856} .1014| .1115) .1351] .1506} 285 
80 — .2962|— . 2022 |— . 1396] — .0948] — .0613]— .0350)— 0143] .0028} .1700} .0394| .0562) 280 
85 — .4071|— .3068|— .2411}/—. 1942) — . 1590] —. 1315] —. 1098] — .0919| — .0770) — .0536|— .0359} 275 
90 — .5000]— . 4000 | — .3333}— . 2857| —. 2500} — .2222}— .2000| —. 1818/—.1667|—.1429|—.1250) 270 
95 — 5814] —.4811}—.4154] — 3685] — 3333] — 3058] — .2841]—.2661}— .2513|—.2279|— 2103) 265 
100 — ,6435|— .5495|— . 4869] — .4421|— 4090] — .3823] — .3620|— .3445|— .3303|— .3079|—.2911 260 
105 — 6918) — .6052|— .5475}— .5062|— .4753| —.4511|—. 4320] —.4163|— . 4032) — .3826|— .3671 255 
110 — .7350|— .6484 | — .5973|— 5609} — .5335)— .5121|— 4952 — 4813 — ,4697|— .4515|— .4378] 250 
115 — .7440| — .6797| — .6369] — .6063| — .5833| — 5653} — .5512|— .5395|— .5297}— .5145|— 5030} 245 
120 — .7500|— .7000|— .6667]— . 6429] — .6250| — .6110}— .6000]— .5909| — .5834)— .5715)—.5625) 240 
125 — .7446|—.7104|— .6876|— .6713]— .6591] — .6495| — .6420}| — .6358]— .6306]— .6225|— .6163 oe 
130 — .7396|— .7123]—.7007|— .6924|— .6862| — .6813|— .6775|— .6741|—.6717|— .6676|— .6645 230 
135 — .7071}—.7071 | —.7071|—.7071|— .7071}— .7071}— .7071|— .7071]|—.7071|—.7071}—.7071) 225 
140 — .6792| — .6966|— .7082| — .7164| — .7226| — .7275] — .7313| — .7345)] — .7371]—.7412 — 743 220 
145 — .6481]— 6823|—.7052|—.7214|— .7336|— .7432)— .7508|— .7570 — 7621 —.7703|—.7764| 215 
150 — .6160|— .6660|— .6994| — .7232|— .7410|— . 7550] — .7660|— .7751|— .7827|— .7946|— .8035 a 
155 — 5849|— .6492|— .6921|— .7227] — .7456|— .7636|— .7778| — .7895|— .7992| — .8145|— .8260) 205 . 
160 — .5567|— .6333|— .6844]— .7208] — .7481| — .7696| — . 7865] — .8004] — .8120] — .8302 — .8439} 200 
165 — .6773|— .7185| — .7494|—.7737| — .7927| — .8085|— .8216)— .8422|—.8577) 195 
170 — .7499| — .7762|— .7969| — .8140|— .8282)— .8505|—.8674; 190 
— .7778|— .7992|— .8172] — .8320|— .8555 | — .8731 185 
a -8000|— .8182|— .8333|—.8571 180 
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reciprocating parts, lb.; A = area of piston, sq. in.; r = crank radius, ft.; g = acceleration 
due to gravity = 32.2. Table 2, p. 11-13, gives values of (cos a + r cos 2a/l) for various 
ratios of l/r. e 


POSITION OF PISTON OR CROSSHEAD FOR VARIOUS CRANK ANGLES is 


given in Table 3 for various ratios of l/r. If Lp = distance of piston or crosshead from 
the dead center position, at any given crank angle, 
Lp =r —cosa+r’sin?a/2l),approx. . . . - . [18] 


If the center line of motion of the reciprocating parts is not in the same plane as the center 
line of the crank-shafts, but is at a perpendicular distance d away from it, the stroke is 
greater than 2r, and the dead centers are not symmetrical. In this case the length of 


Gath ig S=V6 47% —@-VGeSe nt e@ 2 2 a. isl 


Graphical Determination of Velocity and Acceleration of Reciprocating Parts.— 
Fig. 11 shows a graphical method of determining the velocity 
and acceleration of the piston or crosshead at any given position 
of the crank. This method is known as the, Klein construc- 
tion. From the center A of the crank, draw AC to a scale repre- 
senting the linear velocity of the crank-pin, at the desired angle 
to the line AZ joining the center line of the crank and crosshead. 
With C as the center and AC as the radius, describe a circle. 
Draw the connecting-rod CE to the same scale as AC and de- 
Fira. 11. Graphical Deter- scribe on it a circle of diameter CH. Draw the chord FG 
malas or Vgcaity and between the intersection of the two circles, intersecting AE at D.. 

At A, erect a perpendicular to AF intersecting the prolongation 
of CE at B. Then the length AD represents the acceleration of the crosshead and the 
length AB the velocity of the crosshead at the position of the crank as drawn. 


Table 3.—Piston Positions for Various Crank Angles 
From beginning of stroke toward crank-shaft. Distance of piston from beginning of stroke = 
tabular value X length of stroke. 


rs Ratio (Length of connecting-rod/length of crank) 


deg. 2 21/2 3 31/2 4 41/2 2 31/2 6 7 8 
5 0.00285 |0.00266 |0.00254 |0.00245 |0.00238 |0.00233 |0.00228 |0.00224 |0.00222 |0.00217 |0.00214 
10 .01137 | .01061 |0.01011 {0.00975 | .00948 | .00927 | .00910 | .00896 | .00885 | .00867 | .00854 
15 .02545 | .02375 | .02263 | .02183 | .02123 | .02075 | .02040 | .02008 | .01983 | .01942 | .01913 
20 .04488 | .04191 | .03993 | .03852 | .03748 | .03667 | .03601 | .03548 | .03500 | .03433 | .03381 
25 .06943 | .06484 | .06151 | .05965 | .05799 | .05680 | .05579 | .05499 | .05430 | .05323 | .05244 
30 .09873 | .09224 | .08797 | .08494 | .08268 | .08092 | .07952 | .07838 | .07742 | .07593 | .07481 
35 . 13243 | 12377} .11810 | .11408 | .11110 | .10881 | .10693 | .10542 | .10416 | .10219 | .10072 
40 . 17003 | .15900 | .15181 | .14674 | .14297 | .14005 | .13772 | .13582 | .13424 | .13177 | .12991 
45 .21103 | .19749 | .18871 | .18253 | .17795 | .17440 | .17158 | .16927 | .16735 | .16434 | .16210 
50 .25487 | .23874 | .22833 | .22102 | .21563 | .21145 | .20812 | .20542 | .20316 | .19964 | .19699 
55 -30094 | .28222 | .26962 | .26182 | .25556 | .25080 | .24699 | .24388 | .24130 | .23726 | .23423 
60 34861 | .32739 | .31386 | .30442 | .29744 | .29195 | .28778 | .28431 | .28142 | .27689 | .27343 
65 .39726 | .37372 | .35878 | .34838 | .34071 | .33480 | .33011 | .32628 | .32311 | .31815 | .31444 
70 44624 | .42066 | .40448 | .39324 | .38496 | .37859 | .37353 | .36942 | .36602 | .36067 | .35667 
75 49495 | .46766 | .45047 | .43856 | .42978 | .42304 | .41767 } .41334 | .40972 | .40407 | .39986 
80 .54281 | .51425 | .49630 | .48388 | .47474 | .46772 | .46215 | .45763 | .45386 | .44799 | 44360 
85 58930 | .55995 | .54155 | .52881 | .51944 | .51225 | .50654 | .50191 | .49806 | .49205 | .48756 
90 63398 | .60436 | .58678 | .57295 | .56351 | .55627 | .55048 | .54583 | .54196 | .53591 | .53138 
95 .67646 | .64711 | .62870 | .61596 | .60659 | .59940 | .59370 | .58906 | .58522 | .57921 | .57471 
100 -71646 | .68790 | .66995 | .65753 | .64839 | .64137 | .63580 | .63127 | .62751 | .62163 | .61725 
105 .75376 | .72648 | .70929 | .69737 | .68860 | .68186 | .67650 | .67216 | .66854 | .66288 | .65867 
110 .78826 | .76268 | .74650 | .73526 | .72698 | .72062 | .71555 | .71144 | .70804 | .70269 | .69869 
115 81987 | .79634 | .78140 | .77100 | .76332 | .75741 | .75272 | .74890 | .74573 | .74077 | .73706 
120 84862 | .82739 | .81386 | .80442 | .79744 | .79196 | .78778 | .78431 | .78142 | .77689 | .77343 
125 87455 | .85580 | .84319 | .83539 | .82917 | .82438 | .82057 | .81746 [> .81487 | .81083 | .80781 
130 89766 | .88152 | .87112 | .86381 | .85842 | .85424 | .85091 | .84820 | .84595 | .84242 | .83977 
135 -91814 | .90460 | .89581 | .88964 | .88506 | .88151 | .87868 | .87637 | .87446 | .87145 | 86921 
140 -93608 | .92504 | .91786 | .91279 | .90902 | .90610 | .90377 | .90186 | .90029 | .89781 | .89595 
145 95158 | .94292 | .93725 | .93323 | .93025 | .92796 | .92608 | .92457 | .92332 | .92135 | .91987 
150 -96476 | .95827 | .95399 | .95097 | .94870 | .94695 | .94554 | .94440 | .94345 | .94196 -94083 
155 -97574 | .97114 | .96782 | .96596 | .96430 | .96310 | .96210 | .96128 | .96061 | .95954 .95875 
160 98457 | .98160 | .97963 | .97822 | .97717 | .97636 | .97570 | .97517 | .97469 | .97403 97350 
165 -99137 | .98968 | .98855 | .98776 | .98715 | .98669 | .98632 | .98601 | .98576 | .98536 ; 98505 
170 99618 | .99542 | .99492 | .99457 | .99429 | .99408 | .99391 | .99377 | .99366.] .99348 99335 
99905 | .99885 | .99873 | .99864 | .99858 | .99852 | .99847 | .99844 | .9984] : 99836 “99833 
1.00000 {1.00000 |1.00000 |1.00000 | 1.00000 |1.00000 |1.00000 {1.00000 |1.00000 |1.00000 1 “00000 
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1. ENERGY OF FLY-WHEELS 


FLUCTUATIONS OF ENERGY.—The function of a fly-wheel is to store up and to 
restore the periodic fluctuations of energy given to or taken from an engine or machine, 
and thus to keep approximately constant the velocity of rotation. The quantity AH/2E) 
is the coefficient of the fluctuation of speed or of unsteadiness, where Ey = mean actual 
energy, and A# = excess of energy received or of work performed, above the mean, during 
agiveninterval. The ratio of the periodical excess or deficiency of energy AE to the whole 
energy exerted in one period ranges in single-cylinder engines worked expansively, from 
1/g to 1/4; the shorter the cut-off the higher the value. For a pair of engines with cranks 
at 90 deg. the value of the ratio is about 1/4 its value for single-cylinder engines; for three 
engines with cranks at 120 deg., 1/12 its value for single-cylinder engines. For tools work- 
ing at intervals, such as punching, slotting, shearing, and forging machines, AZ is nearly 
equal to the whole work performed at each operation. A fly-wheel reduces the coefficient 
AE/2E, to a fixed amount, which is about 1/39 for ordinary machinery, and 1/59 or 1/¢0 for 
machinery for fine purposes. 

If b = reciprocal of the intended value of the coefficient of fluctuation of speed, AE = 
fluctuation of energy, J = moment of inertia of the fly-wheel alone, ap = its mean angular 
velocity, and g = acceleration due to gravity = 32.2, 

Tele NE aoe eee, Loe eee es [1 | 

As the rim of a fly-wheel usually is heavy in comparison to the arms, J may be taken as 
equal to W r?, where W = weight of rim, lb. and r = radius of wheel. Then 

Te SON AS SON OS ES Se 

where v = velocity of the rim, ft. pet sec. The usual mean radius of the fly-wheel in steam 


engines is from 3 to 5 times the length of the crank. Ordinary values of the product b g, 
the unit of time being 1 second, lie between 1000 and 2000. Values of 6 are given in 


Table 1. 
Table 1.—Values of Coefficient of Steadiness, b, for Fly-wheels 


Engines Operating b Authority 
Crushing MAChINEEV eh we meet IME MeT cla cliente 2 lsh elardinceis ge eye's 5 Mayer 
Electrical cis BASS OS Cid SBOE SCARE IE Cee) Cm ieee Roe 300 Unwin 
id Me GUC CHGNLVOEME ye pte Pra ciale sialers!> << vysrePaieS esis ees’ 150 4 
Hingines with pelt, traSNiBslOWseeverelelele= vole cle ¢ vs are aidhe co e-wie cies cle « 35 Mayer 
Dieu otal iayerat ye Sri Eo yA CAUCE Cone COCO CORO DOOD EO noite 50 me, 
Gear wheel transInisslOnc waisiteels isiecistleccs ce cose case nes neeees 50 he 
PAMiMeNin SAIN AC HIE Ye ep yieteioels ehetelstarerehovels alelclelere oie «ie wie 9 oicks. ais 'aie 5 a 
WiclinientOOusiy < eit aeeitetes eralatoheralinestavotel stetetclel cterele: © cuejele oelelersiele e's. 35 Unwin 
Paper-Making MACHINETY ssc sali eele vie eies sesiseeeeviesie eens ceces 40 Mayer 
PPGpin gach NEN yi. ci = alcliwieleieislacs'e se aia cleisin wie sleet cies e eeiva ee 20- 30 . 
Shearine mipehinerys. relies - cise see cle cic e ciclcclsiclereien.g siviticnsls ciel sieeie's 20-— 30 
BplnMMp MACHINEHY 7. avateteleslotaielale ala olaleiolale ls oe) oo athe oie seus sates 50-100 Mayer; Unwin 
40 Unwin 
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ENERGY OF FLY-WHEELS IN INTERMITTENT WORK.—The method developed 
by O. 8S. Beyer (Am. Mach., Oct. 17, 24, 1912) assumes that the weight of the rim of the 
fly-wheel is 68.6% and that of the hub and arm, 31.4% of the total weight of the wheel. 
These percentages were found to be practically constant in a large number of fly-wheels 
examined. Table 2 gives the. velocity, ft. per sec., at 1 r.p.m. of the center of gyration 
and of the rim, for the cross-sections of rim shown in Fig. 1, with different diameters of 
fly-wheels. The velocity factor in the table multiplied by the r.p.m. of the wheel gives the 
actual velocity. Energy of the wheel then can be determined from the formula 


a elio( Wao uli. cf ale eet. [3] 
where EH = energy, ft.-lb., W = weight, lb., v1 = velocity of radius of gyration, ft. per 
sec. Energy also can be determined from Fig. 2 when the value on the energy scale corre- 
sponding to the given velocity is multiplied by the total weight in pounds of the fly-wheel. 
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Fia. 1. Fly-wheel Rim Cross-sections 


Table 2.—Velocity of Center of Gyration of Fly-wheel Rim Sections 


Outer r ee : Velocity 
Diener Type of Rim Cross-section. See Fig. | of ie 
of a0 pacha escent) sab ubmeipadsoed oeP oe ss 
ePor ea eS S SPan y S S  eaernnrn eerore 

ered Velocity, ft. per sec., at 1 r.p.m. ft. per sec. 
12 0.0406 | 0.0411 0.0417 | 0.0423 0.0428 0.0434 0.0440 0.0524 
18 . 0609 .0617 . 0625 . 0634 . 0642 .0651 . 0660 .0785 
24 .0812 0822 0834 . 0845 0857 . 0868 . 0880 . 1047 
30 . 1014 . 1028 . 1042 . 1056 . 1071 . 1085 .1100 . 1309 
36 .1217 . 1233 . 1250 . 1268 . 1285 . 1302 . 1319 . 1571 
42 . 1420 . 1439 . 1459 . 1479 . 1499 S1STg . 1539 . 1833 
48 . 1623 . 1644 . 1667 . 1690 .1713 . 1736 BLY5S9 . 2094 
54 , 1826 . 1850 . 1876 . 1901 .1927 . 1953 .1979 . 2356 
60 . 2029 . 2055 . 2084 .2113 .2141 .2170 .2199 2618 
66 . 2232 . 2261 .2292 . 2334 . 2356 , 2387 -2419 , 2880 
72 . 2435 . 2466 . 2501 PARE! . 2570 . 2604 . 2639 .3142 
78 . 2638 . 2672 . 2709 .2747 . 2784 . 2821 . 2859 . 3403 
84 . 2841 . 2877 ,2917 . 2958 . 2998 . 3038 . 3079 . 3665 
90 . 3043 . 3083 .3126 .3169 3212 . 3255 . 3299 .3927 
96 . 3246 . 3288 . 3334 . 3380 - 3426 . 3473 .3519 .4189 
102 . 3449 . 3494 . 3543 .3592 . 3641 . 3690 23739 -4451 
108 . 3652 . 3699 .3751 . 3803 - 3855 . 3907 - 3958 4712 
114 3855 .3905 -3959 -4014 - 4069 .4124 -4178 -4974 
120 . 4058 .4110 . 4168 .4225 . 4283 . 4341 - 4398 .5236 


Fig. 3 gives relation between loss of velocity in a fly-wheel and energy expended. Fig. 4 
shows the relation of total and expended energy to loss of velocity. By means of Table 2 
and these three curves practically all problems relating to fly-wheels on intermittent work 
may be solved. 


Exampite 1,—Find the energy in a cast-iron fly-wheel 60 in. outside diameter with arim6 X 6in. 
of cross-section a, Fig. 1, running at 100 r.p.m. Solution—Taking weight of cast iron as 0.26 lb. 
per cu. in., weight of the rim, representing 68% of total weight of wheel, is 


(60 — 6) X 3.1416 X 6 X 6 X 0.26 = 1588 Ib. 


The wheel complete weighs 1588/0.686 = 2315lb. From Table 2 the velocity of radius of gyration 
for a 60-in. wheel is 0.2029 ft. per sec. at 1 r.p.m., or 20.29 ft. per sec. at 100 r.p.m. The energy in 
the wheel is 


E = 1/2 (Wv12/g) = We {(2315 X 20.297) /32.2} = 14,800 ft.-lb. 
90 The same result may be obtained by finding in Fig. 2 


FED an the energy corresponding to 20.29 ft. per sec. to be 6.40 
a0 si ft.-lb., whence 2315 X 6.40 = 14,816 ft.-lb. 
: tL ExampLE 2.—What energy will be expended by the 
wheel in Example 1 if the velocity is reduced to 85 T.p.m.? 
Solution.—Reduction in velocity is (100-85) = 15 r.p.m. 
= 15%. Below the point on the curve corresponding to 
al a diminution of velocity of 15% read the percentage of 
1 energy expended as 28. The total energy in the wheel at 
: 100 r.p.m. being 14,800 ft.-lb., the energy expended by 
on reducing the speed to 85 r.p.m. will be 14,800 X 0.28 = 
a 4144 ft-lb. 


a 
So 
| 


> 
co 


Energy, Foot-Pounds 
& 3S 
t 


oe 
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Fig. 4 gives information as to the energy that 
may be expended when the diminution of velocity 
is to be kept within certain limits, and also the 
diminution of velocity that will occur when the 
energy expenditure is limited to a certain percentage 
of the total energy. 


8 
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0 10 20 80 40 60 60 1076 E 3—Wh eae 
Velocity, Feet per Second XAMPLE 3.—What energy must be contained in a 
; , fly-wheel that must deliver up to 500 ft.-Ib. during each 
Fia, 2, Relation of Energy and Velocity cycle with a diminution of speed not to exceed 8%? 
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Solution.—Below the point on the curve, Fig. 4, corresponding to the ratio »1/v3 = 100/8, read on 
the scale of energy ratio E;/Hg the quantity 6.5. This is the ratio of total energy of the wheel to 
expended energy. Hence, the total energy in the wheel will be 6.5 X 500 = 8250 ft.-lb. 

EXxampLe 4.—Required the normal velocity of a fly-wheel that is to expend a maximum of 
331/3% of its total energy, with a minimum speed of 65 r.p.m. Then v; = normal velocity, 
vo.= minimum velocity = 65 r.p.m., and » is the loss of velocity = (v1 — vg). EH, = energy in the 
wheel at velocity vj, and Ho = energy expended. Then £;/H: = 100/331/3 = 3. Solution.— 
Opposite the point on the curve, Fig, 4, corresponding to H)/E2 = 3 find 100/18 on scale of v;/13. 
Then v1/vg = 100/18, and vg = 0.18 v4. 03 = (v1 — v2) = (v1 — 65), whence 0.18 vy = (vy — 65), 
and vy = 79.2 r.p.m. 

STRESSES IN FLY-WHEELS.—Let W = weight of rim, lb. D = diameter of 
wheel, ft. R = mean radius of rim, ft. N =rev. per min. V = velocity of rim, ft. 
per min. »v = velocity of rim, ft. per sec. = 2aRN/60. g = acceleration due to 
gravity = 32.2. Then centrifugal force of whole rim is 

F = Wv?/gR = 4 Wx? RN?2/3600 g = 0.000341 WRN?. . . . [4] 

The resultant of half the centrifugal force acting at right angles to a diameter tends to 
disrupt one-half of the wheel from the other half. It is resisted by the section of the rim 
at each end of the diameter. The ratio of the resultant of half the radial forces, taken at 
right angles to the diameter, to the sum of the radial forces is 1/(1/27) = 2/7. Hence 
the force tending to rupture the fly-wheel is 

F, = (F/2) X (2/m) = (0.000341 WRN?2/2) X (2/m) = 0.00010854 WRN? . [5] 

Since the force is resisted by the section at each end of the diameter the stress S at any 

cross-section of the rim is 1/2 of this, and S = 0.000 054 27 W R N*. The weight W; of a 

rim of cast iron of 1 sq. in. cross-section is 27 R X 3.125 = 19,635 RF lb., whence stress, 
lb. per sq. in. of cross-sectional area of rim, is 

% S, = 0.001 065 6 R? N? = 0.000 2664 D?N2=0.000027V2 . . . . [6] 


For wrought iron 


S; = 0.001136 6 R? N? = 0.000 284 2 D? N? = 0.000 028 8 y2 
For steel, 

S, = 0.001159 3 R? N?2 = 0.000 2901 D? N? = 0.000 029 4 y2 
For wood, 

S; = 0.000 088 8 R? N? = 0.000 022 2 D? N? = 0. 000 002 25 V? 


The specific gravity of wood is taken as 0.6 = 37.5 lb. per cu. ft. or 1/12 the weight of 


cast iron. 
2. WEIGHT OF FLY-WHEELS 


WEIGHT OF FLY-WHEELS FOR ENGINES.—The weight of a fly-wheel for a given 
engine can be determined by means of equation [2]. The determination of AEH, however, 
involves a tedious graphical analysis of the performance of the engine from the probable 
indicator card in order to ascertain the excess or deficiency of energy at various points of 
the stroke. Various empirical equations of the form W = C X Hp./N? D® have been 
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devised to determine the weight without this analysis. Several of these are given in 
Table 3. In the application of the equations, the weight of the hub and arms should be 
subtracted from the total weight of the wheel. While in large wheels the weight of these 
parts may amount to from 30 to 35% of the total weight, their fly-wheel effect is only 
7 to 10% of that of the rim. ; 

FLY-WHEELS FOR PRESSES, PUNCHES, SHEARS, ETC.—The function of the 
fly-wheel on punching and similar machinery, in which action is intermittent, is to store up 
energy during the portion of the stroke when no work is being done and to deliver it during 
the period of actual working. The delivery of energy is accompanied by a reduction in 
the velocity of the fly-wheel. 

Notation. E£ = total energy in the wheel at maximum velocity, ft.-lb. HE, = energy 
delivered by the wheel during speed reduction, ft.-lb. 11 = initial velocity of center of 


Table 3.—Equations for Weight of Fly-wheels 


Notation —W = weight of fly-wheel rim, lb. A = area of cylinders, sq. in. s = length of 
stroke, in. S = length of stroke, ft. p = mean steam pressure, lb. persq.in: K = variation of 
speed, percent of mean speed. D = diameter of fly-wheel, ft. N = rev. per min. I.Hp. = indi- 
cated horsepower of engine. d = diam. of engine cylinder, in. j= a coefficient, values given in 
Table 3. b = coefficient of steadiness, values given in Table 1. C = constant. V = mean 
velocity of fly-wheel rim, ft. per sec. 


Equation 


Authority W= Value of C Reference No 
Rankine CASp 475,000 | K = 11/9 to 2% for good governing; Rankine, Useful 
K = 3% in portable engines, ordinary load; Rules and Tables. 
K = 4% in portable engines, heavy load; Hartnell (Proc. Inst. 7] 
K = 21/2 to 3% for fixed engines for ordinary} M. E., 1882) 
purposes. 
Thurston CASp 250,600 | Corresponds to Rankine’s formulas with K = 
D2N2 1.9. For automatic valve-gear engines. 18] 
Thurston CAS 10,000,000 | For ordinary non-condensing engines with 
D2N2 to ratio of expansion of from 3 to 5. [9] 
15,000,000 
Rites C X LHp. | 10,000,000 Trans. A.S.M.E., 
N3D2 to xiv, p. 100 [10] 
20,000,000 ‘ 
Stanwood Cds 350,000*| For engines in which 480 ft. per min. is the | Engg., June 12, 1891 
D2N2 700,000+| lowest probable piston speed. 
1,000,000t/ n = r.p.m. corresponding to 480 ft. piston 1] 
speed. 
Theiss jo X I.Hp. Values of j are given in Table 4. Am. Mach., Sept. 7 
Ty Values of b are given in Table 1. and 14, 1893 [2] 


* For slide-valve engines, ordinary duty. 
t Slide-valve engines for electric lighting and Corliss engines. 
} For automatic high-speed engines and for Corliss engines. 


Table 4.—Values of j for Use in the Theiss Formula for Weight of Fly-wheel 


; Single-Cylinder Engines 2-Cylinder Enginest | 3-Cyl. Enginest 
3 3 Non-Condensing Condensing Cranks at 90 d eens 
OER eS. 120 deg. 
g e 8 Piston Speed, ft. per min. 
6/5 ~| 200 400 600 800 200 400 200 400 | 800 | 200 800 
p | 272,690 | 240,810 | 194,670 | 158,200 | 234,160 | 174,380 | 71,980 | 70,160 | 70.040 133.81 
1/6| 0.7p| 241,530 | 209,890 | 165,450 | 132,020] 206,030 | 151680].......|... TO: he) bs : ee n ee 
__|_0 | 218,580 | 187,430 | 145,400 | 108,690 |_ 173,660 | 118,350 | 60,140*| 60,140*| 60,140*] 32,240 | 31,570. 
p | 242,010 | 208,200 | 168,590 | 162,070 | 204,210 | 164,720 | 59,420 | 57,000 | 60.140 
1/4] 0.7p| 220,280 | 188,880 | 151.440 185,250 | 148,780|.......|... Ace cde pees rade 
__|_0- | 209,170 | 179,460 | 136,460 167,140 | 133,080 | 54,340*] 54,340*| 54,340* 35,500 | 33,810 
p | 220,760 | 188,510 | 165,210 |......... 189,600 | 174,630 | 49,272 | 49,150 76, 
1/3| 0.7p| 207,230 | 176,080 | 150,710 |......... 173.900 | 164970 || eae] eae 
__ {0 | 201,920 | 170,040 | 146,610]... 161,830 | 151,680 | 50,000*| 50,000")... 33,450 | 32,850 
p' || 193,340’ 174.6301] Severe sag|h ceeeelint 72600 | eae 37,920 | 35 re 
1/9|0.7p|_ 187,670 | 167,860 |.........|.........) 165,930 |........|... cs > ha pr ewe 
O- | 182.840 | f67.960o.2 2.) eee O00 Pac eae 36,950*| 36,950 |... 32,370 | 32,370. 


ae Nore.—p denotes compression to initial steam pressure; 0.7p denotes compression to 0.7 X 
initial steam pressure; 0 denotes no compression. : 


* Mean values. + Values useful for comparison; fly-wh i i 
probably would be so light as to be tribe alley Weak sft iaaa ls vockcreag fe som TIE 
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gravity of fly-wheel rim, ft. per sec. v2 = velocity of center of gravity of fly-wheel rim 
at end of period during which energy is delivered. Hp. = horsepower required. N = 
strokes of press or shear per min. J’ = time required for stroke, sec. = time required 
for actual cutting‘of metal per stroke, sec. W = weight of fly-wheel rim, lb. d = diam- 
eter of rim at center of gravity. HR = r.p.m. of fly-wheel at initial velocity. @ = width 

- of fly-wheel rim, in. h = depth of fly-wheelrim, in. y = ratio of depth to width of rim. 
a acceleration due to gravity = 32.2. c, and c; = constants whose values are as 
ollows: k 


Percent speed 


reduction = 2 1/9 5 7 1/9 10 15 20 
c = 0.00000213 .00000426 .00000617 .00000810 .00001180 .00001535 
c= 0.1250 -0625 -0432 .0328 .0225 .0173 
B= Wir i2g =iW 012 /644cet es Abe oe. 2. [18] 
By = WwW (v1? = v2) /64.4 . . . . . . . . . [14] 
Te CH eX 64.4) /(or — tse es eae 15] 


te Te CANT A ENS  igecrcre ae Te [16] 
‘ A simplified method of calculating fly-wheels for punches and shears is given in Ma- 
chinery’s Handbook, page 316. Using the above notation, 


Hp. = FN/33,000'=,#/ (1 X.550) - S.C 7] 

eet et (CT) ee ee EA Oe 

Lica 2 ae ee Eee hake ene (10 

ia Loo W 1S Da et mei ie, opti [a0] 

LC) See MEARE eee fe eg ne ke (| 

For cast-iron fly-wheels with maximum stresses of 1000 lb. per sq. in., W = ci Fi; 


R = 1940/D. 

Wilfred Lewis shows (Trans. A.S.M.E., vii, p. 549, 1886) that in belt-driven machines 
the belt will run off the pulley when slip exceeds 20% of the belt speed. This is the limiting 
low velocity, vz, and for belt-driven punches and shears gives a limiting condition of 

W = 180 (B/2°) MET Ecol eMC has 

FLY-WHEELS FOR AIR COMPRESSORS.—H. R. Goss and H. V. Putnam in Trans. 
A.S.M.E. APM-51-12, 1929, present an analysis of the determination of fly-wheels for air 
compressors. The paper is highly mathematical and presents curves from which the 
energy of the fly-wheel can be determined. Lack of space precludes presentation of the 
curves and formulas and the reader is referred to the original reference. 


[22 


3. SAFE SPEEDS OF FLY-WHEELS 


_-* DIAMETERS OF FLY-WHEELS FOR VARIOUS SPEEDS.—If 6000 ft. per minute 
be the maximum rim velocity allowable, then 6000 = RD, where & = rev. per min. 
and D = diameter of wheel, ft., whence D = 6000 + rR = 1910 + R. 

W. H. Boehm (Eng. News, Oct. 2, 1902), says: For a given material there is a definite 
speed at which rupture will occur, regardless of the amount of material used. This is 


expressed by 
VA IUGENAS TW Sane bat ates s btees a e Leal 


~ where V = rim velocity of wheel, ft. per sec. at which rupture will occur; W = weight 
of 1 cu. in. of the material used; S = tensile strength of 1 sq. in. of the material. 

For cast-iron wheels made in one piece, assuming 10,000 lb. per sq. in. as the strength 
of large castings, and applying a factor of safety of 10, V = 1.6 V1000/0.26 = 100 ft. per 
sec. for the safe speed. For cast steel of 60,000 lb. per sq. in., V = 1.6 6000 + 0.28 = 
233 ft. per sec. This is for wheels made in one piece. If the wheel is made in halves, or 
sections, the efficiency of the rim joint must be taken into consideration. For belt wheels 
with flanged and bolted rim joints located between the arms, the joints average only one- 
fifth the strength of the rim, and no such joint can be designed having a strength greater 
than one-fourth the strength of therim. If the rim is thick enough to allow the joint to be 
reinforced by steel links shrunk on, as in heavy balance wheels, one-third the strength of 
the rim may be obtained in the joint. This construction cannot be applied to belt wheels 
with thin rims. ‘ 

Table 5 is given by Mr. Boehm (Am. Mach., Nov. 17, 1904) as the safe revolutions per 
minute of cast-iron wheels of different diameters. If s = strength of a wheel with no 
joint, the strength of the various types of joint is: Flange joint, 0.258; pad joint, 0.508; 
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Wheel in halves, 6 arms, Wheel in halves, 6 arms, 
flange joint reinforced joint 


Ss 


° 
=) 
S_oNo 


fe 
O} 
0" (-) HI 

Wheel in 8 segments, Rim in halves 6 arms, Solid Rim, 
link joint pad joint Separate 6-arm spider 24 tangent spokes 


Fie. 5. Types of Fly-wheel Joints 


link joint, 0.60s. The construction of these various types of joint is shown in Fig. 5. 
The table is based on a margin of safety on speed of approximately 3, which is equivalent to 
a margin on stress developed, or factor of safety in the usual sense of 9. The table assumes 
the solid wheel to have an efficiency of construction e of unity, whereas Prof. Benjamin’s 
tests (see below) give it an efficiency of only 0.85. The table probably overestimates the 
strength of the wheels. 

Wooden Wheels.—For hard maple, having a tensile strength of 10,500 Ib. per sq. in., 
and weighing 0.0283 lb. per cu. in., we have, using a factor of safety of 20, and remembering 
that the strength is reduced one-half because the wheel is built up of segments, V = 
1.6 V 262.5 + 0.0283 = 154 ft. per sec. The stress in a wheel varies as the square of the 
speed, and the factor of safety on speed is the square root of the factor of safety on strength. 

DESTRUCTIVE SPEEDS OF FLY-WHEELS.—Various types of fly-wheel construc- 
tion (see Fig. 5) were tested to destruction by Prof. C. H. Benjamin (Trans. A.S.M.E., 
xx, p. 209, 1899, xxiii, p. 168, 1902), by revolving them in a bomb-proof casing. The 
speed was increased gradually until the wheel burst. The averages of the results of the 
experiments are given in Table 6. From two to four wheels of each type were tested, 
except Type 5, of which only one wheel was tested. 


Table 5.—Safe Revolutions per Minute of Cast-iron Fly-wheels 
Type of Joint. (See Fig. 5) Type of Joint. (See Fig. 5) 
Solid Solid Flange Pad Link 


120 60 84 92 
2 112 56 79 87 
3 106 53 75 82 
4 100 50 71 78 
5 95 48 68 74 
6 91 46 65 70 
7 87 44 62 67 
8 84 42 59 64 
9 80 40 56 62 
10 76 38 54 59 
11 74 37 52 57 
12 71 35 50 55 
13 68 34 48 53 


66 33 47 51 


32 45 


‘Type of wheel (s6e Big 5) ccc. wc. ws wuss 
Rim Speed he Per" BeGerceai oss ssn omens 

at Pallure (it. “per minty ce oo... 
Apparent rim stress at failure, lb. per sq. in. 
Comparative rim speeds at failure 
Comparative rim stress at failure 
Efficiency of construction (e)* 


256 223 393 424 
23,700] 11,640) 13,500) 18,300] 15,360] 13,380] 23,580] 25,440 


* By equation [24]. See p. 11-21. 
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4. DIMENSIONS AND CONSTRUCTION OF FLY-WHEELS 


THICKNESS OF RIM.—F. A. Halsey (Handbook for Machine Designers) gives the 
following equations for rim velocity at which bursting of the fly-wheel may be expected. 
- Letv = bursting velocity of rim, ft. per sec.; £ = tensile strength of material, lb. per 8q.in.; 

w = weight of material, lb. per cu. in.; e = efficiency of construction, values being given 
in Table 6. 
Then v= 1.64V (te/w) . 
For cast iron with w = 0.26 and ¢ = 19,000, » = 443 Ve. 


For steel, with w = 0.28 and ¢ = 60,000, » = 757 Ve. 


These equations should be used with caution in designing fly-wheels, as stresses exist 
in the rim other than simple tension due to centrifugal force. The arms restrain the free 
expansion of the rim, with the result that the free section of the rim between arms acts as a 
uniformly-loaded beam, the load being due to the ’centrifugal force of the material in the 
section. The stress due to this action is to be added to the simple tension stress, and 
the resulting stress is always greater than that given by the equations. This beam action 
is exceptionally serious in built-up wheels with joints between the arms, the joint being 
equivalent to a joint in the middle of a beam and not to a simple splice in a tension member. 
The beam action may be reduced by increasing the number of arms, and the fiber stress due 
to beam action, other things being equal, is inversely as the square of the number of arms. 

An equation for the thickness of rim based on the number of arms is given by J. B. 
Standwood in Trans. A.S.M.E., xiv, p. 251, 18938. Let T = thickness of rim, in.; d = 
wheel diameter, in.; A = number of arms; » = rim velocity, ft. per sec.; F = greatest 
stress, lb. per sq. in. to which any fiber is subjected. Then 


3. Ges oueemlPe 


eta AD Yay A 4 a) — Olea rae fa sade) weed eS} 

Tf F is taken as 6000 lb. per sq. in. the following values of T are found for solid rim wheels: 
Diameter of wheel, in............ 24 24 48 108 108 
Rim velocity, ft. per sec.......... 50 88 88 184 184 

iy ay ft. Der MiB... ss 3,000 5,280 5,280 11,040 11,040 
ING. GLBTIMAAS Sek i tieetels alee ss Pa!) 6 6 16 36 
Thickness of rim, in............. 2/10 15/39 15/16 2 1/ 1/9 


If the limiting velocity be assumed at 88 ft. per sec. (1 mile per min.), with F = 6000, 
equation [25] becomes 

T = 0.475 d/0.67 A2?=O0.7d/A2. . . . . . . [26] 
If the wheels are made in halves or sections, the bending strain must be taken into account 
and T will be greater than given above. For a joint half-way between the arms, equation 
[25] becomes : 
= Ta—- Oneal iNen (iu Py — Oskte, <, 25 ¢ » Ahi tir mele to ALS 

With a maximum rim velocity of 88 ft. per sec., and F = 6000 T = 1.05 d/A®. 

ARMS OF FLY-WHEELS AND PULLEYS.—Equations for the arms of wheels cast in 
one piece can be at best only approximations, as the shrinkage stresses introduce an 
uncertain factor. 

Prof. Torrey (Am. Mach., July 30, 1891) gives for arms of elliptical cross-section 

Fe BO 02 et oo ee 8 128) 
where b = breadth (minor axis of ellipse) of arm at hub, in.; L = length of arm, ft.; 
W = load acting on one arm, lb., and d = depth of arm at hub, in. (major axis of ellipse). 
The value of W is given by W = Sw/n, where S = stress on belt, lb. per in. of width; 
w = width of belt, in., and n = number of arms. The formula is based on a factor of 
safety of 10. In using it, a value is assumed for d and the value of 6 calculated. If the 
resulting cross-section is too round, a larger value of d is taken and b is recalculated. More 
than two trials are seldom necessary. 


Unwin gives: Da Gie7./ BDylator witicle belts, w 11 iets 2 [29] 
d = 0.798 */BD/n for double belts, . ~. . - - « [80] 


where D = diam. of wheel, in. and B = breadth of the rim, in., other notation as before. 
These formulas are based on an elliptical section of arm in which b = 0.4 d or d= 2.5 b, 
on a width of belt = 4/5 the width of the wheel rim, a maximum driving force transmitted 
- by the belt of 56 lb. per inch of width for a single belt and 112 lb. for a double belt, and a 
safe working stress of cast iron of 2250 lb. per square inch. ‘ 
Using in Torrey’s formula, the same value of d as found by Unwin’s formula for a given 
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set of conditions, the valiie of b is approximately only one-half that given by Unwin; that 
is, the arm is but one-half as strong. ; 
F. A. Halsey (Am. Mach., April 23, 1896) gives 


x = 7/gin. + 0.04d+0.153¢,andy=lo7,. . . . .« [81] 
where « = depth of arm and y = breadth of arm, d = outside diameter of rim, c = 


Va Xb, a and b being the thickness and width of rim, respectively; b = 2/3 a. All 
dimensions are ininches. Halsey recommends a rectangular cross-section with its greatest 
dimension radial. The formulas provide for other sections by considering all sections of 
the same area as equivalents and taking the side of a square of equal area as the base of the 
factor for the section. 

The arms should taper both in breadth and depth from the hub to the rim. Halsey 
recommends a taper on each side of the center line of 1/g to 3/15 in. per ft. in breadth and 
1/4 to 3/g in. per ft. in depth, depending on the size of the hub. Torrey gives a thickness 
at the rim of 2/3 the breadth and depth at the hub. The Halsey and Unwin formulas for 
size of arms give results which agree well with ordinary practice. 

A simple rule for the proportions of arms is given in Machinery’s Handbook which makes 
the width of the arm at the hub equal to 1.3 X shaft diameter for a wheel with six arms, 
and 1.2 X shaft diameter for a wheel with eight arms. The minimum cross-section at 
the rim is two-thirds the area at the hub. The strength of the arms should be at least 
three-quarters of the strength of the shaft in torsion. 

Hollow Arms.—Hollow arms may be desirable in large fly-wheels. The design proce- 
dure is first to design the wheel with solid arms and then determine the equivalent cored 
section. Assume an arm of elliptical cross-section in which the major axis is 2 B and the 
minor axis is B; the major axis of the cored section is 2 b and the minor axisis b. Lett 
be the thickness of the equivalent solid elliptical arm at the hub, and 2¢ be its width at © 
the hub. Then by equating the moduli of resistance for solid and hollow elliptical sec- 
tions, the relation is established 

=, (BE —69/B)) 0 3 a ee 


from which the dimensions of the arm and core can be calculated. A core box for an 
elliptical cross-section is difficult to make and is expensive. A core whose cross-section is 
a polygon of six sides closely approximating the outline of the ellipse will be equally satis- 
factory and will add but little to the weight of the arm. The cross-section of such a core 
can be determined by drawing lines at an angle of 60 deg. to the major axis of the core 
ellipse, at its extremities, to intersect the circumference of the ellipse. The points of 
intersection then are joined to the extremities of the minor axis to complete the polygon. 

CONSTRUCTIONAL DETAILS.—The solid rim wheel, as shown by Prof. Benjamin’s 
tests (see p. 11-20), is structurally the strongest. For fly-wheels built in sections, the com- 
mon type of joint between the arms, 7.e., flanges, at the end of the joints with through bolts 
joining the flanges, is probably the worst construction that could be devised. (See 
Stresses in Fly-Wheels, p. 11-17.) Joints with an efficiency of 100% or more, that is, 
connections which are stronger than the rim itself, are obtained by means of links shrunk 
over lugs on the rim or tees sunk into the recess of the rim. Fly-wheel joints having an 
efficiency of over 100% are described by John Fritz (Trans. A.S.M.E., xx, p. 237, 1899) 
and by H. V. Haight (Am. Mach., Feb. 28, 1907). The Haight construction is shown in 


" Fig. 6. The rim section carrying the section 
Seg 
a B 
cS ail: 
dene 


necessary for the links joining the parts of the 
wheel, is cut away around the entire circumference 
of the rim. The rim proper, therefore, is continu- 


Suction ous and is not weakened by the drilling of holes or 
ee otherwise cutting it away for the reception of 


fastening members. The net result is to give a 
rim of I-section which is better fitted to resist 
Section | Stresses than the ordinary shape of rim. Further- 


‘Jaue More, by having the joints come at the ends of the 
and Links arms, which are made double at the joints, as 
Fig. 6. Haight Fly-wheel Joint shown in Fig. 6, the rim is continuous between 


ter arms and the tendency to failure at the joint is 
minimized. Table 7 and Figs. 7-9 give the dimensions of shrink links and keyways 
for connections of this character. ; 

Various designs of fly-wheel have been made for different purposes. In one type of 
engine fly-wheel, the rim section is cast integral with the arms. The rim section is divided 
into two parts on a plane perpendicular to the axis of the wheel, each part having its own 
set of arms. The hub is cast separately and the two halves of the rim section and the hub 
are fastened together by through bolts through the rim and the hub. Another type, for 
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Table 7.—Dimensions of Shrink Links and Keyways 
(General Electric Company Practice) 
All dimensions in inches 


; q-——-B-—= leo] 
Gos (© ---B——- > E>} Yla le al 


- 1 


| Fie. 8 Forged Key ! 


' Fig. 7 Machined Key! 


Finished at f 
Machined Key, Fig. 7 Forged Key, Fig. 8 
A B Cc D E F G A B C D E F G 


31/32 M99) 22/9") Wiig Ve252" Wiig | 3/5 15/76] 4.995. 71/g] 17/g| 1.252] 31/39] 15/16 
115/39 | 5.994) 93/4 | 23/4] 1.878] 21/4 5/g 17/16 | 5.994] 98/4] 23/4] 1.878] 1 15/39] 1 3/g 


1 3l/g2 ) 7.992) 13 35/g| 2.504] 27/g | 15/y¢| 1 15/16] 7.992] 13 3.5/g | 2.504] 1 31/39] 1 18/16 
27/16 | 9.999) 161/4 | 41/2 | 3.130] 39/16 | 13/16 | 27/16 | 9.990] 16 1/4 | 4 1/2 | 3.130] 215/39] 2 1/4 
ode Eee ER pee Sis | ree a 27/g [9.875| 18 5 3/g| 4.062| 2 29/39] 211/46 


Keyway, Fig. 9 
H J K L M N 


1 5.000) 83/4 | 2 63/4 | I 
11/2 6.000} 11 5/16) 27/g | 8 7/y6| 1 7/16 
2 8.000} 14 7/g | 38/4] 11 1/g | 17/g 


21/2 |10.000| 18 1/ 
2 15/16 | 9.885] 20 1/4 


13 7/g | 25/16 
14 8/4 | 23/4 


Fic. 9 Keyway 
Finished at f 


a rim speed of 15,000 ft. per min., has been built with a rim formed of laminated plates. 
A cast-steel spider with 12 double arms had dovetail notches cut in its periphery. The 
laminated plates, cut in arcs of 30 deg., were machined on the inside circumference to fit 
the notches on the spider, and assembled with broken joints. Side cover plates, machined 
with a groove into which the edge of the spider rim fits, were then placed outside of the 
laminated plates, and the entire assembly bolted together with 10 turned and fitted through 
bolts in each pair of side plates. The wheel was 13 ft. outside diameter, 2 ft. 2 in. face, 
and weighed about 100,000 lb. : 

Band saw fly-wheels usually run at rim velocities of 10,000 ft. per min. and may at 
times run even higher. The Allis-Chalmers Co. uses a construction in which the rim is of 
V-section and the arms are arranged diagonally, passing from one side of the hub to the 
opposite side of the rim, alternate arms being staggered with respect to each other. Another 
construction, largely used in band saw wheels, uses spokes composed of steel bars, either 
round, or square and set diagonal to the plane of rotation of the wheel, which are cast 
into the wheel and hub. Two rows of spokes are used, alternate spokes extending from 
the central plane of the rim to the opposite sides of the hub, The rim is poured first, and 

‘after it has cooled the hub is poured. Shrinkage strains in the rim that might pull the 
hub out of line thus are avoided. 

For descriptions and illustrations of the construction details of a great variety of fly- 
wheels, including the above, for many different services, see Halsey’s Handbook for 
Machine Designers. 

WIRE-WOUND FLY-WHEELS have been used where very high rim speeds were 
necessary. Fly-wheels used at the Mannesmann Tube Works in Hungary, designed for 

~ a tangential velocity of over 250 ft. per sec., consisted of a cast-iron hub to which two 
steel discs, 20 ft. diameter, were bolted. Around the circumference of the wheel thus 
formed 70 tons of No. 5 wire were wound under a tension of 50 1b. In the Mannesmann 
Works at Landore, Wales, such a wheel makes 240 r.p.m. corresponding to a tangential 
velocity of 15,080 ft. or 2.85 miles per minute. 

A wire-wound fly-wheel designed by George Smith Morison of Melbourne, Victoria, 
Australia, was built for the mine of the Great Southern Consols Gold Mining Co. at 
Rutherglen, Victoria, in 1910. The wheel was the center unit of a direct-coupled motor- 
generator set supplying current to the two 100-Hp. motors of the mine hoisting plant. 
The fly-wheel comprised a cast-iron center hub, 2 ft. diam. by 10 in. face, to each cheek 
of which were bolted circular boiler steel plates 6 ft. 3 in. diam., and 3/4 in. thick. The 
plates further were bolted together about 14 in. inside of their periphery by a circular 
gallery of bolts over which were fitted 10 in. separator tubes. A ribbon of steel 10 in. 
wide, 1/1¢ in. thick was fitted over the bolts. On this steel flooring, 13 miles of No. 8 
gage steel wire was wound under a tension of 1201b. The wheel weighed about 5 3/4 tons, 
and it ran at a normal peripheral velocity of about 20,000 ft. per min. 
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ROTATING DISCS.—Fly-wheels in the form of a disc, or those in which the depth of 
the rim is so great as compared to the rim that they approximate a disc form, cannot be 
designed by the methods used for the conventional type of fly-wheel. The complete 
determination of the stresses requires an involved mathematical analysis, which is com- 
plicated by the lack of experimental data. Kimball and Barr (Elements of Machine 
Design) give the following equations for the radial and tangential stresses in a rapidly 
rotating plain disc: Let R, r = respectively, outer and inner radii of disc, in.; r1 = radius 
at any point, in.; S;, S, = respectively, tangential and radial stresses at any radius ri; 
w = weight of material, lb. per cu. in.; n = rev. per min.; A = Poisson’s ratio = 0.3 for 
steel = 0.25 for cast iron. C = a constant = 0.000003 55. Then for a solid disc, 

S:= Cuwn{(8+rR? —(+3dr)rn2}. . 1. . . . [83] 
S, = CO wh? {8 aan}. So. eee sd 
For a disc with a hole at the center, 
Si = Cwn{(3 +d) {R? + 7? + (R%/r)} — A+ 3dr]. . [85] 
S, = Cwn (3 +d) {R2 +72 = (Re /r)}] 2 2 www CeSCeC*88J 
By taking r so small that r? is a negligible value, it can be shown that the tangential stress 
at the surface of the bore is twice that obtained by putting r = 0 in equation [33]. This 
shows that even a small hole at the center of a rotating disc will greatly increase the tan- 
gential stress in the disc. 

Rotating discs in which the stresses are to be uniform at all points, as steam turbine 
discs, will be of varying cross-section and thicker at the hub than at the periphery. The 
design of such discs involves complicated mathematical analysis. For one method of 
analysis, as used for steam turbine discs, see Kent’s Mechanical Engineers’ Handbook 
—Power, p. 8-26, forming Vol. 2 of this series. 
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KEYS, COTTERS, PINS, TAPERS AND FITS 


KEYS 


: Keys are used to prevent relative movement of rotating members and the shafts or 
spindles on which they are mounted. They are of various forms, depending on the class 
of service in which they are to be used. 


1. SUNK KEYS 


The sunk key, #.e., a key which is fitted in a groove or keyseat in the shaft, and which 
projects into a keyway in the bore of the other member, is the key in most common use. 
Sunk keys are made in various forms, as square, flat, tapered, etc. Square and flat keys 
preferably should be fitted on all four sides. : 

A key fitting tight on top and bottom of the keyway drives partly by friction. If 
fitted only on the sides of the keyway it exerts a prying action on the hub and shaft, and 
is subjected to severe bending and shearing stresses. 

Taper keys (Fig. 4) are tapered on the upper surface only, 7.e., on the surface projecting 
into the hub. A corresponding taper is cut in the keyway in the hub. When the key is 
driven, hub and shaft are drawn together on the side opposite the key. A frictional resis- 

- tance thus is established which tends to prevent axial movement of the hub on the shaft. 

If the key is more tightly fitted at one end than at the other, or if the bore of the hub 
is tapering, the hub may be so drawn up that its axis is at an angle to the axis of the shaft. 
The Woodruff key (Fig. 5) adjusts itself to taper in the hub and thus avoids misalignment 
of shaft and hub. 

~PROPORTIONS OF KEYS.—A large number of formulas have been devised for the 
proportions of flat and square keys. The more important of them are the following, in 
which W = width of key; T = thickness of key; L = length of key; D = shaft diameter; 
all in inches. ¢ = taper, in. per ft. 

Machinery’s Handbook: W = 1/4D; T =1/,D; L =11/2D Aine ot ach [1] 

us a W = 3/3 D+ Iie; T=1/sD+ 1/16; L=0.3D?/T. [2] 

F. A. Halsey (D = up to 4 in.), 

W =1/4D; T= 5/gWto3/gW; L=15D;t='gp . . . [Bl 


Be (D = 4 to 6in.), 

W = 1/4 D — 1/3; T = 5/g W to 38/4W; LD=1.5D; t = 1g - [4] 
(D = over 6 in.), 

W =1/4D — 1/4; T = 5/g W to 3/4W; L=1.5D; t = 1/8 5 ksi 


W. C. Unwin (D over 6 in.), W = 1/4D + 1/s; T= 1/sD + 1/s (6) 
Formula [6] gives excessive dimensions for pulleys or shafts keyed fowertEe shafts and 
transmitting small amounts of power. For such cases take D = V100 Hp./N or 


D = V PR/630, where Hp. = horsepower transmitted by pulley, N = rev. per min., 
P = force acting at circumference, lb., R = radius of pulley, in. 

Carl G. Barth developed in 1922 a formula based on mathematical reasoning which 
gives a more consistent relation of the key to the size of the shaft than previous formulas, 
and which is recommended for general use. This formula (see Fig. 1 for notation) is 

t= 0.15 D (D+ 2)/D+ 1) af Pina) ae A epee Wal 
This is represented graphically in Fig. 1, which shows the size of key for each size of shaft. 
The upper and lower curves show the limiting size of shaft for each commercial size of key. 
Barth’s values are given in Table 7. 

Depth of Key Seats.—The depth of a flat or square key is equally divided between 
the shaft and the hub. The depth to which a milling cutter is sunk into the shaft in 
milling a keyway is equal to one-half the depth of the key plus the height of the are pro- 
jecting above the intersection of the side of the keyway with the circumference of the shaft. 
This height can be calculated from the formula 


Fee Se Ce) er ed (2! 
-where R = radius of shaft, H = height of arc and W = width of key. 
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FORMS OF KEYS.—Standard Stock Keys.—The American Standards Assoc. has 
established standard sizes for parallel and flat stock keys, taper, square and flat stock keys, 
and square and flat taper gib-head stock keys. See A.S.A. Standard B17.1-1934. Dimen- 
sions of these keys are given in Tables 1 to 4. 


SQUARE KEY Equation of Asymptote, y=0.15+0.15 D 
Zen 


SS 
~ 


A 
rit 


| ‘e 
geet ai Es 
a i i 
3 

D=0""4"%" fii’ 2” 4 

LARGE SCALE < 

DRAWING OF 7 

LOWER PORTION 


OF CURVE 


Thickness of Square Key, In, (t)_ 


Thickness of Square Key! In. (¢) 


0 1 2 3 4 5 6 7 8 § 0 H -B 2 MG 


i 7 
Diameter of Shaft, In. (D) 
Fia. 1. Graphic Representation of Barth Key Formula 


Table 1.—Dimensions of Plain Parallel Flat Stock Keys 


All dimensions in inches. See Fig. 2 


Bottom 
of Key- 
seat to 

Oppo- 

site Side 
of Shaft 
T 


005 
. 069 
132 
.259 
. 386 
.434 
.498 
-562 
815 
006 
.069 
.229 
.420 
- 483 
. 733 
927 
991 
. 150 
341 
405 


shafts 1/g to 13/4 in, inclusive; —0.0025 in. for 


UNUppPb DSH DHWWWWWWWWW 


* Tolerance on W and H = — 0.0020 in. for 
shafts 1 18/36 to 3 1/q in, inclusive; —0,0030 in. for shafts 3 3/g to 6 in, inclusive. 
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Table 2.—Dimensions of Plain Parallel Square Stock Keys 


All dimensions in inches. See Fig, 2 


: Bottom 

Width of Key= 

Shaft Thi ke seat to 

Diam- 1ck- | Oppo- 

eter) | Dee of site Side 

of Shaft 

w* sg 

og 37/8 j 3.309 
Ze 315/46) 1 3.373 
2, 4 1 3.437 
2: 41/4 i] 3.690 
ee 47/16 1 3.881 
whe 41/2 1 3.944 
2. 43/4 11/4 4.042 
oe 415/16) 11/4 | 4.232 
2s, 5 11/4 | 4.296 
ae 51/4 11/g | 4.550 
2. 57/16 | 11/4 | 4.740 
2. 51/2 11/4 4.803 
eM 5 3/4 11/2 4.900 
ey 5 15/16} 11/2 5.091 
8. 6 1 1/9 FSS: 

* Tolerance on W = — 0.0020 in. for shafts 1/2 to 13/4 in. inclusive; —0.0025 in. for shafts 


1 13/3g to 3 1/4 in. inclusive; 0.0030 in. for shafts 3 3/g to 6 in. inclusive. 


Fic. 2. Square and Flat Parallel Stock Key Fic. 3. Gib-head Taper Stock Key 


Table 3.—Dimensions of Square and Flat Gib-head Taper Stock Keys 
All dimensions in inches. See Fig. 3 


Square Type Flat Type 
Key Gib Head Key Gib Head SEIN 
Shaft ._ | Hei Height. _. | Height Height, 
Diameter |Maxi-| of | Bdge of| Maxi] at | Bdge of eOrane: 
(Inclusive) | MUI | J 5196 Height,| Length, Cham-| 2" | Large Height,| Length, Gham | Min. |Max.| 128 by 
Width End Ct D ier Width End Ct for Incre- 
W* w* Ht E ments of 
1/2 to9/16| 1/8 V4) 7/32 3/32 | 3/16] Vs | 1s 1/g| 2 1/4 
5/g to7/g | 3/16 1/g 1/4 3/16 | 5/32 | 3/4) 3 3/3 
15/16 toll/4| Va 3/16 | 5/16} 3/4 | 3/16 |I be 1/9 
15/76 tol 3/g) 5/16 1/4 3/8 5/16] 1/4 {1 1/4] 51/9} 5/gt 
17/16 tol3/4} 3/8 /4 7/16} 3/8 | 5/16 |l 1/2) 6 3/4 
1138/36 t02 1/4) 1/2 3/3 5/8 Ve | 7/16 |2 8 I 
25/16 to23/4| 5/8 7/16 | 3/4 5/g | I/2 |21/2}10 11/4 
27/g to31/4) 3/4 1/2 7/8 3/4 | 5/g [3 12 11/2 
33/g 0338/4! 7/8 5/g {11/16} 7/3 | 3/4 [3 1/o\14 1 3/4 
37/g to41/9\1 3/4 11/4 1 13/16 |4 16 2 
43/4 to51/o}1 1/4 7/g \V1/o | 11/4 | p20 Zaye 
53/4 to6 11/2 21g {13/4 1 11/2 ed tl el hd 


* Tolerance: —0.0020 on width, and +0.0020 on height for shafts 1/2 to 18/4 in. diam; — 0.0025 
on width and +0.0025 on height for shafts 113/jg to 31/4 in. diam.; —0.0030 on width and 
+0.0030 on height for shafts 3 3/g to 6 in. diam. _ ; 

ie height of the key is measured at the distance W, equal to the width of key, from the 
gib head. ; 
t Final increment 1 1/g in. 


The Woodruff Key is extensively used in machine tools, and in the automotive industry. 
The keyslot is cut in the shaft with a milling cutter, The hub is forced on the shaft over 
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Table 4.—Dimensions of Square and Flat Taper Stock Keys 
All dimensions in inches. See Fig. 4 


Square Type Flat Type Tolerance Stock Length, L 
i Advanc- 
bh , 
fereeter [Maximum] ot Trg On | Mini-|Maxi- | ing by 
Diameter Width at Large 3 ah Bs me 
i i 
(Inclusive) Ww a Beers) 
"ie toe| Ws | te | ae | Seo | —0.0020 “40.0020 1/9 VW/4 
Vo to 9/16 1/ 1/g .0020 0020 
Hf to 7/g 3/16 3/16 .0020 .0020} 3/4 °/s 
15/16 to 1 1/4 1/4 V4 .0020 0020 Va 
15/16 to 1 3/3 5/16 5/16 . 0020 ae 2 Pst 
17/16 to 13/4 3/3 3/8 .0020 .0020 5/4 
1 18/16 to 21/4 1/2 1/2 .0025 0025 , 
25/16 to 23/4 5/g 5/g -0025 0025 Ma 
27/g to31/4 3/4 3/4 0025 0025 11/9 
33/g to 33/4 7/8 7/8 0030 . 0030 13/4 
37/g to 41/2 1 1 d . 0030 .0030} 4 Z 
43/4 to5l/o} 11/4. | 11/4 0030 0030 21/2 
53/4 to6 1 1/9 1 1/9 . 0030 . 0030 3 
* This height of the key is measured at the distance W, equal to the width of the key, from the 
large end. 


} 41/9 in. length instead of 4 3/g in. 

the key. Dimensions of standard Woodruff keys 
Taper 347 in 12? K-W-> are given in Table 5. The particular size of key to 
re A be used for various sizes of shaft may be obtained 
‘a H from Table 6. The dimensions of J, K, L and M, 
Fig. 5, which are not given in Table 5, can be com- 
k-W-2 k------ L---—-—-—- > puted by means of the following formulas, in which 
Fiat 4) Plain Taner Giock: Key d = diameter of the shaft, other factors being as 

ie shown in Fig. 5: 


Versed sine J = 1d — V (a? =7A3)/4) es gs = ee ee ee OT 
Bottom of keyseat to opposite side of shaft, K = (d-—J—E). . . . . [10] 
Top of key to opposite side of shaft, h = (PF --H+K). . . . . . . {ii] 


Bottom of keyway to opposite side of bore, M=(d—-J+@. ... . [es 


Fie. 5. Standard Woodruff Key and Keyseat 


The Barth Key.—The key shown in Fig. 6 was devised by Carl G. Barth to combine 
the advantages of the Lewis key with those of the ordinary rec- 
tangular key. The Barth key is rectangular, with one-half of both 
sides bevelled at 45 deg. The key does not need to fit tightly, as 
pressure tends to drive it into its seat. There is no tendency to 
turn it, and the only stress to which it is subject is compression. 
This key has been used in many eases as a feather to replace rec- 
tangular feather keys which have given trouble. It has found 
wide application as a feather key in drill sockets and drill shanks, 
reamers, etc., which are commonly driven with a tang. Dimen- 
sions are given in Table 7. 

Reducing sockets for drill presses are fitted with a Barth key Fra. 6. Barth Key 
dovetuiled inside and a similar keyway on the outside. No. 1 
Morse taper shank has a keyway for No. 1 Barth key and fits into a No. 1 reducing 
socket. No. 2 shank has No. 2 Morse taper and a keyway for No. 2 Barth key, ete. 
Dimensions of the various sizes of the dovetailed Barth key as used for sockets are shown 


in Table 8. 
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The Barth key has been adapted to a complete line of standard taper sockets, 


shanks, driving keys, holdback keys, drifts, adapters, and reducers at the Watertown 


Table 5.—Dimensions of Woodruff Keys and Keyways 


8.A.E. Standard. All dimensions in inches. See Fig. 5 
Dimensions 
A B C Ci D E 

Key Nominal 2 K = = i 
No Size Key Key-slot Key Key Key Key ee Key Key- | Key- 
ier ere ee Se |e | ee S| tee eal eae Way war 
Max Min. | Max. | Max.7 | Max.? Max.° ea Max.? Basic” |Class 7 Min.8 
204 | 1/16 K 1/2 =-|0.0635 |0.0615 |0.0630 | 0.500 | 0.203 | 0.194 8/64 |0.1718 |0.0312 10.0635 10.6372 
304 | 3/39 XK 1/2 0948 | .0928 | .0943 .500 .203 194] 3/64 -1561 | .0469 | .0948 | .0529 
404 1/g X W/o .1260 | .1240 | .1255 .500 203 -194 | 8/gq | .1405 | .0625 | .1260 | .0685 
305 | 3/32 X 5/3 .0948 | .0928 | .0943 -625 .250 -240 | I/ig -2031 | .0469 | .0948 | .0529 
405 1/g X 5/8 1260 1240 | .1255 625 250 -240 | 1/16 .1875 | .0625 | .1260 | .0685 
505 | 5/32 X5/g | .1573 | .1553 | .1568 | .625 | .250], .240 | 1/1g | .1719 | .0781 | .1573 | 0841 
406 1/3 X 3/4 1260 1240 | .1255 .750 apie} .303 | 1/16 .2505 | .0625 | .1260 | .0685 
506 | 5/39 X 3/4 1573 | .1553 | .1568 .750 hie) -303 | Ii16 -2349 | .0781 | .1573 | .0841 
606 | 3/16 X 3/4 1885 | .1863 | .1880 .750 2315: -303 | 1/16 .2193 | .0937 | .1885 | .0997 
507 | 5/39 X 7/8 ©1573)" .15535]| $1568 .875 315 -365 || 1/16 .2969 | .0781 | .1573 | .0841 
607 | 3/16 X 7/8 . 1885 | .1863 | .1880 .875 .375 -365 | 1/16 .2813 | .0937 | .1885 | .0997 
807 | 1/4X7/g | .2510 | .2487 | .2505| .875 | .375| 365] 1/16 | .2500 | .1250 | .2510 | 1310 
608 | 3/16 XI 1885 | .1863 | .1880 | 1.000 .438 -428 | 1/16 .3443 | .0937 | .1885 | .0997 
808 W/4X 1 2510 | .2487 | .2505 | 1.000 438 -428 | 1/16 -3130 | .1250 | .2510 | .1310 
1008 | 5/16 x 1 3135 | .3111 | .3130 | 1.000 438 -428 | 1/16 32018 | .1562) 3135 | 1622 
609 | 3/16 X 11/g | .1885 | .1863 | .1880 | 1.125 -484 -475 | 5/64 | .3903 | .0937 | .1885 | .0997 
809 VW4X11/g | .2510 | .2487 | .2505 | 1.125 484 -475 | 5/64 | .3590 | .1250 } .2510 | .1310 
1009 | 5/16 X 11/g | .3135 | .3111 | .3130 | 1.125 484 <475'| 5/64 | 23278 || .1562! | .3135.| .1622 
810 Wa X 11/4} .2510 | .2487 | .2505 | 1.250 547 CDT We Bah 4220 250 te 2510) elo 0 
4010 | 5/76 X 11/4 | .3135 | .3111 | .3130 | 1.250 .547 .537 | 5/64 3908 || -1562)"|| -.3135:| 1622 
1210 3/3 X 11/4 | .3760 3735 | .3755 | 1.250 547 .537 | 5/64 -3595 | .1875 | .3760 | .1935 
811 1/74 X 13/g | .2510 | .2487 | .2505 | 1.375 594 .584 | 3/39 -4690 | .1250 | .2510 | .1310 
FOU Of 16 <ul 3/8), 1359 Slt) 3130:), 16375 .594 .584 | 3/39 PASTS) | lDO2) Je Sone LO2e 
1211 3/g X 13/g | .3760 | .3735 | .3755 | 1.375 594 -584 | 3/39 -4065 | .1875 | .3760 | .1935 
812 1/4 X 1 1/g | .2510 | .2487 | .2505 | 1.500 641 -631 | 7/64 -5160 | .1250 | .2510 | .1310 
5/16 X 1 1/2 .3130 | 1.500 641 -631 | 7/64 -4248 | .1562 | .3135 | .1622 
3/3 X 11/2 .3755 | 1.500 641 .631 | 7/64 pADS9 | 879.2 37001935 


a Tolerance allowed of 
t Tolerance allowed of 
c Tolerance allowed of 
da Tolerance allowed of 
e Tolerance allowed of 
f Two classes are listed. 
minus 0.000, plus 0.005, with a tolerance of +0.0050 above minimum width. 


—0.0010 in. from maximum. 
—0.0005 in. from maximuin. 
—0.0006 in. from maximum. 
— 0.0050 in. from maximum. 
+0.0050 in. from basic. 
Class 1, the minimum width of keyway is the maximum width of key, 
Class 2, minimum 


width of keyway is the maximum width of key minus 0.000, plus 0.002, with a tolerance of + 0.0020 
above minimum width. : 
1 g Tolerance allowed of +0.0050 above minimum. 


Table 6.—Woodruff Key Sizes for Different Shaft Diameters 


Key No. 


Shaft Diam., Key No. Shaft Diam., Key No. Shaft Diam., 
in. See Table 5 in. See Table 5 in. See Table 5 
5/16 —3/g 204 7/3 — 15/16 505, 506, 507 13/g -1 7/16 608, 609, 810 
7/16 —1/2 304, 305 1 606, 607, 608 1 1/g -15/g 808, 809, 810, 812 
9/16 5/8 404, 405 1 1/y6-1 1/g 606, 607, 608, 609} 1 11/16-1 3/4 809, 810, 812 
11/16-3/4 404, 405, 406 1 3/16 607, 608, 609 ] 18/1g-2 1011, 1012 
13/16 505, 506 11/4 -15/15 | 607, 608, 609, 810] 21/15 -21/p | 1012 


Diameter 
of Shaft, in. 


Min Max 
7/32 1/4 
9/39 5/16 
11/32 | 3/g 
13/32 | 7/16 
15/39 | 17/32 
9/16 11/16 
23/32 | 27/39 


Table 7.._Dimensions of Square Keys and Feather Keys by Barth’s Formula. 


(See Fig. 6) 


Barth ‘ : Barth 
Diameter Diameter 
Key, | Barth A : Key, | Barth 
Sauate Key, of Shaft, in. of Shaft, in. Square Key, 
ae relents MapeleMecs tps he 
1/16 3/32 57/16 | 69/16] | 11/2 
5/64 1/g 65/g | 83/16] 11/4 | 17/8 
3/32 9/64 81/4 | 97/8 TV | 2/4 
7/64 11/64 9 15/16) 11 1/2 13/4 | 25/g 
1/g 3/16 119/16 | 133/16] 2 
5/39 1/4 1331/4 | 1415/36} 21/4 | 33/8 
3/16 9/32 15 16 5/g 21/2 | 33/4 
7/32 My/so m4 /b/geet— 5 Sr aeelie (Reet te WO/16) [tints alot eset eu ne beeee ee 
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Arsenal. The standards, which cover both Brown & Sharpe and Morse tapers are given 
in Am. Mach., Dec. 24, 1914. 


Li 


Fic. 7. Kennedy Key Fia. 8. Lewis Key Fic. 9. Nordberg Key 


The Kennedy Key.—The Kennedy key, largely used in rolling mill work, is shown in 
Fig. 7. In these keys, w = ¢ = 1/4D. They are tapered 1/g in. per foot on top, while 
the sides are a neat fit. The keys are so set in the shaft that diagonals through them inter- 
sect at the axis of the shaft. If in assembling, the hub is to be slid along the shaft for a 
considerable distance, the hub is bored for a press fit and then is rebored eccentrically about 
1/4 D off center. The keyways are cut in the eccentric side. General practice is to use 
single keys for diameters up to and including 6 in. where the torque is constant and the 
power transmitted always in one direction. For shafts above 6 in. diameter double keys 
should be used, and if the torque is intermittent and in alternate directions, double keys 
should be used down to shaft diameters of 4 in. 

Fig. 8 shows a key devised by Wilfred Lewis, which is similar in principle to 

it Ot the Kennedy key and which is used for lighter 
err A {-___Comner Radius ee Z, |F service, as machine tool work. It is subject to 
pe J compression only but it has the disadvantage 

of being expensive and difficult to fit. 

The Nordberg Key.—The Nordberg Mfg. 
Co. has adopted for the ends of shafts the 


ee. 


pan 


S 
N 


\'F H round keys shown in Fig. 9. The advantages 
WL \ 1 | of this key are: No tendency toward defor- 
Ose a mation; they are a driven fit in the direction 


of the shear; they are always in true shear 
and are cheaper than the square key. In 
manufacturing, a hole A is drilled in the joint, 
and next a hole B as large as the size of the keyway will admit is drilled in the shaft in 
order to avoid the tendency of the drill used for drilling the keyway to size to crowd into 


Fig. 10. Keys and Keyways for Arbors 
and Milling Cutters 


Table 8.—Dimensions of Dovetailed Barth Keys 


No. of Morse 


No. of P w, W, D, 

Barth Key. | wrong in, in, in, 
] 1 Vg 0.132 5/108 

2 2 5/39 0.165 3/64 

3 3 3/16 0.199 1/16 

4 4 1/4 0.264 5/64 

5 3 5/16 0,329 3/39 


Table 9.—Dimensions of Nordberg Standard Round Keys. (See Fig. 9) 


; Diam- Cutting Sikmee Diam- Cutting Diam- Cutting 
Diameter of eter of |Length of ape: eter of | Length of og eter of | Length of 
Shaft, in, Reamer, | Reamer, Shaft, | Reamer, | Reamer, : Reamer, | Reamer, 

in, in, aft a in in, | Shaft, in. | “jn. in, 
2 15/16-3 3/4 41/4 
ate Na ae te 1 5/g 67/3 & 8 31g 12 
a 8 
43/g -41/2 11/3 5 
clotted oe) ee 
6 : 11/2 6 1/3 


2 9/16 12 


41/4 14 1/4 
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Table 10.—Keys and Keyways for Arbors and Milling Cutters 
A.S.A. B5C-1930. All dimensions in inches. See Fig. 10 


SS 
A iB Cc D EB F 
Nomi- - Bottom 
Dire mal a Keyway of Key- Top of 
eter of | Size, Weal hia ———————— way to Key to |Corner 
Arbor | Square seat,* oes Max.f | Opposite] Nominal] Opposite|Radius 
Key Max. Ate Min Side of Side of 
Bore, Shaftt 
1/ 3/ 0.0947 | 0.0932 “a 
2 32 , .0 0.106 0.099 0.4531 | 0.5578 3 0.546 
5/g 1/g .126 . 1245 BL EY/ . 130 .5625 - 6985 hf ore ae 
3/4 1/g .126 . 1245 2137 . 130 . 6875 .8225 1/16 .8125 | 1/39 
7/8 1/g 126 1245 . 137 . 130 .8125 | .9475 | Wig 9375 | 1/39 
I 1/4 .251 .2495 | 262 52550) 843enlal e104 3/32 | 1.094 | 3/64 
11/4 5/16 .3135 . 3120 .325 -318 | 1.063 1.385 1/g 1.375 1/16 
11/2 3/g .376 .3745 .410 (58D) lees 1. 666 5/39 1.656 1/16 
13/4 7/16 . 4385 .4370 .473 -448 | 1.500 1.948 3/16 1,938 1/16 
2 1/2 .501 4995 Eh) .510 1.687 2.198 3/16 2.188 1/16 
21/2 5/8 . 626 6245 . 660 635 2.094 2.733 7/32 Dew ite} 1/16 
5 3/4 .751 .7495 .785 .760 | 2.500 3.265 1/4 3.250 3/39 
31/9 7/g . 876 . 8745 -910 .885 | 3.000 3.890 3/g 3.875 3/39 
4 1 1.001 49995 || 12035 1.010 | 3.375 4.390 3/g 4.375 3/39 
41/9 11/g 1.126 1.1245 | 1.160 AGI i) ede IE) 4.953 7/16 4.938 1/g 
5 1 1/4 1.251 1.2495 1.285 1.260 4.250 3. Di15 1/9 5.500 Vg 


* Tolerance allowed of —0.001 in. from maximum. 
Tolerance allowed of —0.005 in. from maximum. 
Tolerance allowed of —0.006 in. from maximum. 


the soft cast iron. Dimensions are given in Table 9. In the table, the reamer diameters 
given are of the small end. The taper is 1/16 in. per ft., measured on the diameter. 

Keys and Keyways for Arbors and Milling Cutters.—Table 10 gives dimensions and 
tolerances of keys and keyways for milling cutters and arbors, as developed by the Amer- 
ican Standards Association. 


2. LIGHT KEYS 
Where only small amounts of power are to be transmitted and it is impracticable or 
inadvisable to use a sunk key, a key driving on a flat, or a saddle key may be used. These 
two types of key drive mainly by friction. 


Fig. 11. Key on Flat Fie. 12. Saddle Key Fic. 13. Pin Keys 


KEY ON FLAT.—If a small flat be milled or filed on the shaft, a flat key with a slight 
taper may be driven into a keyway in the hub opposite the flat on the shaft. See Fig. 11. 
This type of key is suitable for transmission of light powers, and has the advantage of ease 
of assembling. Such a key should not be subjected to sudden changes in torque, as it 
then may slip on the shaft and seriously damage it. 

SADDLE KEY.—The saddle key, Fig. 12, 
depends entirely on friction to prevent motion 
of the hub relative to the shaft. The key is 
driven into a keyway in the hub, and the face 
of the key bearing on the shaft is made with 
a radius somewhat smaller than the radius of the 
shaft. The key should have a slight taper. 

PIN KEYS are adapted to transmit power with light loads. Fig. 13 shows two methods 
- of using taper pinsas keys. Table 11 gives the dimensions of standard taper pins. 

FEATHER KEYS are used when the hub must slide axially along the shaft, but at 
the same time rotate with it. The feather key is a sunk key. It either may be dove- 


I1I—16 


Fie. 14. Taper Pin 
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'Table 11.—Dimensions of Taper Pins 
Morse Twist Drill and Machine Co., New Bedford, Mass. 
Taper 1/4 in. in 12in. All dimensions in inches. See Fig. 14 


0 000 000 |0.0625| 1/16 
000 000 


Fic. 15. Feather Keys 


tailed into the shaft, or fastened in place by screws. Fig. 15 shows various forms. If 
the key is required to slide with the hub, the construction shown in Fig. 15 c may be used. 
Instead of feather keys, spline shafts now-are largely used. 


3. SPLINES AND SQUARE SHAFTS 


Instead of keys, spline shafts, or squared shafts may be used for the transmission of 
power from a shaft to a hub or vice versa. These applications are found in geared trans- 
missions, machine tool drives, and in automotive work. 

MULTIPLE SPLINES are, in effect, a series of parallel keys formed integral with the 
shaft, mating with corresponding grooves cut in the hub or fitting. They are particularly 
useful where the hub must slide axially on the shaft either under load or free from load. 
Spline fittings with four, six, ten and sixteen splines have been standardized by the S.A.E. 

. Dimensions of these standardized fittings are given in Table 12 and Fig. 16. The rela- 
tions between the internal diameter of the fitting and depth of spline are given in Table 13. 
Torque Capacity of Spline Fittings may be determined by the formula 


T = 10Q0NPR.,.. 0 hos |e. vee ee 


where VN = number of splines; r = mean radial distance from center of hole to center of 
spline; = depth of spline; allininches. This formula is based on a pressure of 1000 lb. 
per sq. in. on the sides of the spline. 


Fie. 16. Spline Fittings 


Nominal 
Diameter 


* Torque capacity = 1000 
of spline bearing surface, in. 
t Tolerance a 
inclusive; 


in., 


tolerance of —0.003 in. allowed for all sizes of 16-spline fittings. 
ft Tolerance a 


2 to 6 in. inclusive, 
16-spline fittings. 


J 


Sixteen .. 


SPLINES 


Table 12.—Dimensions and Torque Capacity of Spline Fitti 
S.A.E. Standard. All dimensions in elie See vie aid her k 


WHNNHHH— ae oo 
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DONS BWW ND — SS HS OO 


For All Fi ‘ To Slide When not To Slide Wh 
ee ae Permanent Fit Under Lend Widest fa hs 
Dt max. | Wt max. dt. | = dil) ee at T* 
Four-spline Fittings 
750 0.181 0.637 78 0.562 123 
875 211 ‘744 107 656 EZ gall asta ica ec 
000 “241 *850 139 750 DGS Oe Skee eilely cee 
125 yi 956 175 1844 TTB we Re acceck Slee ea eae 
250 301 1.062 217 (937 SAN | isc ee eee 
375 “331 1.169 262 1.031 Alay Mull.) ete || ceaiae Ri 
500 361 1.275 311 1.125 ATT Saul cea i la aie ee 
625 39] 1.381 367 1.219 B77 Ie Ne ee tn fet 
750 422 1.487 424 1.312 CVA dest Rg ie a reese 
000 482 1.700 555 1.500 B7iSia ce eters to Aan ees 
250 "542 1.912 703 1. 687 LDR ares eee sas eet 
500 *602 2.125 865 1.875 T3G5-5 1 | Sree aie [ected 
000 723 2.550 1249 2.250 1960 oll Re ree ee ee eae 
Six-spline Fittings 
750 0.188 0.675 80 0. 638 17 0.600 152 
875 “219 0.788 109 1744 159 -700 207 
000 -250 0.900 143 “850 208 * 800 270 
125 +281 1.013 180 +956 263 “900 342 
250 313 1.125 223 1.063 325 1.000 421 
375 344 1.238 269 1.169 393 1.100 510 
500 1375 1.350 321 1.275 468 1.200 608 
625 °406 1.463 376 1.38] 550 1.300 713 
750 1438 1.575 436 1.488 637 1.400 827 
000 +500 1.800 570 1.700 833 1.600 1080 
250 563 2.025 721 1.913 1052 1.800 1367 
500 "625 2.250 891 2.125 1300 2.000 1688 
000 “750 2.700 1283 2550 1873 2. 400 2430 
Ten-spline Fittings 
750 0.117 0.683 120 0.645 183 0.608 241 
875 137 ‘796 165 1753 248 -709 329 
000 156 “910 215 * 860 326 +810 430 
125 176 1.024 271 “968 412 ‘O11 545 
250 195 1.138 336 1.075 508 1.013 672 
375 2215 1.251 406 1.183 614 1.114 813 
500 1234 1.365 483 1.290 732 1.215 967 
625 254 1.479 566 1.398 860 1.316 1135 
750 273 1.593 658 1.505 997 1.418 1316 
000 312 1.820 860 1.720 1302 1.620 1720 
250 351 2.048 1088 1.935 1647 1.823 2176 
500 390 2.275 1343 2.150 2034 2.025 2688 
000 468 2.730 1934 2.580 2929 2. 430 3869 
500 "546 3.185 2632 3.010 3987 2.835 5266 
000 624 3.640 3438 3. 440 5208 3.240 6878 
500 .702 4.095 4351 3.870 6591 3.645 8705 
000 -780 4.550 5371 4300 8137 4.050 | 10,746 
500 -858 5.005 6500 4.730 9846 4.455 | 13,003 
000 936 5. 460 7735 5.160 | 11,718 4.860 | 15,475 
Sixteen-spline Fittings 
000 0.196 T. 820 1375 T. 720 2083 7, 620 2751 
500 1245 2.275 2149 2.150 3255 2.925 4299 
000 1294 2.730 3094 2.580 4687 2.430 6190 
500 1343 3.185 4212 3.010 6378 2.835 8426 
000 “392 3° 640 5501 3. 440 8333 3.240 | 11,005 
500 “441 4.095 6962 3.870 | 10,546 3.645 | 13,928 
000 - 490 4.550 8595 4.300 | 13,020 4.050 | 17,195 
500 1539 5.005 | 10,395 4.730 | 15,754 4.455 | 20,806 
000 "588 5.460 | 12,377 5.160 | 18,749 4.860 | 24,760 


DUIML SW hd 


h 


0.050D 
0.045D 
0.045D 


Permanent Fit 


lowed of —0.001 in. for shafts 3/4 to 1 3/4 in. inclusive; of L : 
0.0003 in. for shafts 31/2 to 6-in., inclusive, for 4-, 6-, and 10-spline fittings; 


lowed of —0.002 in. for shafts 3/4 to 13/4 hare 
for 4-, 6-, and 10-spline fittings; tolerance o 


Table 13.—Formulas for Spline Proportions. 
To Slide When Not 


(See Fig. 16) 


x n X mean radius X h X L where n = number of splines, L = length 
Values of A are determined by means of Table 12. 
—0.002 for shafts 2 to 3 


inclusive; of —0.003 in. for shafts 
f —0.003 allowed for all sizes of 


ainderitead To Slide Under Load 

d h d d 
0.850D 0.125D a7 SOP) Cant irre ie Auawitir 
0.900D 0.075D 0.850D 0.100D 0.800D 
0.910D 0.070D 0.860D 0.095D 0.810D 
0.910D 0.070D 0.860D 0.095D 0.810D 
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SQUARE SHAFTS.—Table 14 and Fig. 17 give the proportions of square shafts and 
fittings as standardized by the S.A.E. For transmissions in which the hub or fittings must 
slide on the shaft, it is recommended that the ratio of the width across the flat to the 
width across the corners of the shaft, that is A/B, Fig. 17, be made equal to 0.73. 


If the hub or fitting is not to slide on the shaft, it is recommended that A/B = 0.80. 


It is 


recommended that holes be made to a standard size both for sliding and permanent fits, 
and that the size of the shaft be varied in accordance with the service required. The 
proportions given in Table 14 assume that the hub or fitting is not hardened and that the 


shafts may be either hardened or soft. 


Fia. 17. 


Square Shaft and Fittings 


Table 14.—Dimensions of Square Shafts and Fittings 
S.A.E. Standard. All dimensions in inches. See Fig. 17 


Sliding Fit 
Fitting 


0.3537 
-5256 
.6975 
-8537 

1.0510 

1.2070 

1.3950 

1.5820 


UbwWwnm—— 


BESRUSRBVAS un 
oooocoocooocoows]|’ 


—_ 
bos 


2.0000 


2.7475 
3 2.9970 
3.4970 
3.9970 


2.2500 
2.5000 
2.7500 
3.0000 
3.5000 
4.0000 


3.7700 |255/64 
4.1450 |3 3/39) 
4.7700 |339/64 
5.520014 1/g 


1 Tolerance allowed of —0.0010 in. 
2 Tolerance allowed of —0.0050 in. 


0.1895 
.2832 
.3770 
.5020 
5645 
6895 
8155 
.8780 
.0030 
. 1280 
.1280 
.3780 
.5040 
.7540 
2.0040 
2.2540 
2.5040 
2.7540 
3.2540 


Permanent Fit 


Shaft Fitting 
Width|Length| _. 
Across} of vidas 
Cor- |Square 
ners, | Sec- Flats, 
B, tion, 
Max.5{ L Max. 
0.250} 5/16] 0.1875 
.375}) 7/16) .2812 
-500 | 11/y6} .3750 
-625| 11/y6} .5000 
.750| 15/36] .5625 
.875|1 1/g | .6875 
1.000 |1 3/g | .8125 
1.125 ]1 3/g | .8750 
1.250 |1 3/g | 1.0000 
1.375 |1 7/g | 1.1250 
1,500 |1 7/g | 1.1250 
1.750 |2 1/g | 1.3750 
2.000 |2 7/g | 1.5000 
2.250 |2 7/g | 1.7500 
2.500 |3 3/g | 2.0000 
2.750 |3 3/g | 2.2500 
3.000 |3 7/g | 2.5000 
3.500 |4 3/g | 2.7500 
4.000 |5 3/g | 3.2500 


3 Tolerance allowed of —0.0010 in., for shafts 3/4 to 13/4 in. inclusive; —0.0015 i 
2 to 23/4 in., inclusive; —0.0020 in. for shafts 3 to 4 in., a : ; been nee 
4 Tolerance allowed of — 0.0080 in. for shafts 1/4 to 5/g in. inclusive; —0.0150 in. for shafts 3/4 


to 4 in., inclusive. 
5 Tolerance allowed of —0.005 in. 


6 Tolerance allowed of —0.008 in. for shafts 1/4 to 7/g in. inclusive; of —0.015 in. for shafts 


1 in. to 4 in, inclusive, 
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COTTERED JOINTS 


A cotter is a form of key used to join parts that are subjected to a tension or compres- 
sion, tending to separate them. The taper of cotters should not exceed 1/2 in. per ft. of 
length unless a locking device is used. Various forms of cotters are given in Figs. 1 to 7, 


D=6d 
DL=1.5d 
N=1.3dto.1.5d 
We=3d 
Thickness =14 d 


Fia. 5 


and in Table 1 which shows the proportions of the joint. & 
The function of the gib, in the gib and cotter joint, Figs. 2 3 
and 8, is to prevent spreading of the strap. When a gib is used, —L- 
the sides of the hole are made parallel, the taper being given to 

the gib. Where two cotters are used, as in Fig. 3, the taper 

is divided equally between them. The tapered joint, Fig. 7, - 
usually is of permanent character. The cotter is removed only when the members whic 
it holds are to be repaired or replaced. It is largely used for joining pistons and piston-rods. 


Table 1.—Dimensions of Cottered Joints. (See Figs. 4-7) 


Dimensions 


pe erly 2) | lee. Foe J 
ois Steel_| 0.3d | 1.2id| 1.75a] 1.5a | 2.4a | 0. 42d] 0.81 0. 8d 
Tie 3 Steel | 0.3d | 1.2id| 2.42d] 1.5a |...... 0. 42d] 0.8d 
Fig. 6 Bese} 05 20a) sl. 210 |. aw PSAs ire OU5BL ss cer 6d | 1.04 
Steel PR OEL  Peta Tee Rte eta Retete | SWelGea rete fered <9 


Fig. 7 
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One form of grip taken from Machine Design Construction by Spooner is shown in 
Fig. 8. The joint may fail in any one of ten ways as follows: ; 

Notation.—_f, = ultimate strength of rod ends in tension; f, = ultimate strength 
of cotter in shear; f, = ultimate strength of bearing surfaces = say, 2f,; if 3 — ultimate 
strength of wrought iron to resist shear in direction parallel with fibers; F = axial force 
causing rupture of the joint; all in lb. per sq. in. The significance of the other quantities 
in the equations is shown in Fig. 8, all dimensions being taken in inches. 


Fic. 8 


1. The rods may fail in tension at A or B, in which case the external load 
F = 1/47 a°f,. 
2. By the rod end tearing across the cotter hole; F = (1/44 dy” — dzt)f,; Equate 
cases [1] and [2] and let t = 1/4d2; then 
dy, = 1.21d, d = 0.82 dz; and t= 0.3 d. 
For joints with all parts either wrought iron or steel, the breadth of the cotter usually 


is about 1.6 d. 
8. By the socket tearing across the cotter hole; then 


F = {1/4r(D2? — d.”) — Dz — dat} fy, 
whence by equating case [1], D2 = 1.63 d, or allowing for clearance, say, D2 = 1.75 d. 
4. By double shearing of the cotter; 
F = 2btf,, and b= 1.31df,/f,, 
or 1.06 d2f;/fs, where b = mean breadth of the cotter. 
5. By crushing the cotter bearing surface in the rod end; F = det f,. 
6. By crushing the cotter bearing surface in socket; F = t(D — d2)f, and D = 2.42 d. 
7. By shearing socket end; F = 2{l(D — ds)f’,}. 
8. By shearing rod end; F = 2 lo dz hes = lz = 0.648 d; makel from 0.75 d to 1.0 d. 
9. By crushing the collar E; F = 1/4r(D3? — d2*)f, and Ds = 1.3915 d, say 1.4d. 
10. By shearing the collar E off the rod end; F = da rf, he and t2 = 0.413 d, say 
te = 0.42 d, 


PINS 


STRENGTH OF KNUCKLE JOINT PIN. (Spooner, Machine Design.)—The pro- 
portions of a forked pin joint, or knuckle joint’ are shown in Fig. 1. If there is no bending 
action, the pin will fail in double shear. If d = diameter of rod, d; = diameter of the 
pin, f, = tensile strength of rod, lb. per sq. in., f, = shearing strength of pin, lb. per sq. in., 
= say, 0.8 f;, then 

l/r d? f, = 21/4 dy? f,), or di = 0.79 d. 


; Unwin shows that where bending occurs and the joint is subjected to stresses reversing 
in sign, a skin stress of 5400 lb. per sq. in., due to bending will not be exceeded if the 
diameter of the pin = 0.0224 VP, where P = axial force in the rod. 

BRIDGE PINS.—Pins of various forms are used to connect rods or bars in groups 
as in the lower chords of trusses. The pin must resist shearing, bending and bearing 
stresses, the latter two usually governing. Bar sizes should be so selected that the bearing 
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area on the pin will be sufficient to avoid 
setting up excessive loads tending to crush 
either the pin or the bar. Also, bars must 
be so spaced that excessive bending stress 
is not set up in the pin. Let 17 = moment 
of forces at any section of the pin; f = 
unit stress in bending, lb. per sq. in.; A = 
area of pin cross-section, sq. in.; d= 
diameter of pin, in. Then 


M = rf d3/32 =fAd/8. 


Fig. 2 shows plain pins and pins with 
heads, the pin being fastened with cotters. 
Dimensions are given in Table 1. Fig. 3 
shows pins with recessed nuts. See Table 2 
for dimensions. Bending moments and bear- F 
A 3 5 7 1a, 1, 
ing stresses on pins are given in Table 3. ; 


3," 
Bie crip + Wei fy 


as 


SS 
—— 


& 
SSE 


——S 
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Table 1.—Dimensions of Cotter Pins 
American Bridge Co. Standard 
All dimensions in inches. See Fig. 2 
Cotter 


Cotter Cotter 


Pin 


Head Head Head 
Diam- | Diam- | Diam- Diam- | Diam- | Diam- Diam- | Diam- | Diam- 
eter, eter, eter, | Length} eter, eter, eter, | Length} eter, eter, eter, | Length 
D H d D H d D H d 
11g | 11/2 1/4 2 21/4 | 25/8 3/8 31/4 | 31/4 | 33/4 /g 5 
11/2 | 13/4 1/4 21/2 21/2 27/8 3/3 3 3/4 31/9 4 1/9 6 
L3fe-} 2 1/4 2 3/4 23/4 3 1/g 3/8 o 3 3/4 41/4 /p 6 
ee 2 3/8 3/38 3 3 3 1/2 1/2 5 


Table 2.—Pins and Recessed Pin Nuts 
American Bridge Co. Standard 
All dimensions in inches. See Fig. 3 


re 
i Nut 


Diameter of Thick- | Short | Long Recess Diam- ; 
Pin, Diam- | Diam- | Rough eter of | Weight, 
D Nese} eter; eter, | Diam- c Rough | |b. 
t h H eter Hole 

rT 7/3 3 3 3/8 25/3 1/4 11/4 l 
21/0, 28/4 1 35/g| 41/g| 31/3] We | 13/4] 2 
3, 31/2 1 1/g 43/g 5 3 7/8 3/g 21/4 3 
4 1/4 | 47/3 | 55/g| 43/3] 3/3 | 23/4 4 
41/2 1 3/g 53/4 6 5/g 5 1/4 1/2 31/4 5 
5 11/2 61/4 71/4 5 3/4 1/2 3 3/4 6 
5 1/2, 6 15/g | 7 8i/g | 61/2 | 5/8 4\/4 8 
ee 17/g | 81/3 | 93/s| 71/2} 3/4 | SY/4 | 12 
8 21/8 9 3/g | 10 7/8 8 3/4 3/4 5 3/4 19 
9 21g | 101/4 | 11 7/8 9 5/8 3/4 5 3/4 24 
10 PY TE || A oie} 10 5/8 3/4 5 3/4 32 
Ite: 143/g | 11 8/4 bs 


155/g | 1238/4 


PINS 
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Table 4.—Dimensions of Split Cotter Pins 
S.A.E. Standard 


Length 
Advanc- 
Limits ing by 
Ae Incre- 
oe | ee a a EE eine RE Bed fal de Eas} | menteler 
1/16 0.176 | 0.172 1/4 in.t 
3/39 +:207|| «202 1/4in. 
. 220 1/4 in. 


275 1/4 in. 


* Additional lengths, 5/1g and 7/jg in. t+ Increments above 1 3/4 in. are 1/4 in. 
} First increment is 1/g in. from 1 5/g to 1 3/4 in, 
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Up to 1937 there was no single standard taper in the United States for spindles and drill 
shanks. The more important tapers in 
common use were: the Sellers taper used 
for lathe, drilling and boring machine 
spindles; the Morse taper, used for drill- 
ing machine spindles and drill shanks; 
the Brown & Sharpe taper, used for mill- 
ing machine spindles; the Reed taper, 
used for lathe spindles; the Jarno taper 
used for lathe and drilling machine spin- 
dles; the Cleveland Twist Drill Co. taper 
and the Standard Tool Co. taper, used for 
drill shanks. Dimensions of these various 
tapers are given in Tables 4 to 10. 
AMERICAN STANDARD TAPER.— 
In 1937, the American Standards Asso- 
ciation published standards for self-hold- 
ing tapers which comprise 19 sizes. The 
three smaller sizes were taken from the 
Brown & Sharpe series, having a nominal 
taper of 1/2 in. per foot; the next six 
sizes were taken from the Morse series 


Fig. 1. Taper with Draw-bolt. See Table 1 having a nominal taper of 5/g in. per 


Table 1.—American Standard Key Drive Self-holding Taper. Shank 
Retained by Draw Bolt * 


A.S.A. B5. 10-1937. All dimensions in inches. See Fig. 1 
Socket 


Drive Keyway Draw-| Drive Keyway 
Ex- Length Length| Relief : bolt 
“oe Overall posed Tap of of | Diam- Relief Hole 


Length, Length Size, t Thread,| Width, |Depth,| Taper,| eter, Depth,! Hiam-|Width,|Depth, 
Peeler | NS | rl Vol Vl eter | on. | 8 


G 
1/g 7/3. | 13/4 |1.010] 1/2 | 43/4 | 118/16 1 1.000] 1/2 
250 53/4 | 1/8 7/g | 13/4 | 1.010} 1/2} 51/2 | 21/4 1 1.000} 1/2 
300 61/2 | Wg | 1 2 1.010] 1/2 | 61/4 | 23/4 11/g|1.000| 1/2 
350 Taal) t/g- atl 2 1.010] 1/2] 7 33/16 11/g|1.000] 1/2 
400 8 Wg | 11/4] 21/2 |2.010) 3/4 | 73/4 | 35/8 18/g | 2.000) 3/4 


2.010] 3/4 | 91/4 | 45/8 


— ee es 
co 
ss 
io) 


es 2.010} 3/4 |10 3/4 | 51/2 15/g | 2.000] 3/4 
800 4.010} 1  |133/4 | 73/8 15/g | 4.000] 1 
1000 4010/1  |163/4 | 93/16 21/4 | 4.000 | 1 
1200 4.010} 1 |19.3/4 |10 21/4 | 4. 


* See p. 12-19 for tolerances. fT Am. National Standard Coarse Thread, 
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foot; the ten largest sizes were based on a taper of 3/4 in. per foot. The 13 smaller 
sizes are driven by a tongue or tang, except that the four largest sizes of this group may be 


driven by a key. The 13 small- 
est sizes are retained entirely 
by friction, or, in the case of 
- the eight largest of this group, 
they may be retained by a 
holdback key. The ten largest 
sizes, except as noted above, 
are driven by a key, and may 
be retained in place either by a 
holdback key or a draw-bolt. 
Dimensions are given in Tables 
1 to 3 and Figs. 1 to 4. 

TOLERANCES FOR AMER- 
ICAN STANDARD TAPERS.— 
Diameter of Shank and Hole 
at Gage Line, dimension D: 
+0.002, —0.000. 

THICKNESS OF TONGUE, 
dimension HL, Table 2: From 1/g 


Fie. 2. Taper with Tongue Drive, Shank Retained by 


Friction. 


See Table 2 


in. to 1/4 in. inclusive, +0.000, —0.004 in.; from 5/j¢ in. to 15/39 in. inclusive, +0.000, 


* te 
pare 
co ee Ff 
1 pt RS 
at a ae 
£ 
Eee! | 
3 ae 
A | 
\ \yyi- 
| | Rea, 
H I | Yoo! 
ate 


Gage Line“ 


= 


apes z a 


M3 


Fie. 3. Taper with Tongue Drive, Shank Retained by 


Key. See Table 2 


—0.006 in.; from 9/1g in. to 1 in. 
inclusive, +0.000, —0.008 in. 

Concentricity of Tongue with 
center line of taper, dimension 
#H, Table 2: Tapers No. .239 to 
No. 4 inclusive, 0.0035 in.; tapers 
No. 41/2 to No. 350 inclusive, 
0.007 in. 

Width of Keyway, Friction- 
retained and Key-retained Tapers, 
dimension W, Table 2: Tapers 
No. .239 to No. 2 inclusive, 
+0.004, —0.000 in.; No. 3 and 
No. 4, +0.006, —0.000 in.; No. 
4 1/9 to No. 350 inclusive, +0.008, 
— 0.000; key drive tapers (Fable 3) 
all sizes, +0.008, — 0.000. 

Concentricity of Keyway, di- 
mension W, with center line of 
taper: Friction-retained and key- 


retained tapers (Table 2), tapers No. .239 to No. 4 inclusive, 0.0035 in.; tapers No. 4 1/2 


to No. 350 inclusive, 
0.007 in.; 
tapers (Table 3), 
sizes, 0.007 in. 

Drive Keyway, width, 
dimension N, Table 3: 
In spindle, -+0.000, 
—0.001 in.; in shank, 
+0.010, —0.013_ in.; 
width, dimension NV, Ta- 
ble 1, +0.000, —0.001 
in.; width, dimension n, 
Table 1, +0.003, —0.000 
in. 

Tolerance on Frac- 
tional Dimensions, for 
all types of tapers is 
+0.010, —0.010 in., un- 
less. otherwise specified. 


key-driven 
all 
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Fig. 4, Taper with Key Drive and Holdback Key. See Table 3 
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Fra. 5, Reed Lathe Center Taper. 
See Table 4 
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Fig. 8. Sellers Taper. See Table 8 


Table 4.—The Reed Lathe Center Taper 
All dimensions in inches. See Fig. 5 


Size of lathe, in... 10 ~ 12 14 16 18 20 oF) 24 

Length, A,in....] 31/16 | 51/g | 61/g | 63/g | 75/g | 81/16 | 81/16 | 81/2 | 81/2 | 9 
Large diam.,B,in.| 21/32} 25/32] 15/32 | 115/39] 11/2 1 25/39 | 125/39} 21/2 | 21/2 | 25/16 
Smalldiam.,C,in.| 1/2 9/16 15/16 | 11/4 __| 11/4 11/9 11/2 13/4 13/4 | 2 


Table 5.—Standard Tool Co. Taper for Twist Drill Shanks 


All dimensions in inches. See Fig. 6 


Diam.| Diam. 
Shank,} Shank 
Small | Large 
End | End 


Diam.| Taper} Taper 


Table 6.—Morse Tapers 
All dimensions in inches. See Fig. 7 


be w 8 «E) EI a a] op 8 > © 3 
o|] = 2 — [o} \ Mes f=] 

BlealAs}& | sul ag jee Se je |e} ole. lee fa 
Blsgles| Balas] 3s ]2@3)% js | Selsel ssias Z 
“| G2] gal 3a] ea! a | sh] an|anl(Sal aa] gal o& a 
2 a= SS eee | gee Ge 2 wo| w&@/BS] ho] A olso| 4 S 
6}. 88/85] 3A ei S | BS] sel Se] ee] sa] sa] ge 5 
Z/8 |8 | |F | ate |e |e Jk JA Ie le & 
AD ey P B H es eae 

0}0.252/0.356| 2 | 211/sq| 21/911 15/16 9/16 "625 
1] .369) .475] 21/g | 29/16} 28/16] 23/ig | 3/4 | .213) 3/g | .343 600 
2| .572| .700| 2 9/16] 31/g | 25/g .26 | 7/16 | 17/39| 1 "602 
3] .778| .938| 3 3/16] 37/g | 31/4 322) 9/16] 23/39 602 
4}1.020/1.231] 4 1/36] 47/g | 41/g .478| 5/g | 31/39 623 
5|1.475]1.748] 5 3/36] 61/3 | 51/4 | 415/16 11/2 | .635| 3/4 1118/39 . 630 
6|2,116/2.494] 71/4 | 89/16| 73/3 |7 13/4 | .76 626 
7|2.75 |3.27 |10 115/g 1101/g 19 1/2 |125/g 
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Table 9.—The Brown & Sharpe Taper 


All dimensions in inches. See Fig. 9 
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Fie. 9. Brown & Sharpe Taper. See Table 9 


Table 10.—Jarno Taper Shanks. 
Taper 0.6 in. per ft. All dimensions in inches See Fig. 10. 
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THE JARNO TAPER is 0.05 in. per in. = 0.6 in. 
per ft. The number of the taper is its diameter in 
tenths of an inch at the small end, in eighthsof aninch 
at the large end, and the length in halves of an inch. 
If N = number of taper, D, d = diameter at large 
and small ends, respectively, L= length, D=N/8, d= 
N/10, LZ = N/2. Thus, No.3 Jarno taper is 11/ in. 
long, 0.3 in. diameter at the small end and 3/g in. 
Fic. 10. Jarno Taper. See Table 10 diameter at the large end. See Table 10 and Fig. 10. 
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Table 11.—Tapers per Foot and Corresponding Angles 


Taper per Included Angle with Included i 
Foot, in. Angle Center Line Angle Bernie 
Deg. Min D i i 
1/g 0 36 hen eGR Seip ac 
W/4 1 12 7 09 3 34 1/9 
5/16 1 30 8 20 4 10 
3/8 1 47 oF 453i 4 45 1/p 
7/16 2 05 11 54 5 57 
I/g 2 23 14 15 7 07 1/2 
3 36 8 
4 55 9 


FITS 


‘ The degree of tightness or looseness between two parts that are intended to act together 
is known as the fit of the parts. The character of the fit depends upon the use to which 
itis to be put. Thus the fit between members which move or rotate relative to each other, 
as a journal rotating in a bearing, is considerably different from the fit which is designed 
to prevent any relative motion of the fitted members as, for example, a tire fitted to a 
locomotive driving wheel center. 

Manufacturers and engineering associations have adopted in the past many different 
standards for fits to meet their particular needs. For details of these practices, see earlier 
editions of this book and also Machinery’s Handbook, 9th Edition. In 1925, the American 
Standards Association published standards for fits, tolerances and allowances for all 
classes of service. These standards are abstracted below. For fits in journal bearings, 
see p. 13-31. ; 

TERMS RELATING TO FITS.—Basic Size is the exact theoretical size from which 
all limiting variations are measured. 

Allowance is an intentional difference in the dimensions of mating parts, or it may 
represent the minimum clearance space that is intended between mating parts. It repre- 
sents the tightest permissible fit, 7.e., the largest internal member mated with the smallest 
external member. 5 

Tolerance is the amount of variation permitted in the size of a part. In manufac- 
turing a large number of pieces, it is not possible to produce them to identical dimensions, 
and the tolerance allows variations from the-basic size that will permit them to be pro- 
duced, but which will not prevent their proper functioning. Variations must tend toward 
greater looseness than the ideal conditions of the smallest hole, or external member, and 
the largest shaft, or internal member. Tolerances should be stated on the drawing by 
giving the basic size and the maximum and minimum permissible variations therefrom. 


Thus, 


. { +0.000 in., . { +0.001 in. 
Shaft, 0.874 in. { 0.001 in Hole, 0.875 in. { 0.000 in. 


This indicates a manufacturing tolerance of 0.001 in. on each part. The clearance with 
the greatest possible looseness is 0.003 in., and with the greatest possible tightness, 0.001 in. 

Limits are the extreme permissible dimensions of a part. 

CLASSIFICATION OF FITS.—Fits are classified as follows: 

Class 1, Loose Fit, Large Allowance.—This fit provides for considerable freedom and 
embraces certain fits where accuracy is not essential. Examples of its use are the machined 
fits on agricultural and mining machinery, control apparatus for marine work, machinery 
in the textile, rubber and canning industries, and general machinery of similar grades. 
It is used for strictly interchangeable assembly. Tolerances and allowances are deter- 
mined by the following formulas, in which d = diameter of fit, in inches: 

Allowance = 0.0025 a/ d?; hole tolerance and shaft tolerance = 0.0025 fa. 
Dimensions are given in Table 1. 

Class 2, Free Fit, Liberal Allowance.—This fit is designed as a running fit for speeds 
of 600 r.p.m. or over, and journal pressures of 600 lb. per sq. in. or more. Examples of 
its use are electric generators, engines, machine tool parts, and automotive parts. It is 
used for strictly interchangeable assembly. Allowances and tolerances are determined 
by the following formulas: Ae 

Allowance = 0.0014 YP; hole and shaft tolerance = 0.0013 Vd. 


Dimensions are given in Table 1. 
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Table 1.—American Standard Loose and Free Fits 
A.38.A. B4a-1925. All dimensions in inches 


Class 1. Loose Fit, Large Allowance, |Class 2. Free Fit, Liberal Allowance, 


Size Interchangeable Interchangeable 
Limits . Loosest Loosest 
i Fit, 
Allow- 
Up to and ee 
From Including Mean 


Table 2.—American Standard Medium and Snug Fits 
A.S.A. B4a-1925. All dimensions in inches 


o Class 3. Medium Fit, Medium Allowance, Class 4. Snug Fit, Zero 

pie Interchangeable Allowance, Interchangeable 

Limits Loosest Limits Loosest 

Tightest Fit, Fit, 
Up to Hole or Shaft or Fit, Allow- | Hole or | Shaft or) ayow- 
Brom and Mean External Taternal Allow= ance |£xternal|Internal} gnoe 

Includ- Mem- Memon ance |+ Toler- Mem- |+ Toler- 

ing ber * ances bert | ances § 
Minus | Minus | Plust | Plusj Minus | Plus + 
0 3/16 1/g |0.0004 | 0.0002 | 0.0006 | 0.0002 | 0.0010 0.0002 | 0.0005 
3/16 5/16 1/4 . 0005 . 0004 . 0009 . 0004 .0014 . 0003 . 0007 
5/16 7/16 3/g . 0006 .0005 .0011 . 0005 .0017 . 0003 . 0007 
7/16 9/16 1/2 . 0006 . 0006 .0012 . 0006 0018 . 0003 .0008 
9/16 11/16 5/g .0007 .0007 .0014 . 0007 .0021 . 0003 .0008 
11/16 13/16 3/4 . 0007 . 0007 .0014 . 0007 .0021 . 0004 .0009 
13/16 15/16 7/8 .0008 . 0008 .0016 . 0008 . 0024 . 0004 .0010 
15/16 | 11/16 1 . 0008 .0009 .0017 . 0009 .0025 . 0004 .0010 
11/16 | 13/16 11/g . 0008 .0010 .0018 .0010 . 0026 . 0004 .0010 
13/16 | 13/g 11/4 . 0009 .0010 .0019 .0010 . 0028 .0010 
1 3/g 1 5/g 1 1/9 0009 .0012 .0021 .0012 . 0030 .0012 
1 5/g 17/8 13/4 .0010 .0013 . 0023 .0013 . 0033 .0012 
17/3 21/8 2 .0010 0014 . 0024 .0014 . 0034 . 0013 
21/8 2 3/g 21/4 .0010 .0015 . 0025 0015 . 0035 .0013 
23/8 23/4 21/2 0011 .0017 . 0028 .0017 . 0039 . 0013 
23/4 31/4 3 .0012 .0019 . 0031 . 0019 . 0043 0015 
31/4 3 3/4 .0012 .0021 . 0033 .0021 0045 0015 
33/4 41/4 . 0013 . 0023 . 0036 . 0023 . 0049 .0016 
41/4 43/4 .0025 . 0038 . 0025 .0051 .0017 
4 3/4 5 1/9 . 0026 .0040 . 0026 . 0054 0017 
51/9 61/2 . 0030 . 0045 . 0030 . 0060 .0018 
6 1/2 71/2 . 0033 . 0048 .0033 | .0063 0019 
7 1/2 81/9 . 0036 .0052 . 0036 . 0068 . 0020 


* Minimum limit = 0.0000 in, for all sizes. { Plus here denotes clearance or amount of looseness. 
} Maximum limit = 0.0000 in. for all sizes. § Tightest fit allowance = 0.0000 for all sizes. 
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Class 3, Medium Fit, Medium Allowance.—This fit is designed for running fits under 
600 r.p.m. and with journal pressures of less than 600 lb. per sq. in. It also is used for 
sliding fits, and the more accurate machine tool and automotive parts. It is designed for 
strictly interchangeable assembly. Allowances and hole tolerances are determined by the 
following formulas: 


he ica 
Allowance = 0.0009 Vd?; hole tolerance and shaft tolerance = 0.0008 a, 


Dimensions are given in Table 2. 

Class 4, Snug Fit, Zero Allowance.—A snug fit is the closest fit that can be assembled 
by hand. It necessitates work of considerable precision. It is used where no perceptible 
shake is permitted, and where moving parts are not intended to move freely under load. 
An example of its use is the assembly of the body and jaws of a drill chuck. It is designed 
for strictly interchangeable assembly. Allowance = 0.0000. Hole and shaft tolerances 
are determined by the following formulas: 


Hole tolerance = 0.0006 a/ d; shaft tolerance = 0.0004 v/ d. 


Dimensions are given in Table 2. ; 

Class 5, Wringing Fit, Zero to Negative Allowance.—This fit also is known as a tunking 
fit. It is practically a metal-to-metal fit. Assembly usually is selective and not inter- 
changeable. Examples of its use are locating keys, tongues or dowels. The selected 
average interference of metal is 0.0000 in. Hole and shaft tolerances are determined by 
the following formulas: 


Hole tolerance = 0.0006 v d; shaft tolerance = 0.0004 a/ d. 


Dimensions are given in Table 3. 

Class 6, Tight Fit, Slight Negative Allowance.—These fits are used where parts are to 
be more or less permanently assembled, and light pressure is required in the assembly 
operation. They are used for drive fits in thin sections, or very long fits in other sections, 
and also for shrink fits on very light sections. Examples of the use of this fit are jig 
bushings, and fixed ends of studs for gears, pulleys, rocker arms, in automotive, ordnance 


Table 3.—American Standard Wringing Fits and Tight Fits 
A.S.A. B4a-1925. All dimensions in inches 


Class 5. Wringing Fit, Zero 


Class 6. Tight Fit, Slight Negative Allowance 


Size to Negative Allowance. i 
Selective Assembly Selective Assembly 
Limits Tight- | Loosest | Selected 
Upt Hole or est Fit, Fit, 

Bi I 1 Exter- Shaft or Fit Allow- | Average 

From and Mean nal ia Allow- | 22¢e nal Tnternal Bon: ance Interfer- 
Includ- ere a mae | Tol-| Mem- Member ance + Tol- | ence of 

une =| ber is ber * é erances | Metal 

Plus Plus |Minus f| Plus t | Plus Plus Plus |Minus ¢ #t Minus f¢ 
0 3/16 1/g {0.0003 |0.0002 |0.0002 |0.0003 j0.0003 |0.0003 |0.0000 |0.0003 | +0.0003 | 0.0000 
3/16 5/16 1/4 | .0004 | .0003 | .0003 | .0004 | .0004 | .0005 | .0001 | .0005 | + .0003 0001 
5/16 7/16 3/g | .0004 | .0003 | .0003 | .0004 } .0004 | .0005 | .0001 | .0005 | + .0003 .0001 
7/16 9/16 1/g | .0005 | .0003 | .0003 | .0005 | .0005 | .0006 | .0001 | .0006 | + .0004 .0001 
9/16 11/16 5/g | .0005 | .0003 | .0003 | .0005 | .0005 | .0007 | .0002 | .0007 | + .0003 .0002 
11/1g| 13/16} 3/4 | .0005 | .0004 | .0004 | .0005 | .0005 | .0007 | .0002 | .o007 | + .0003 | .0002 
13/yg| 15/16 7/g | .0006 | .0004 | .0004 | .0006 | .0006 | .0008 | .0002 | .0008 | + .0004 .0002 
15/36} 11/16 | 1 .0006 | .0004 | .0004 | .0006 | .0006 | .0009 | .0003 | .0009 | + .0003 -0003 
11/16 | 13/16 | 11/g | .0006 | .0004 | .0004 .0006 | .0006 | .0009 | .0003 | .0009 | + .0003 -0003 
13/76 | 13/8 11/4 } .0006 | .0004 | .0004 | .0006 | .0006 | .0009 | .0003 | .0009 | + .0003 0003 
1 3/g 1 5/3 11/2 | .0007 | .0005 | .0005 | .0007 } .0007 | .0011 | .0004 | .0011 | + .0003 0004 
15/g 17/8 13/4 | .0007 | .0005 | .0005 | .0007 | .0007 | .OOI1 | .0004 | .OO11 | + .0003 0004 
17/8 21/8 Ps .0008 | .0005 | .0005 | .0008 | .0008 | .0013 | .0005 | .0013 | + .0003 0005 
21/8 23/8 21/4 | .0008 | .0005 | .0005 | .0008 | .0008 | .0014 | .0006 | .0014 | + .0002 .0006 
2 3/g 2 3/4 21/q | .0008 | .0005 | .0005 | .0008 | .0008 | .0014 | .0006 | .0014 | + .0002 .0006 
23/4 31/4 Sy .0009 | .0006 | .0006 | .0009 | .0009 | .0017 | .0008 | .0017 | + .0001 0008 
31/4 33/4 31/2 | .0009 | .0006 | .0006 | .0009 | .0009 | .0018 | .0009 | .0018 | — .0000 0009 
33/4 41/4 4 0010 | .0006 | .0006 | .0010 | .0010 | .0020 | .0010 | .0020 | — .0000 0010 
41/4 43/4 41/2 | .0010 | .0007 | .0007 | .0010 | .0010 | .0021 | .001I | .0021 | — .0001 0014 
43/4 51/2 5 0010 | .0007 | .0007 | .0010 | .0010 | .0023 | .0013 | .0023 | — .0003 0013 
51/2 61/2 6 0011 | .0007 | .0007 | .0011 | .0O11 | .0026 | .0015 | .0026 | — .0004 0015 
61/2 71/2 z 0008 | .0008 | .0011 | .0011 | .0029 | .0018 | .0029 | — .0007 .0018 
71/2 8 1/2 8 0008 | .0008 | .0012 } .0012 | .0032 | .0020 | .0032 | — .0008 0020 


* Minimum limit = 0.0000 in. for all sizes. : 
Minus here denotes interference of metal or negative allowance. 
Plus here denotes clearance or amount of looseness. 
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and general machine manufacturing. In this fit, the average interference of metal is the 
desired condition. It must be obtained by selective assembly, i.e., by mating large 
shafts in large holes, and small shafts in small holes. In this fit, selected average inter- 
ference of metal = 0.00025d. Hole tolerances and shaft tolerances are given by the 
formula 


Tolerance = 0.0006 </ d. 


Dimensions are given in Table 3. The stresses set up in the members, and the forces 
required for making these fits, are given in Table 4. The values of the greatest hole 
stress in Table 4 are for mean diameters only. For other sizes in the same group, the 
interference per inch of diameter, and hence the greatest hole stress will vary from the 
values given by less than 10%. If greater accuracy for intermediate steps is required, 
the interference per inch of diameter should be computed by the formula given above. 
The values given in Table 4 are true only when hub diameter equals twice the hole 
diameter. 

Class 7, Medium Force Fit, Negative Allowance.—These fits are used where the parts 
are to be permanently assembled. Considerable pressure is required for assembly. They 
are the tightest fits recommended for cast iron holes or external members, since they will 
stress cast iron to its elastic limit. Examples of the use of this class of fit are the attach- 
ment to their axles or shafts of locomotive and ear wheels, generator and motor armatures, 
and engine crank discs. This class of fit also is used as a shrink fit on medium sections or 
long fits. These fits are used for selective assembly only. Selected average interference 
of metal = 0.0005d. The shaft and hole tolerances are determined by the formula 


Tolerance = 0.0006 ~/d. 


Dimensions are given in Table 5. Stresses set up in the parts, and the pressure required 
to make the fits, are given in Table 6. The values given in Table 6 for stress and force 
are true only when the hub diameter equals twice the hole diameter. The values of 


Table 4.—Stresses and Forces for Tight Fits, Class 6 
A.S.A. B4a—-1925 
Force values are for fits 1 in. long. For longer fits multiply tabular values by length of fit in inches 


eee a Greatest Hole Stress, Steel Shaft in Force Required to Press Steel Shaft into 
per inch o} RO RE RRs SOR ES ee es A 
Mean Size* Steel Holet | Cast-iron Holet Steel Hole Cast-iron Hole 
Mean Tight- Tight- c . 
size, in. | Tightest | Loosest est sae est eet Tight- Loosest|Selected oo | Loosest |Selected 
Fit, Fit, Fit, | A eye . ae me Fit, | Fit, = Fit, | Fit, 
in. in. Ib, per Per | Ib. per Dee hd tons tons it, tons | tons 
sq. in. q. in. sq. in. sq. in. | to tons 
1/g | 0.00240 69,600 25,037 0.389 0.000 | 0.224 0.000 
1/4 | .00200 58,000 20,864 649 130 | .374 .075 
3/g | .00133| #2 3 | 38,700] 2 3 | 13,909) ee | 649) 2 3 130 | .374 | & 3 i} .075 
Ye | .00120 a3 34,800 | 3-8 | 12,518} 22 | .79 Se | 130) .448| 22 | .075 
b/g | .00112| gee |32,480] 2 § | 11684] ~ = | .909) 8 | .260] .523| 2 Eg ] fag 
3/, | .00093| 8 |47100| 2 | 9737| S 909 | S72 | ‘260} 1523] SF | i149 
7/g | .00091 | €-2 | 26500) 8-3 | 9,538) 8-2 | 1.038) BS | .260| 598} ES | 149 
Ml 00090 | & | 26,100) 24 | 9389) 24 | 1.168] 24 389 | .672| 24 | .224 
b1/g | .00080| 3% | 23,200 2% | 8346 = g | 1.168) og 389 | 672 lis Fil) 204 
11/4 | 00072} 28 | 20880] 3% | 7511} Be | 1.168) 3% | 399] .672| 22) 224 
11/2 | .00073 | §S | 21,300} FS | 7,650) ES | 1.428 sa 519 | .822| $8 | -.299 
13/4 | .00063 gg | 18,240] Sg | 6557) Sg | 1.428] og 519 | .822| = | _299 
2 00065 | 8 | 18850] 8) | 6781] 8. | 1.687) 8. | 649) .o7t| 8 | 374 
21/4 | .00062| 3.8 | 18,040] 3.8 | 6491] BS | 1.817] 38 | .779 | 1.046 a8 | 1448 
23/2 | .00056| 5 | 16,200] 68 | 5842) 68 | 1.817| 5 8 | .779 | 1.046) 5 8 | .448 
3 00057} 4A | 16433] 48 | 5911) 48 | 2.207] 48 | 1.038] 1.270] 28 | .598 
31/2 | .00051 14,910 5,365 2.336 1.168 | 1.345 .672 
4 .00050 14,500 5,216 2.596 1,298 | 1.494 .747 
41/2 | .00047 | 0.00002 | 13,530| 644 | 4,868| 232 | 2.726 | 0.130 | 1.428 | 1.569 | 0.075 | .822 
5 00046 | .00006 | 13,340 | 1740 | 4,799] 625 | 2.985 | .389 | 1.687] 1.719 | .224] .971 
6 .00043 | .00007 | 12,570} 1933 | 4,521] 695 | 3.375 | .519 | 1.947 | 1.942] .299 | 1.121 
7 .00041 | .00010 | 12,010 | 2900 | 4,322 | 1043 | 3.764] .909 | 2.336 | 2.167 | .523 | 1.345 
8 .00040 | .00010 | 11,600 | 2900 | 4,173 | 1043 | 4.154 | 1.038 | 2.596 | 2.391 | .598 | 1.494 
Stress = Stress = 
29,000,000 A /d §|10,432,000.4/a$}__ Force = 1298 4 § Food = (44.2 4 § 


* Interference of metal on selected fits, all sizes, = 0.00025 in. 
Greatest stress in hole on selected fits, all sizes, 7250 lb. per sq. in. 
Greatest stress in hole on selected fits, all sizes, = 2608 lb. per sq. in, 


§ A = allowance; d = mean size. 
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greatest hole stress are for mean diameter sizes only. For other sizes in the group, the 
interference per inch of diameter, and hence the greatest hole stress will vary from the 
values given by less than 10%. If greater accuracy for intermediate steps is required, 
the interference per inch of diameter should be computed by the formula given above. 

Class 8, Heavy Force and Shrink Fit, Considerable Negative Allowance.—These fits 
are used for steel holes where the metal can be highly stressed without exceeding its elastie 
limit. They cause excessive stress in cast-iron holes. Shrink fits are used where heayy 
force fits are impracticable, as on locomotive wheel tires, heavy crank discs, etc. They 
are for selective assembly only. Selected average interference of metal = 0.001 d, 
Hole and shaft tolerances are given by the formula 


Tolerance = 0.0006 Va. 


Dimensions are given in Table 7. Stresses set up by, and the force required to make these 
fits, are given in Table8. The values given in Table 8 for stress and force are true only 


Table 5.—American Standard Medium Force Fit, Negative 
Allowance, Selective Assembly 
A.S.A, B4a-1925. All dimensions in inches 


Size Limits Tightest te ele 

ae renee Average 
Up to Hole or Shaft or Allow- rs Toler. Inter- 

From and Mean _ | External Member | Internal Member ance ences ference 

Including of Metal 

Plus Plus Plus Minus* *T Minus* 
0 3/16 1/g | 0.0003 | 0.0000 | 0.0004 | 0.0001 ,; 0.0004 +0.0002 | 0.0001 
3/16 5/16 1/4 | .0004 | .0000 | .0005 | .0001 | .0005 | + .0003 | .0001 
5/16 7/16 3/g 0004 . 0000 . 0006 0002 .0006 + .0002 .0002 
7/16 9/16 1/2 .0005 .0000 . 0008 0003 .0008 + .0002 0003 
9/16 11/36 5/8 .0005 . 0000 . 0008 . 0003 .0008 + .0002 . 0003 
11/16 13/16 3/4 . 0005 . 0000 .0009 . 0004 0009 + .0001 .0004 
13/16 15/16 7/3 . 0006 . 0000 .0010 0004 .0010 + .0002 . 0004 
15/16 1 1/16 1 . 0006 . 0000 0011 .0005 0011 + .0001 .0005 
11/16 13/16 11/g | .0006,| .0000 | :0012 | .0006 | .0012 0000 | .0006 
1 3/16 1.3/3 11/4 . 0006 . 0000 0012 .0006 0012 . 0000 . 0006 
1 3/g 1 5/g 11/9 . 0007 . 0000 0015 0008 0015 — .0001 . 0008 
1 5/g 17/g 13/4 .0007 .0000 0016 0009 0016 — .0002 .0009 
1 7/g 21/8 2 0008 .0000 0018 .0010 .0018 — .0002 .0010 
21/8 2 3/g 21/4 .0008 . 0000 .0019 -0011 .0019 — .0003 0011 
23/8 2 3/4 21/2 . 0008 .0000 .0021 0013 .0021 — .0005 .0013 
23/4 31/4 3 0009 . 0000 0024 0015 .0024 — .0006 0015 
31/4 3.3/4 31/2 | .0009 | .0000 | .0027 | .0018 | .0027 | — .0009 | .0018 
3 3/4 41/4- 4 .0010 .0000 . 0030 .0020 .0030 — .0010 . 0020 
41/4 43/4 41/9 0010 . 0000 . 0033 .0023 . 0033 — .0013 . 0023 
43/4 51/9 5 .0010 .0000 0035 .0025 .0035 — .0015 0025 
51/2 61/2 6 .0011 .0000 . 0041 . 0030 .0041 — .0019 . 0030 
61/2 71/2 7 0011 . 0000 . 0046 .0035 0046 — .0024 .0035 
71/2 8 1/o 8 0012 . 0000 0052 .0040 .0052 — .0028 0040 
8 1/g 91/2 9 0012 . 0000 . 0057 0045 0057 — .0033 0045 
10 1/2 11 V2 10 0013 .0000 . 0063 0050 . 0063 — .0037 .0050 
11 1/2 13 12 0014 . 0000 .0074 .0060 0074 — .0046 .0060 
13 15 14 0014 . 0000 .0084 .0070 0084 — .0056 .0070 
1S 17 16 0015 .0000 0095 .0080 0095 — .0065 . 0080 
17 19 18 .0016 .0000 .0106 .0090 .0106 — .0074 .0090 
19 22 20 0016 .0000 0116 0100 0116 — .0084 .0100 
22 26 24 0017 . 0000 . 0137 .0120 0137 — .0103 .0120 
26 30 28 .0018 . 0000 0158 .0140 .0158 — .0122 .0140 
30 34 32 .0019 . 0000 .0179 .0160 .0179 — .0141 .0160 
34 38 36 . 0020 .0000 0200 .0180 .0200 — .0160 .0180 
38 44 40 .0021 . 0000 BO2Zi .0200 .0221 — .0179 .0200 
44 52 48 .0022 . 0000 0262 . 0240 0262 — .0218 .0240 
52 60 56 . 0023 .0000 . 0303 . 0280 . 0303 — .0257 . 0280 
60 68 64 0024 . 0000 0344 . 0320 0344 — .0296 . 0320 
68 76 72 . 0025 . 0000 . 0385 . 0360 . 0385 — .0335 . 0360 
76 88 80 .0026 .0000 .0426 .0400 0426 — .0374 .0400 
88 104 96 .0027 . 0000 .0507 .0480 .0507 — .0453 . 0480 
104 120 AZ .0029 . 0000 0589 0560 0589 — 0531 0560 
120 136 128 . 0030 . 0000 .0670 . 0640 .0670 — .0610 . 0640 


* Minus here denotes interference of metal or negative allowance. 
+ Plus here denotes clearance or amount of looseness, 
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Table 6.—Stresses and Forces for Medium Force Fits, Class 7 ‘ 


A.S.A. B4a-1925 rod) 
Force values are for fits 1 in. long. For longer fits multiply tabular values by length of fit in inches 


Greatest Hole Stress, 


Interference of Steel Shaft, in 


Force Required to Press Steel Shaft into 
Metal per Inch of 


a Mean Size * Steel Hole t |Cast-iron Hole t Steel Hole Cast-iron Hole 
ize, - - a 
in. |Tightest | Loosest Minto Loosest Se Loosest| Tightest| Loosest | Selected | Tightest Loosest Selected 

Rit, | Fit, | me | Fit | me | Fit | Bt | it, | Fit, | Mit, Fit, | Fit, 
in. in. in s in. aa in. tons tons tons tons tons tons 

1/g|0.00320 92,800 33,382 0.519 0.130 0.299 0.075 
1/4} .00200 58,000 20,864 649 130 | .374 075 
3/g| .00160 46,400 16,691 779 .260 448 149 
1/p| .00160 46,400 16,691 1.038 389 598 224 
5/3} .00128 See | 37,120] See | 13,353 | See 1.038 See 389 -598 See .224 
3/4} .00120 | Note 1 | 34,800 | Note 1 12,513 | Note 1 1.168 | Note 1 19 .672 | Note 1 .299 
7/g| .00114 33,140 11,922 1.298 519 747 299 
1 00110 31,900 11,475 1.428 649 .822 374 
11/g| .00107 30,930 11,127 1.558 .779 .897 448 
11/4] .00096 27,830 10,015 1.558 .779 .897 448 
11/2] .00100 |0.00007 | 29,000 | 1,934 | 10,432 695 1.947 0.130 1.038 1.121 0.075 -598 
13/4} .00091 | .00011 | 26,510 | 3,314] 9,538) 1192 2.077 .260 1.168 1.196 . 149 .672 
2 00090 | .00010 | 26,100 | 2,900} 9,389) 1043 2.336 260 1.298 1.345 . 149 .747 
21/4| .00084 | .00013 | 24,490 | 3,866 | 8,809} 1391 2.466 389 1.428 1.420 .224 .822 
21/9| .00084 | .00020 | 24,340 | 5,800 | 8,763 | 2086 2.726 -649 1.687 1.569 373 971 
3 00080 | .00020 | 23,200 | 5,800 | 8,346] 2086 3.115 .779 1.947 1.793 448 121 


31/2| .00077 | .00026 | 22,370 | 7,457 | 8,048 | 2682 
4 00075 | .00025 | 21,750 | 7,250 | 7,824 | 2608 
41/9| .00073 | .00029 | 21,270 | 8,377 | 7,652 | 3014 
5 .00070 | .00030 | 20,300 | 8,700 | 7,302} 3130 
6 .00068 | .00032 | 19,810 | 9,183 | 7,129 | 3303 
7 00066 | .00034 | 19,060 | 9,942 | 6,855 | 3577 
8 00065 | .00035 | 18,850 | 10,150 | 6,781 | 3651 
9 .00063 | .00037 | 18,370 | 10,630 | 6,607 | 3875 
10 00063 | .00037 | 18,270 | 10,730 | 6,572 | 3860 
12 00062 | .00038 | 17,890 | 11,120 | 6,433 | 3999 
14 00060 | .00040 | 17,400 | 11,600 | 6,259} 4173 
16 00059 | .00041 | 17,220 | 11,780 | 6,194 | 4238 
18 00059 | .00041 | 17,080 | 11,920 | 6,143 | 4289 
20 00058 | .00042 | 16,820 | 12,180 | 6,051 | 4381 
24 00057 | .00043 | 16,550 | 12,450 | 5,955 | 4477 
28 00056 | .00044 | 16,360 | 12,640 | 5,887 | 4173 


1 

1.168 | 2.336 | 2.017 672s eal 

3.894 | 1.298 | 2.596 | 2.242 .747 | 1.494 
1.687 | 2.985 | 2.466 -971 1 

129474)" 3245.1) 22615 1.121 1 

5.322 | 2.466 | 3.894} 3.064 1.420 | 2.242 

51971 | Salts |) 4.543. | 3.437 1.793.| 2.615 

6.750 | 3.634] 5.192 | 3.885 |} 2.092} 2.989 

7.399 | 4.283 | 5.841 | 4.259 | 2.466 | 3.362 

8.177 | 4.803 | 6.490 | 4.707 | 2.765 | 3.736 

9.605 | 5.971 | 7.788 | 5.529 | 3.437 | 4.483 

10.903 | 7.269 | 9.068 | 6.276 | 4.184 | 5.230 
12.331 | 8.437 | 10.384 | 7.098 | 4.857 | 5.978 
13.759 | 9.605 | 11.682} 7.920 | 5.529 | 6.725 
15.057 | 10.903 | 12.980 | 8.668 | 6.276 | 7.472 
17.783 | 13.369 | 15.576 | 10.236 | 7.696 | 8.966 
20.508 | 14.538 | 18.172 | 11.806 | 8.369 | 10.461 


32 .00056 | .00044 | 16,220 | 12,780 | 5,835 | 4597 | 23.234 | 18.302 | 20.768 | 13.375 | 10.536 | 11.955 
36 00056 | .00044 | 16,110 | 12,890 | 5,796 | 4636 | 25.960 | 20.768 | 23.364 | 14.944 | 11.955 | 13.450 
40 00055 | .00045 | 16,020 | 12,980 | 5,764 | 4668 | 28.686 | 23.234 | 25.960 | 16.513 | 13.375 | 14.944 
48 00055 | .00045 | 15,830 | 13,170 | 5,694 | 4738 | 34.008 | 28.296 | 31.152 | 19.577 | 16.289 | 17.933 
56 00054 | .00046 | 15,690 | 13,310 | 5,644} 4788 | 39.329 | 33.359 | 36.344 | 22.640 | 19.203 | 20.922 
64 00054 | .00046 | 15,570 | 13,410 | 5,607 | 4825 | 44.651 | 38.421 | 41.536 | 25.704 | 22.117 | 23.910 
72 00053 | .00047 | 15,500 | 13,490 | 5,578 | 4854 | 49.973 | 43.483 | 46.728 | 28.767 | 25.031 | 26.899 
80 00053 | .00047 | 15,440 | 13,560 | 5,555 | 4877 | 55.295 | 48.545 | 51.920 | 31.831 | 27.945 | 29.888 
96 00053 | .00047 | 15,320 | 13,680 | 5,509 | 4923 | 65.809 | 58.799 | 62.304 | 37.883 | 33.848 | 35.866 
112 00053 | .00047 | 15,250 | 13,750 | 5,486 | 4946*) 76.452 | 68.924 | 72.688 | 44.010 | 39.676 | 41.843 
128 00052 | .00048 | 15,180 | 13,820 | 5,461 | 4972 


86.966 | 79.178 | 83.072 | 50.062 | 45.579 | 47.821 
Stress = Stress = 
29,000,0004/d§| 10,432,000A /a§ Force = 1298 A § Force = 747.2A § 


Norn 1.—No values are given for sizes 1/g in. to 11/4 in. inclusive, because of the absence of 
interference of metal, due to the smallest shaft member being smaller than the largest hole member. 

* Interference on selected fits, all sizes, = 0.0005 in. 

+ Greatest hole stress on selected fits, all sizes, = 14,500 lb. per sq. in. 


t Greatest hole stress on selected fits, all sizes, 5216 lb. per sq. in. 
§ A = allowance; d = mean size. 


when the hub diameter equals twice the hole diameter. The values of the greatest hole 
stress are for mean diameter sizes only. For other sizes in the group, the interference 
per inch of diameter, and hence the greatest hole stress, will vary from the values given 
by less than 10%. If greater accuracy for intermediate steps is required, the interference 
per inch of diameter should be computed by the formula given above. 

STRESSES RESULTING FROM FORCE FITS.—In any force or shrink fit, the metal 
of the fitted member is deformed by an amount equal to the interference of metal between 
the external and internal members. Discussions of the stress set up by this deformation 
usually are based on the assumption that the materials are elastic and follow Hooke’s law. 
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Table 7.—American Standard Heavy Force and Shrink Fit, Considerable Negative 
Allowance, Selective Assembly, Class 8 


A.S.A., B4a-1925. All dimensions in inches 


Size Limits Tightest | Loosest ere 
- Fit y 

Fit, ieee Average 

Up to Hole or Shaft or Allow- eed Inter 

From and Mean | External Member | Internal Member ance 7 Toler ference 

Including sats of Metal 
ee = Plus Plus Plus _Minus* Re Minus* 
0 é es is 0.0003 | 0.0000 | 0.0004 | 0.0001 | 0.0004 | +0.0002 | 0.0001 
/16 /16 /4 .0004 .0000 .0007 . 0003 . 0007 + .0001 0003 
5/16 7/16 3/g . 0004 . 0000 . 0008 . 0004 . 0008 . 0000 “0004 
7/16 9/16 Ye | .0005 | .0000 | .0010 | .0005 | .o010 .0000 | .0005 
9/16 11/16 5/g .0005 . 0000 0011 .0006 0011 — ,0001 0006 
11/16 13/16 3/4 .0005 . 0000 .0013 0008 .0013 — .0003 “0008 
13/16 15/16 7/8 . 0006 . 0000 “0015 .0009 0015 — .0003 “0009 
15/16 1 1/16 1 .0006 .0000 .0016 .0010 .0016 — .0004 “0010 
11/16 1 3/16 1 1/g . 0006 .0000 .0017 .0011 .0017 — .0005 | .0011 
1 3/16 1 3/g 11/4 .0006 .0000 .0019 .0013 0019 — .0007 . 0013 
1 3/g 1 5/g 11/2 . 0007 . 0000 .0022 .0015 .0022 — .0008 0015 
1 5/g 1 7/8 13/4 .0007 .0000 .0025 .0018 .0025 — .0011 .0018 
17/g 21/38 2 . 0008 .0000 . 0028 . 0020 . 0028 — .0012 | .0020 
21/8 23/g 21/4 . 0008 .0000 . 0031 . 0023 -0031 — .0015 | .0023 
2 3/g 2 3/4 21/2 . 0008 . 0000 . 0033 .0025 . 0033 — .0017 | .0025 
23/4 31/4 3 .0009 . 0000 . 0039 . 0030 . 0039 — .0021 . 0030 
31/4 33/4 31/2 .0009 .0000 . 0044 . 0035 0044 —7.,0026 |) 20035 
33/4 41/4 4 .0010 .0000 .0050 . 0040 . 0050 — .0030 . 0040 
41/4 43/4 41/9 .0010 . 0000 .0055 .0045 .0055 — .0035 .0045 
43/4 51/2 5 .0010 . 0000 . 0060 .0050 . 0060 — .0040 .0050 
5 1/2 61/2 6 .0011 . 0000 .0071 . 0060 .0071 — .0049 . 0060 
6 l/2 7 \/2 7 0011 . 0000 .0081 .0070 . 0081 — .0059 | .0070 
71/9 81/9 8 .0012 . 0000 .0092 . 0080 .0092 — .0068 | .0080 
8 1/2 91/9 9 .0012 .0000 -0102 .0090 .0102 — .0078 .0090 
10 1/2 11 1/2 10 .0013 .0000 0113 .0100 0113 — .0087 .0100 
11 1/2 13) 12 .0014 .0000 .0134 .0120 0134 — .0106 | .0120 
13 15 14 .0014 “| .0000 .0154 .0140 .0154 — .0126 | .0140 
15 17 16 .0015 . 0000 .0175 .0160 0175 — .0145 .0160 
17 19 18 .0016 . 0000 .0196 .0180 .0196 — .0164 .0180 
19 22 20 .0016 . 0000 .0216 .0200 .0216 — .0184 | .0200 
22 26 24 .0017 .0000 .0257 .0240 | ..0257 — .0223 .0240 
26 30 28 .0018 . 0000 .0298 .0280 .0298 — .0262 | .0280 
30 34 32 .0019 . 0000 0339 . 0320 . 0339 — .0301 . 0320 
34 38 36 . 0020 . 0000 . 0380 0360 . 0380 — .0340 . 0360 
38 44 40 .0021 .0000 .0421 . 0400 0421 — .0379 . 0400 
44 52 48 .0022 .0000 .0502 . 0480 .0502 — .0458 -0480 
52 60 56 .0023 . 0000 . 0583 .0560 .0583 — .0537 . 0560 
60 68 64 .0024 . 0000 . 0664 . 0640 . 0664 — .0616 0640 
68 76 72 .0025 .0000 .0745 .0720 .0745 — .0695 .0720 
76 88 89 . 0026 .0000 . 0826 . 0800 0826 — .0774 . 0800 
88 104 96 .0027 . 0000 .0987 .0960 .0987 — .0933 . 0960 
104 120 112 .0029 .0000 1149 .1120 .1149 — .1091 .1120 
120 136 128 . 0030 . 0000 . 1310 . 1280 . 1310 — .1250 . 1280 


* Minus here denotes interference of metal or negative allowance. 
+ Plus here denotes clearance or amount of looseness. 


A. Lewis Jenkins (Am. Mach., March 4, 1915) shows that for the usual combination of a 
cast-iron hub shrunk on a steel shaft, Hooke’s law does not apply to the cast-iron hub. 
From a study of a wide variety of force and shrink fits, he deduced the following equations: 
Let p = the unit stress between shaft and hub; rz = common radius of fitted shaft and 
hub; 7r3 = external radius of hub; e = total deformation of shaft and hub in pressing 
=; — Tp} Te, Th = Tespectively, external radius of shaft and internal radius of hub before 
pressing. Then for cast-iron hubs on steel shafts 

p = {102,900,000 (e/r2)} + {7.16 + (rs/r2) }. 
For steel hubs on steel shafts 

p = [15,000,000 (e/re) { (r3/r2)?2 + 1}] + {(ra/rz)?}. 

In designing force and shrink fits, the interference e usually is assumed. The resulting 

stress then should be calculated to make sure that the elastic limit of the material is not 
exceeded. 
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Table 8. —Stresses and Forces for Heavy Force and Shrink Fits, Class 8 
A.S.A. B4a-1925 
Force values are for fits 1 in. long. For longer fits, multiply tabular values by length of fit in inches 


Greatest Hole Stress, Force Required to Press 
Steel Shaft in Steel Hole Steel Shaft into Steel Hole 


Interference of Metal per 
Inch of Mean Size 


Mean j 

Size, Tightest | Loosest | Selected Oh ae a Tightest | Loosest | Selected 

in. Fit, Fit, Fit, lb. lb. Ib. Fit, Fit, ! Fit, 

i i i hee Det De tons tons tons 
in. ap whe See Teal eee eee] a CE, | PT idl Sera 
1/g . 00320 92,800 29,000 O75tF 0.130 
1/4 . 00280 See .001 81,200 See 29,000 .909 See 389 
3/3 . 00213 Note 1 .001 61,870 | Note 1 | 29,000 1.038 | Note 1 Rei) 
V/g . 00200 .001 58,000 29,000 1,298 . 649 
5/g .00176 | 0.00016 .001 51,040 4,640 | 29,000 1.428 0.130 By iyi) 
3/4 00173 . 00040 .001 42,270 | 11,600 | 29,000 1.687 .389 1.038 
7/3 00171 . 00034 .001 49,710 9,943 | 29,000 1.947 good 1.168 
1 . 00160 . 00040 .001 46,400 | 11,600 | 29,000 2.077 ane) 1,298 
1V/g 00151 . 00044 .001 43,840 | 12,890 | 29,000 2.207 . 649 1.428 
T1/4 .00152 . 00056 .001 44,080 | 16,230 | 29,000 2.466 -909 1, 687 
1 1/2 . 00147 . 00053 .001 42,530 | 15,470 | 29,000 2.856 1.038 1.947 
13/4 .00143 . 00062 .001 41,430 | 18,230 | 29,000 3.245 1.428 2.336 
2 .00140 . 00060 .001 40,600 | 17,400 | 29,000 3.634 1.558 2.596 
21/4 . 00138 . 00066 .001 39,960 | 17,910 | 29,000 4.024 1.947 2.985 
21/2 00132 . 00068 .001 38,280 | 19,720 | 29,000 4.283 2.207 3.245 
3 . 00130 . 00070 .001 37,700 | 20,300 | 29,000 5.062 2.726 3.894 
31/2 . 00126 . 00074 .001 36,460 | 21,540 | 29,000 Sey dll 5.315 4.543 
.00125 . 00075 .001 36,250 | 21,750 | 29,000 6.490 3.894 5; 92, 
41/9 .00122 . 00078 .001 35,440 | 22,560 | 29,000 7.139 4.543 5.841 
5 .00120 . 00080 001 34,800 | 23,200 | 29,000 7.788 5.192 6.490 
6 00118 . 00082 .001 34,317 | 23,680 | 29,000 9.216 6.360 7.788 
7 00116 . 00084 .001 33,570 | 24,440 | 29,000 10.514 7.658 9.086 
8 00115 . 00085 .001 33,350 | 24,650 | 29,000 11.942 8.826 10.384 
9 00113 . 00087 .001 32,870 | 25,130 | 29,000 13.240 10.124 11.682 
10 .00113 . 00087 .001 32,770 | 25,233 | 29,000 14.667 11.293 12.980 
12 00112 . 00088 .001 32,390 | 25,610 | 29,000 172393 13.759 15.576 
14 .00110 . 00090 .001 31,900 | 26,100 | 29,000 19.989 16.355 18.172 
16 .00109 . 00091 .001 31,720 | 26,290 | 29,000 22.715 18.821 20.768 
18 .00108 .00091 .001 31,580 | 26,420 | 29,000 25.441 21.287 23.364 
20 . 00108 . 00092 .001 31,370 | 26,680 | 29,000 28.037 23. 883 25.960 
24 . 00107 . 00093 .001 31,050 | 26,940 } 29,000 33.5359 28.945 31.152 
28 . 00106 . 00094 .001 30,860 | 27,130 | 29,000 38.680 34.008 36.344 
32 . 00106 . 00094 .001 30,710 | 27,280 | 29,000 44.002 39.070 41.536 
36 . 00106 . 00094 .001 30,600 | 27,390 | 29,000 49.324 44.132 46.728 
40 00105 .00095 .001 30,510 | 27,480 | 29,000 54.646 49.194 51.920 
48 .00105 . 00095 .001 30,330 | 27,680 | 29,000 65.160 59.448 62.304 
56 .00104 . 00096 .001 30,190 | 27,810 | 29,000 75.673 69.703 72. 688 
64 .00104 . 00096 001 30,080 | 27,900 | 29,000 86. 187 79.957 83.072 
72 . 00103 . 00097 .001 30,000 | 27,990 | 29,000 96.701 90.211 93.456 
80 . 00103 . 00097 .001 29,940 | 28,060 | 29,000 | 107.113 | 100.465 | 103.840 
96 . 00103 . 00097 .001 29,810 | 28,180 | 29,000 | 128.115 | 121.103 | 124.608 
412 . 00103 . 00097 .001 29,750 | 28,250 | 29,000 | 149.140 | 141.612 | 145.736 
428 . 00102 . 00098 .001 29,690 | 28,320 | 29,000 | 170.038 | 162.250 | 166.144 

Stress 


= 29,000,000 A/d * Force = 1298A * 


* A = allowance; d = mean size, 


Nore 1. No values are given for sizes 1/g in. to 1/9 in. inclusive because of the absence of inter- 
erence of metal, due to the smallest shaft member being smaller than the largest hole member. 


TEMPERATURES FOR SHRINKAGE FITS.—The temperature to which the outer 


member ina shrinkage fit must be heated in order to assemble the parts depends upon the 
eoefficient of linear expansion of the metal. For wrought iron and steel this is about 
0.000 0065 for each degree F. and for cast-iron it is 0.000 0062. Low redness corresponds 


to about 900° F. and hence causes an expansion of the bore of about 0.005 in. per in. of 
diam. 
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BEARINGS AND LUBRICATION 


CLASSIFICATION 


Bearings may be classified according to Function, Form, Design, and Lubrication. 

CLASSIFICATION BY FUNCTION.—Bearings may be defined according to function 
as follows: 

Radial Bearing.—A bearing applied to a rotating shaft to hold its axis in line, and pre- 
vent movement in a radial direction. 

Thrust Bearing.—A bearing applied to a shaft to prevent free endwise movement. 

Angular Bearing.—A bearing to constrain a shaft against both radial and axial move- 
ment; the load is received in an angular direction and has radial and axial components. 

Guides or Ways.—Bearings to permit and control the rectilinear movement of a sliding 
machine element, as a ram or crosshead, or slide. Guides usually are designed to prevent 
rotational movement of the sliding element. 

CLASSIFICATION BY FORM.—Bearings may be divided into the following forms, 
depending on the way in which friction is produced in them: 

Sliding Surface Bearings include all that depend on lubricating films, perfect or 
imperfect, of oil, grease, graphite or other material. 

Rolling Contact Bearings include all forms of ball and roller bearings. 

Sliding Rolling Face Bearings include those found in gear teeth, cams, and some forms 
of roller bearings. 

CLASSIFICATION BY DESIGN may be made as follows: 

Self-aligning Bearings are those in which the parts will automatically align themselves 
when assembled and loaded. 

Rigid Bearings.—Bearings in which bearing surfaces are practically invariable in form 
and position after installation. Also known as non-aligning bearings. 

Pivoted Segment Bearings.—Bearings in which one of the active surfaces is made up of 
segments so freely mounted as to permit the formation of natural wedge-shaped lubricating 
films. 

Elastic Bearings.—Those in which one of the active surfaces is elastic or elastically 
supported so as to flex with respect to the other for the purpose of alignment and film 
formation. 

CLASSIFICATION BY LUBRICATION.—Bath Lubricated Bearings.—Bearings in 
which active surfaces always are submerged in a well of lubricant. 

Automatically Lubricated or Self-oiling Bearings.—Bearings in which the rotation of 
the shaft or movement of parts causes lubricant to be applied continuously to the bearing 
surfaces. 

Independent Pressure-lubricated Bearings.—Bearings lubricated from a pressure 
source, independent of the bearing mountings, which may be operated before the machine is 
started, or may be geared into the machine, operating only when the machine runs. The 
system is then known as Automatic Pressure Lubrication. 

Periodically-lubricated Bearings include all those using any form of intermittent 
application, by whatever means the lubricant is applied. 

FACTORS IN BEARING DESIGN AND OPERATION.—The several factors listed 
below are important to the designer and user of bearings, from the standpoint of permissible 


!oads, lubrication, etc. é 
Surface Speed rarely is a limitation with perfectly lubricated bearings. See Cooling of 


Bearings, p. 13-52. ; ; 
Straight-line Motion of sliding bearing surfaces may be continuous in one direction, as 
wire in a drawing die. It may be intermittent in one direction as in the ram of a ratchet 
jack. It may be reciprocating motion, as in crossheads or machine guides. 
Circular Sliding Motion, as in journal, thrust, and angular bearings may be continuous 
in one direction, or it may be reversible, 7.e., rotation in opposite directions for equal or 
unequal periods of time. It may be oscillating, asin a shaft carrying a rocking lever, or 
intermittent as in bearings for a ratchet wheel shaft. The angle of rotation is important in 


the last two classes. 
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Approach and Recession of bearing faces frequently is superimposed on sliding motion, 
as in rocking levers, wrist pins, and reversing shafts. It is caused by change in magnitude 
of bearing load, by reversal, shock or other cycle of load variation. ; 

Rotating Radial Load is found more often in vertical than in horizontal shafts. ‘It is an 
unusual condition, generally due to lack of balance, accidental or otherwise, but which may 
result as in rock crushers from the process of manufacture carried on in the machine. 


OIL FILM BEARINGS WITH PERFECT LUBRICATION 


By H. A. S. Howarth 


1, JOURNAL BEARINGS 


CLASSIFICATION.—Bearings may be integral with the machine frame or separate 
and bolted thereto. The bearing surface may be a, integral with the machine frame; b, 
integral with an element of it called the bearing; or c, formed on a replaceable shell. The 
bearing surface usually is formed of softer metal than the material of the machine frame or 
of the bearing shell. See Bearing Metals, p. 4-62. If the bearing metal is cast Into spaces 
in the machine frame, it would be classed as an integral bearing, as it is not readily replace- 
able. Hence, bearings may be classified broadly as integral or renewable bearings. 

Integral Bearings.—In the design of bearings, 
shaft deflection should be considered so that 
the deflection of the bearing, if appreciable, will 
tend to match that of the shaft. In Fig. 1, de- 
signs A and B may compensate for shaft bend- 
ing. Design C conveys the idea of rigidity. 

Integral bearings may be solid or split. The 
simplest joint is a plane kept in alignment by 
tapered or cylindrical dowels or fitted bolts. See 
Fig. 1, Integral Bearings Fig. 2. Fig. 3 shows a form of integral bearing 

commonly used in heavy machinery and in the 

—— bases of engines whose bearings 
ACO, invariably are capped. The 
AWS vertical faces aa should fit 
closely and be of adequate area. 

Shims between the cap and 
frame take up clearance that 


s 


: . 


A 


eee : : 
ES otherwise might develop a bear- 
N N ing knock. Better forms of 


; ' : this type of bearing are those 
8 ide : 
Fic. 2 eeree Split Fia. 3 lateral na for Heavy with a renewable shell, shown 


in Figs. 6 and 7. 

Renewable Bearings.—In general, renewable bearings have shells that either are fixed 
or self-aligning. The simplest form of renewable bearings is a plain cylindrical shell, lined 
or unlined, as in Fig. 4, which is a plain shell held by a dog-pointed.set screw. It cannot 
stand much endwise bumping. 
Other forms are: Single-flanged 
shell, Figs. 5 and 11A, the former 
being used either split or solid; 
double flanged shells, Figs. 6A 
and 11B, which may be solid or 
split. Figs. 6B and 11C are forms 
of shell that have advantages in 
oil application not possessed by 
the others. The foregoing fixed 


AG 
aN 


Fie. 4. Plain i i 
Renewable Fia.5. Single- Fia.6. Shells with Bab- shells in some instances may be 
Shell flanged Shell bith Pacedhends used as renewable linings for self- 


aligning shells. 

The shells in Fig. 7B and C may be fixed or self-aligning, depending on the proportions 
and the amount of end play at the faced portions of the frame or mounting. They may be 
solid, or split and bolted. Because of their limited contact with the frame, the shells should 
be made strong and fairly hard. A soft metal lining is used in the larger sizes and in all 
sizes where the shell is of soft steel. 


Self-aligning shells are used where ready alignment with the shaft journals is required 
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at installation or under shaft deflection in service, or to com i i 

rvice, pensate inaccuracies produced 
by assembly of parts, by warping, by machining, and by frame deflections. The original 
alignment may have to be maintained or to change with operating conditions, and shells 
should be designed for correction of initial and subsequent misalignment. The ball-seated 
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cee ae Fic. 9. Pivoted-shoe Shell, 
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SS 


shell is widely used in shaft hangers, pillow blocks and pedestals. The diameter of the 
spherical seats relative to the shaft is governed by the load to be carried. In general, the 
smaller the sphere the easier will it align the shell. Also the wider the shell, the easier it will 
align itself on a given spherical fit. Consequently, narrow, heavily-loaded bearing shells 
will not be sensitively self-aligning with the spherical proportions of Fig. 8A. Those of 
Fig. 8B are better. Fig. 8C shows a shell with adjustable sphere diameter used for 
heavy machinery. Careful setting of spherical clearances will allow for 
expansion in operation. The spherical angle should be as large as 
practicable. 

The pivoted-shoe shell, Fig. 9, may be used in the space provided for 
an ordinary shell, like Fig. 7A, if the latter has ample cavity. Under ordi- 
nary conditions, the pivoted-shoe bearing would not be used, because its 
capacity generally is less than the plain journal bearing shell of similar 
dimensions, but under special conditions it is useful, as in very narrow 
self-aligning bearings. 
For heavy loads, hard- 
ened pivot contacts 
should be used in shoes 
and mountings. 

A bearing shell with 
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Fra tO. self B C a relatively thin web, 
. 10. Self- ; 

aligning Web- Fria. 11. Types of Solid Renewable Bearing Fig. 10, can flex enough 

mounted Shell Shells to satisfy minor shaft 


deflections or small er- 
rors in alignment. This form has possibilities when combined with the frame of the 


machine as in Fig. 1B. 

STANDARDIZATION OF BEARING ELEMENTS.—Journal bearings of the film 
type usually are standardized as to mountings only. The fixed shell forms, Fig. 11A, B 
and C, lend themselves to standardization and sale of elements. Although solid bronze is 
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widely used, there is a growing tendency to line such shells with babbitt. Many foundries 
carry large stocks of bronze bushings in cast form. 

The self-aligning shell forms, Fig. 7, are suitable for standardization because they 
involve only cylindrical boring and facing of the mounting to receive them. Spherical 
seated shells alone are unsuited for separate sale when made as in Fig. 8, but if the two 
mating surfaces are sold together, as illustrated in Fig. 12, standardization is possible. 
The spherically bored ring around the shell of Fig. 13 has the same outside proportions 
as standard ball bearings offered for the same shaft. Ring oiling as shown here also is 
possible with bearings shown in Figs. 12A and 12C. Standardized mountings for journal 
bearings are available in many forms. Proportions of a few of these are given on p. 13-10. 
Catalogs of manufacturers of power transmission and of electrical machinery should be 
consulted for dimensions of other forms. Seep. 24-05. 
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: CONTROL OF END PLAY.—When no appreciable thrust load is present, end play 
is controlled by shoulders on the shaft. For such construction, the bearing-metal lining 
must bear against the shoulder as in Figs. 3, 6, 11, 12A and 138. For closer control of 
end play and for heavy axial loads see thrust bearing construction, p. 13-33. If the 
shoulder on a shaft is too small to control end play, separate collars of the forms shown in 
Fig. 14, are used. The face that forms the bearing should be square, flat and smooth. 

OIL GROOVES IN JOURNAL BEARINGS.—Oil should be applied to a journal 
bearing at the point where there is no load, or where the load is lightest if it changes its 
radial direction. Grooves, therefore, may be used for the following purposes: 1. The 
application of oil. 2. The collection of side leakage. 3. The pumping of oil across bear- 
ing surfaces. 
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Application Grooves should be cut parallel with the shaft. The length may vary from 
an oil hole diameter at the middle of the bearing to the full length of the bearing surface. 
Such grooves usually do not extend to the sides of the bearing surface. See Fig. 15. 
While two such grooves frequently are cut diametrically opposite in a plane perpendicular 
to the direction of the load, one usually is enough. The grooves should be rounded on 
the edges parallel to the shaft and the raised edge resulting from cutting the groove scraped 
down. If the bearing revolves about a fixed shaft, the groove should be in the shaft on the 
unloaded side with oil supplied through the shaft to the groove. 

If a load exerted by a shaft turning in a fixed bearing acts successively in all radial 
directions with a known portion of the shaft journal subjected to little or no load, the oil 
grooves should be located in the shaft at that place if practicable. Oil may be supplied to 
the groove through the shaft or from a ring groove at one side of the bearing, registering 
with one end of the groove in the shaft. Fig. 16 shows grooving for use where the direction 
of the radial load is unknown. This arrangement presents a fair bearing surface to the 
journal whenever the region of closest approach of the bearing surfaces passes over an oil 
groove. With pressure oiling, the circumferential groove may be omitted, thereby increas- 


ing the carrying capacity of the bearing. 
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High-speed journals are cooled by continuously changing the oil. It then is necessary 
to provide oil outlets at the ends of the application grooves, as in Fig. 17. The grooves 
must be large enough to 
pass the desired quantity 
of oil with the pressure 
available. In Fig. 16 out- 
lets would be provided at 
the ends of the laterals. 

DOUBLE The cross-section of the 
COLLECTOR ee 

GROOVE application groove may 
be, in general, similar to 
that shown in Fig. 15. If 
the grooves are used to limit the areas of the bearing surface, they sometimes are en- 
larged as shown in Fig. 18. 

Collector Grooves are circumferential grooves at the sides of automatically- or pressure- 
oiled bearings. They collect side leakage and return it to the oil well to prevent its being 
wasted by flow along the shaft. Such grooves usually are single, but frequently double. 
They should have an adequate discharge hole at the bottom. They should be continuously 
circumferential without a break. Oil application grooves should not enter the collector 
grooves. See Fig. 19. 

Pumping Grooves are used both to pump and apply oil. The most common type is the 
helical groove used with a vertical shaft to lift oil from the well to the upper end of a bear- 
ing that may be higher than the surface of oil in the well. The most effective pumping 
groove is circumferential, if it stops short of extending all the way around the shaft, and is 
cut in the stationary bearing surface. The inlet end must open to the oil in the well in a 
manner that will readily receive oil. The other end must be dammed in the circumferential 
direction. From this point, suitable passages lead oil to any location within the limits of 
the available pressure. It simply may be led along the shaft through application grooves. 
Pumping grooves should be completely submerged in oil to avoid aeration of the oil bath. 
Aeration is, at best, hard to control in high-speed bearings. 

The cross-section of a pumping groove should be shallow radially. The shallower the 
depth the greater will be the pressure developed, but the less the discharge. The wider the 
axial width the greater will be the rate of discharge. For calculations involved in design, 
see Viscous Flow, page 13-44. Ordinarily a simple groove of cross-section shown in Fig. 
15, but shallower, will be satisfactory. ; ; 

Many self-contained systems have been devised to lubricate the journal and thrust 
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bearings of a machine continuously, which cause oil to flow to all surfaces needing it, and 
then return it to the well. Bearings so lubricated are durable and require a minimum of 
care. See Figs. 20 and 61. } 4 f 

DIRT EXCLUSION AND OIL RETENTION.—Dirt exclusion and oil retention 
involve the shaft, the bearings, and the mountings. Dirt must be excluded from the 
mountings, as it thickens the 
oil and closes passages and 
grooves. Grit in the oil scores 
shaft and bearing, and may 
cause overheating and seizing. 

In motor bearings, as Fig. 
20, the problem is relatively 
simple because of high speed of 
the shaft. During operation, 
oil flows away in the collector 
grooves at the right and left 
and on the face of the bushing 
back into the well. When rota- 
tion ceases, oil drips off the 
a ecanl : shaft close to the bushing. 
oTOR SEARING a pked ee The oil thrower at the left pre- 

: vents oil leaking through the 
pices uns wanna ane as housing and the felt ring at 
the right excludes dirt. The oil ring, or the waste packing, lifts more oil than is needed, 
most of which runs back between the webs that hold the bushing. Side leakage from 
the bearing film is mostly taken by the collector groove and a little flows away at the 
faces of the bushing. 

CLOSURES.—Conditions to be guarded against by closures include: 1. Creeping 
of oil along the shaft away from the bearing surfaces. 2. Rising of oil level within bearing 
mounting, with a tendency to overflow where the shaft passes out. 3. Collection of 
foam on the surface of oil within the mounting. 4. Continuing presence of contamination 
outside mounting at shaft opening, which may be dust or other impalpable material, 
abrasive particles, water or other liquids, or injurious vapors or gases. The type of 
closure will depend on the speed of the shaft the quantity of contamination, and the 
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Fie. 21. Closures, Plain, with Felt, and with Crown Ring, for Large Shafts 


tendency of oil to flow from the mounting. High-speed shafts are easier to protect than 
those operating at low speeds. 

Various closure designs are shown in Figs. 21 and 22. Those in Fig. 21 are the sim- 
plest, and require a minimum of pattern expense for a given shaft diameter. Fig. 21A 
is a simple comb, made in halves, bolted together, and held against the bearing mounting 
by cap screws. A small oil pocket is formed at the bottom between the second and third 
rings of the comb. Both of the outer spaces are drilled at the bottom. This comb closes 
the space between the mounting bore and the shaft, when the mounting is not bored with 
a close clearance. The comb is of brass or bronze, with a clearance around the shaft a 
little greater than the running clearance in the bearing. The shaft would not be harmed 
by contact with the soft comb. The simple comb will not prevent oil from creeping out- 
ward, but will prevent outer contaminations from working inward. 

In Fig. 21B, a felt ring is added to the comb, and is fairly effective against dust enter- 
ing the mounting. It tends to prevent oil leaking outward but is not reliable for this 
purpose. The felt ring is held in place by several pins, not shown, that pass through it 
axially, two being close to the joint in each half. The thickness of the felt, from which 


the ring strip is cut, is the axial width of the ring, so that the felt does not pucker when 
bent against the shaft. 
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Tf oil tends to creep outward along the shaft, the patented crown ring closure, Figs. 21C 
and 22, is very effective in retaining the oil. This ring is made to fit the recess in the 
simple comb, Fig. 21A. If a quantity of oil flows along the shaft, 
there may be some smail leakage past the ring, which can be col- _Side.of pz Mounting 
lected and carried to the oil reservoir of the bearing through the Shell Rev olan 
drain at the bottom. However, the crown ring runs usually with- eat sped 
out leakage. 

If a continuous head of oil is to be held or if the amount to be 
restrained is so great as to practically constitute a head of oil on Crown Ring 
the closure, the crown ring must be supplemented by an additional 
seal ring, as shown in Fig. 21D. The comb ring that retains this 
double seal crown ring requires longer cap screws to hold it, and 
it must be centered on the outside of the flange. Some oil always 
will leak past the larger outer flange of the floating double seal 
crown ring, and past its sealing band that encircles the shaft at the 
left of the crown. This oil must be led away from the comb to a 
sump, which may be in the bearing housing, and whose level is 
below the lower side of the shaft. 

The water thrower, Fig. 21E, made in halves, can be used with 
any of the foregoing closures, as indicated by the dotted lines 
adjacent to the ring section. It protects the closure against the 
entrance of water or other external contaminations. 

The closure, Fig. 22, is used for journal bearings having open- Fic. 22. Dredge Pump 
ings adjacent to sources of serious water contamination, as leakage Beare on rer 
from the packing of a pump shaft. The comb is double flanged, clude Water. 
enabling the closure to carry away a large volume of water, with a 
minimum of leakage into the space between the outer flange and the comb. Any water 
that may pass is drained at the bottom of the space. The double-flange closure can be 
made in the four forms corresponding, respectively, in general function with the designs 
of Fig. 21. In the closures shown in Figs. 21A and B, the oil take-off shown may be 
omitted if the amount of leakage is small. 
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Fic. 23. Seal Rings for Retaining Oil 


PACKING AND SEAL RINGS.—The common closure with packing, Fig. 23A, 
usually has two rings of packing. If a considerable head of oil is to be held in a bearing, 
three or four rings of packing may be used, to avoid setting up the packing very tight. 
Woven square packing constitutes a nearly rigid form of closure, with insufficient elas- 
ticity to permit the shaft to change position naturally within its bearing without per- 
mitting leakage past the packing. Such packing tends to dry out and to become inelastic. 
If not occasionally renewed or set up it will develop an opening that will permit leakage. 
When packing is set up against a revolving shaft, best practice is to tighten sufficiently 
to cause the packing to fill the space between housing and shaft, and to then relax the 
screws and reset them very lightly against the gland ring. This practice, if there is some 
oil on the shaft, or lubrication in the packing itself, will tend less to cause wear of the 
shaft and heat it less. Packing set up injudiciously tight, will generate more heat than 
the bearing itself. Special types of packing are available with the woven portion wrapped 
in babbitt foil, or with thin strips of babbitt on the inner surface that will press against 
the shaft. "These run cooler than ordinary packing. 

Wipers sometimes are used to prevent flow of oil along a shaft. Fig. 23B shows 
one form of wiper. ‘Two of these, opposite, may be used. A single spring wiper may 
be applied to the lower side of the shaft and fastened to the closure comb. The crown 
ring, Fig. 22, amounts to a consecutive series of wipers mounted on the edge of a con- 
tinuous band of metal and set in a groove so that it can float as the shaft, moves in its 

earance. ; 
. Seal Rings.—The seal ring has largely displaced packed stuffing boxes. See Fig. 23. 
In Fig. 23C, running clearance is needed between ring and shaft and sliding clearance 
between ring and groove. The ring may or may not be keyed against rotation. ff 
made with fixed circumference, provision must be made for expansion due to running 
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temperature. The split ring, Fig. 22D, may be in the form of a piston ring, or in halves 
butted or held by screws or a spring ring. 

ADJUSTABILITY OF BEARIN GS frequently is desirable in order to align the 
shaft. Jack screws, or wedges and shims are used. Compensating for wear in the bear- 
ing itself is difficult and unsatisfactory. Perfect lubrication to reduce wear to a minimum, 
and simple renewable bearing parts are a much better solution. 

STANDARDIZED MOUNTINGS.—The standard tendency in bearing design is to 
reduce the axial width of the journal. Table 1 gives dimensions of three types of mount- 
ings, Figs. 25 to 27, in which elements of a journal bearing, Fig. 24, are incorporated. The 
effective width of the bearing shell is based on a standard of 1.2D, where D = journal 
diameter. Tabulated dimensions will deviate from this standard because each nominal 
size of mounting covers two standard shaft diameters. The mounting dimensions given in 
Table 1 are suitable for standard-duty bearing shells of the pressure type and ring oiling 
type. The capacity of these bearings, with a maximum load of 400A? Ib. is given in 
Table 2. A here is the diameter of the journal in inches. 


ZZ 


Fie. 24. End View and Axial Section of 
Barrel Portion of Mounting for Self- Fie. 25. End View and Part Axial Section of 
aligning Journal Bearings Semi-circular Flanged Mounting 


ZZZZELE beep 


k-p- oe D 
WZ 


Sse 


MESS 


fC -WL- >| 
Fic. 26. End View and Part Axial Section Fic. 27. End Vi i i 
of High Pedestal Mounting Tay Poll ftoune Peer ene 


Table 1.—Dimensions of Typical Bearing Mountings 
(Kingsbury Machine Works, Inc., Philadelphia) 


iva Shaft Diameter, in. 
Ay 2.500 3.000) 3.500 | 4.000 4.500 


5.250 | 6.000 | 7.000 | 8.00 
Ag | 2.750 | 3.250| 3.750 | 4.250| 4.875] 5.625 | 6.500 | 7.500 oe oe 
Journal Width, in. 
B 3 1/40\ ae «ls 4a ilies | 53/4 | 63/4 | 73/4 | 9 | 101/4 | I11/o 
Dimensions, in. See Figs. 25 to 27. 
D 31/16| 31/2 41/16 41/2 51/3 57/3 6 9/ 75 1 
EH | 103/4 | 113/4 | 1331/9 | 15 163/4 | 19 2 is 23 we a ws “ pe 
EL 43/4 5 3/8 6 3/8 71/3 77/3 8 3/4 97/8 10 3/4 12 5/g 14 * 
Es 9080 07 aoe 14.250 | 16.000 | 19.000 | 21.250 | 24.000 | 28.250 | 31.625 
Bo be U1/8 s) spk Maceo heated Sasals Jaane 21 
ro a eae ioe Pi Ym Dee ah ie ‘la 
i? ; 11/g 11/4 1 3/g 11/2 11/2 17/g 17/g 21/4 21/4 
; 1331/4 | 151/g | 18 201/2 | 23 261/, | 30 3312 | 391/o | 441/ 
U. a ° ua 19 3/4 | 1 2 ua 14 Wg | 1531/4 | 181/g | 1938/4 | 2231/4 | 2513/2 | 28 is 
8 8 1031/4 | 113/4 | 133/g | 145/ 161 
WL | 5 6 61/2 71g 81/y | 10 101/ z /2 | 183/g 
Ae 133 
ws | 15/3 | 2 28/a_ | -28/g- «|i 27a |» 31/ae) DB afeuahned aula * ae 
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HEAVY DUTY JOURNAL BEARINGS are 
bearings designed to carry loads up to about 
1200 lb. per sq. in. on an area equal to the square 
of the journal diameter in inches. The design and 
f : minimum proportions of such a bearing of the 
pa insge) x \\ low pedestal type are indicated in Fig. 28. The 

. SaITiN eS shell stiffness should match that of the shaft to 
compensate for deflection under load. The jour- 
nal may present its load to the bearing shell 
either with convex or concave flexure. For extra 
heavy duty service, pressures range from 1000 to 
3000 lb. per sq. in. See also Roll Neck Bearings, 
p. 13-48. 

JOURNAL BEARING CAPACITIES.—The 
factors governing carrying capacity of journal 
bearings are more fully discussed on pp. 13-15 
to 13-30. 

Table 2 will be found useful for a wide 
range of journal bearing applications of the 
standard-duty, self-aligning type (see Figs. 25, 
26, 27), whose loads usually range from 50 to 
400 lb. per sq. in. on an area equal to the square of the journal diameter in inches. The 


Fie. 28. Heavy Duty Journal Bearing 
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Table 2.—Rated Load Capacities of Journal Bearings * 
Journal length = Journal diameter. For other lengths multiply rated load by factors below. 


“hibes Max Revolutions per Minute 

Diam., Load, 50 100 | 200 | 400 800 1200 1800 2400 | 3600 
in, | >. Rated Load, lb. 

2 1,600 100 145 205 285 405 495 610 700 860 
21/4 2,000 135 190 270 380 535 655 800 930 1,140 
21/2 2,500 170 240 340 485 680 840 1,030 1,190 1,450 
2 3/4 3,000 205 305 425 600 850 1,050 1,280 1,480 1,810 
3 3,600 260 370 520 740 1,040 1,280 1,570 1,810 2,220 
31/4 4,200 315 445 630 890 1,260 1,540 1,890 2,180 2,670 
31/9 4,900 375 530 750 1,060 1,500 1,840 2,250 2,600 3,180 
33/4 5,600 440 625 840 1,250 1,760 2,060 2,640 3,050 3,740 
4 6,400 510 z25 1,025 1,450 2,050 2,560 3,070 3,550 4,340 
41/4 7,200 590 830 1,180 1,670 2,360 2,780 3,540 4,080 5,000 
41/9 8,100 675 950 1,350 1,910 2,690 3,300 4,050 4,670 5,700 
47/8 9,500 810 1,150 1,625 2,300 3200) 3,980 4,880 5,600 6,900 
51/4 11,000 970 1,370 1,930 2,730 3,870 4,730 5,800 6,700 8,200 
5 5/8 12,700 1,140 1,610 2,270 3,220 4,550 5,600 6,800 7,900 9,600 
6 14,400 1,320 1,860 2,630 3,730 5,300 6,500 7,900 OE OO) wore cidtarete 
61/2 16,900 1,590 2,250 3,180 4,500 6,400 7,800 9,500 WOOO) ese oer. 


7 19,600 | 1,890 | 2,670] 3,770 | 5,300 | 7,600] 9,200 | 11,300 | 13,100 |........ 
712 | 22,500} 2,220| 3,140] 4,430 | 6,300 | 8,900] 10,900 | 13,300 | 15,400 ]........ 
8 25,500 | 2,580] 3,650] 5,200 | 7,300 | 10,300 | 12,600 | 15,500 | 17,900 |........ 
81/o | 28,900] 2,970] 4,200] 5,900 | 8,400 | 11,900] 14,500 | 17,800 | 20,600 |........ 

32,400 | 3,400] 4,800] 6,800 | 9,600 | 13,600] 16,600 | 20,400 |........|........ 
95/g | 37,100] 3,980] 5,600] 7,900 | 11,200 | 15,900] 19,500 | 23,900 |........]........ 

10 1/4 | 42,200 | 4,600] 6,500] 9,200 | 13,000 | 18,400 | 22,500 | 27,600 |........]........ 

10 7/g | 47,500| 5,300| 7,400 | 10,500 | 14,900 | 21,100} 25,800 | 31,600 |........]........ 

11 1/2 | 53,000| 6,000 | 8,500] 12,000 | 17,000 | 24,000 | 29,400 | 36,100 |........]........ 

121/g | 58,900| 6,800] 9,600] 13,600 | 19,300 | 27,200] 33,300 |........|........fe.eeeeee 

ia 6e.500 | 7,900) 11,100 | 15,700) 22,200) | 31,300!) 38,300 |... 5... .)..t2...-]. oe. 

135/g | 74,100] 9,000 | 12,600 | 17,900 | 25,300 | 35,800 | 43,800 |........)........[eecee ees 

143/g | 82,800 | 10,100 | 14,300 | 20,200 | 28,600 | 40,500 | 49,500 |........]........)........ 

15 1/g | 91,600 | 11,600 | 16,300 | 23,100 | 32,700 | 46,200 | 57,000 |Rating Factors for Various 


157/g | 101,000 | 12,800 | 18,100 | 25,600 | 36,100 | 51,000 | 63,000 ARISE Toarnel 
16 3/4 | 112,300 | 14,500 | 20,500 | 28,900 | 40,900 ae DOORN ere = i rienaleiaghs 
175/g | 124,500 | 16,300 | 23,100 | 32,600 | 46,200 | 65,000 ]........ Djpie amatine Factor 


18 1/2 | 137,000 | 18,200 ; 25,800 | 36,500 | 51,700 HEXMVO) beens ood 
193/g | 150,500 | 20,400 | 28,800 | 40,700 | 57,500 STOO ere sercretsc< 0.5 0.21 
20 1/4 | 164,000 | 22,600 | 31,900 | 45,100 | 64,000 COHUUO e oeic a een 0.8 0. 63 
21 1/4 | 181,000 | 25,300 | 35,700 | 50,500 | 71,000 | 101,000 }........ 1 1.00 
22 1/4 | 198,000 | 28,100 | 39,800 | 56,000 | 79,000 | 112,000]........ lar 1.42 
23 1/4 | 216,000 | 31,200 | 44,100 | 62,500 | 88,000 | 125,000 ]........ ie) 2.07 


* With suitable lubricant, 
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loads are based on a mear viscosity of oil in the loaded side of the film of 3.4 X 10% 
Reyn (0.235 poise), or 125 Saybolt seconds for an oil of average base. The bearings 
will carry heavier loads than the standard ratings. See Column 2 for load limit for mechan- 
ical strength of the mounting, with load acting toward the base. For loads above rated 
load, up to the maximum load values, mean film viscosity should be increased above 
3.4 X 1078 Reyn in proportion to the increase of load for the given speed. The relation 
between supply temperature of oil and mean film temperature depends on the circulation 
rate and unit loading of the bearing. If the bearing is lubricated by a stream of oil cir- 
culated at a rate of 0.6 gal. per Hp. of friction loss in the bearing, the oil supply temper- 
ature should be approximately (10 + W/20) deg. F. above the mean temperature desired 
in the loaded area of the bearing film, W being the unit load, lb. per sq. in., on the bearing. 

VERTICAL JOURNAL BEARINGS.—These are known also as Guide Bearings, 
and Steady Bearings. Except for the difficulty of providing automatic self-alignment and 
automatic self-lubrication the problem is the same as for horizontal journal bearings. In 
Fig. 29, the weight of the shell causes it to lie against the top of its support. If alignment is 
incorrect, and the pressure of the shaft is applied to the top, the shell will tip freely into 
proper alignment. If, however, the shaft presses first at the bottom, the shell is apt to 
cramp. Solutions of this difficulty are (a) the supporting of the bearing shell a little above 
the shoulder by an elastic suspension, (b) the use of a spherical seat, (c) the use of pivoted 
shoes (Figs. 9 and 90). Self-aligning vertical bearings seldom are needed because vertical 
shafts are not deflected by the weights carried by them, as are shafts in horizontal bearings. 
In vertical shafts the weights produce axial loads, which are carried by thrust bearings. 
Because radial loads are light, and for simplicity, vertical bearings usually are of the fixed 
type. Axial width (height) should be as small as practicable. 


Fie, 29. Vertical Journal Fia. 30. Collar and Pan for Fie. 31. Lubricating System 


Bearing Collecting Oil below a Ver- for Vertical Journal Bearing, 
tical Journal Bearing. Spiral Groove not shown. 


Lubrication of Vertical Journal Bearings——With pressure lubrication, the simplest 
bearing form may be used: The journal surface may be on the shaft itself. To collect 
the oil flowing down the shaft below the bearing, a collar on the shaft throws the oil into a 
stationary pan, whence it flows to the sump of the oiling system. See Fig. 30. 

Vertical journals may be on the surface of sleeves shrunk or otherwise fastened on the 
shaft. See Fig. 31. The lower end of the sleeve, which is bored out larger than the shaft 
projects into the stationary oil pan. Oil may be taken into the bearing film by capillarity, 
by viscosity pumping, centrifugally, or by combinations of these methods. 

If the shaft terminates at the bottom in a vertical journal bearing, lubrication is a 
relatively simple problem. With a through shaft, simple constructions also may be used, 
if lubrication is by cup, and if some waste of oil or grease is unimportant. Leakage along the 
shaft may be minimized by a stuffing-box if the speed of rotation is not so high as to cause 
heating of the shaft by the packing. 


2. SHAFT DEFLECTIONS 


DEFLECTION FORMULAS.—Shaft deflections within journal bearings may be 
studied by the application of formulas for cantilever beams. The deflection may be con- 
siderable, especially when compared to the thickness of the oil fllm. The basic equation 
is the general one of the elastic curve 

(d?y/dx?) = M/EI at yh 2 ey 1) 
where y = deflection at any point at a distance x from the support; M = bending moment 
at the cross-section under consideration; H = modulus of elasticity of the material; J = 
moment of inertia of the cross-section, referred to its neutral axis. 

Figs. 32 and 33 are two typical arrangements of shaft and bearings, exaggerated to 
show the relation of the deflected shaft to both rigid and self-aligning bearings. Bearing 
load may be assumed as concentrated for the purpose of determining shaft deflections and 
the general direction of its center line in the bearing. To study oil film shape in a self- 
aligning bearing, or where shaft direction is so little out of line as not to require self-aligning 
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bearings, bearing reaction may be assumed as uniforml distributed i 
equations [2] to [6] can be derived for the case shown a Fig. 32 hil vere ee 
centrated load. In these equations, P = concentrated load on bearing, and L = dis- 
tance of point of application of load from point of support, z.e., from the center line of the 
bearings A and B, other notation as before. The diagrams show the significance of yj. 


y = (P/ED {(La*/2) — @/e)} . 2... 
dy/dz = (P/EN {La — (22/2)} os ow es 2 BB] 
srr LAV SCRE Th cote fads lly Minter ade (ay 
Rueda = AA Py Rit feet ee t. Memm Ey 
yi = (2L/3)(dyi/dz) 2... [6] 


For the case shown in Fig. 33c, representing a uniformly distributed load, the following 
equations may be derived, in which W = total uniform load, A = deflection within the 
bearing, other notation being as before: 


y= (W/24LED{(L + 2)*+40%—L4} . . . i] 
dy/dx = (W/6LED{L*-— (L—a)}. . 2. . 1 we. [8] 
PREPAC Bay Pees Rerewer Carnie Seen ee TG] 
ape (ef W IE iyo™ es 8s a rio) 
Te SACI ICH iY CRAY ea eects rime emacitee een * Alia 
Ne (Ut) 2) Veen vy Mase ies) ae ere Cec oh ee LES] 


A. Rigid Bearings 
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B. Self-aligning Bearings B. Self-aligning Bearings 


C.Beam_Action with 7, C. Beam Action with 
Concentrated Load Uniform Load 
Fic.32. Shaft with Load Fie. 33. Shaft with Over- Fria. 34. Data for Solution of 
~ between Bearings hung Load Example 1 


ExampzeE 1.—Fig. 34a shows a 5-in. shaft, supported in two bearings each 10 in. long, spaced 
40 in. center to center. The point of application of load is 24 in. from bearing A and 16 in. from 
bearing B. It is required to determine the deflection of the shaft, and the angle of the deflected 
shaft at the bearings with the center line XX through the bearings. 

Solution.—Reaction of bearing A = 5000 X (16/40) = 2000 lb.; reaction of bearing B = 
(24/40) X 5000 = 30001b. Taking the modulus of elasticity of steel as 30,000,000, and the moment 
of inertia as rd4/64 = 30.68 for a 5-in. shaft, and applying equation [4], the deflections with refer- 
ence to bearings A and B are: 


y4 = (248/3) X {2000/(30,000,000 x 30.68)} = 0.01002 

Yp = (163/3) X {3000/(30,000,000 x 30.68)} = 0.00446 
These relations as shown in Fig. 346, in which XX is the center-line of the undeflected shaft, KK is the 
center-line of the deflected shaft, and vA and Ypr are respectively, the deflections of the shaft at bear- 
ings Aand B, Aline MM drawn through the extremities of vA and yp will be tangent to the center- 
line of the deflected shaft at the point of application of the load F. Its angle with reference to D.P.G 
will be tan-1{(y4 — yp)/AB} = tan-1{ (0.01002 — 0.00446)/40} = tan! 0.00014. From equa- 
tion [5] the direction of the deflected shaft at the bearings is 
At bearing A dy;/dx, = (242/2)(2000/30,000,000 X 30.68) = 0.000626 
At bearing B dy;/dax, = (162/2)(3000/30,000,000 < 30.68) = 0.000417 


These values are the tangents of the angles between the center-line of the deflected shaft at the bear- 
ings and the line MM, tangent to the shaft at the point of application ofload F. In these problems, 
the angles are so small that the tangents of them can be added and subtracted instead of the angles 
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themselves, without affecting the result. The angles a and 8, respectively, the angles between the 
center-lines of deflected and undeflected shaft are 


tan a = {(dy;/dz) — tan (yg — Yp/AB)} = 0.000626 — 0.00014 = 0.000486 
tan 8 = {(dy:/dz) + tan (vy, — yg)/AB} = 0.000417 + 0.00014 = 0.000557 


isali nt of the bearings is the product of tan @ or tan § and the bearing length. Hence, 
Beate bearing A = 10 X 0.000486 = 0.00486 in., and of bearing B = 10 xX 0.000557 = 
0.00557 in. Since the oil film thickness in the direction of the load in a rigid bearing would be in 
the neighborhood of 0.002 in., a self-aligning bearing is indicated. ' ‘ : 
The deflection of the shaft within the bearing length, however, also must be investigated. This 
may be taken as a case of a uniformly-loaded cantilever beam (see Fig. 35) , although the distribution 
of oil pressure across the film is approximately parabolic for a film of uniform thickness along the 
axis. Uniformly distributed pressure will show a higher shaft deflection than actual, and thus is 
on the safe side. Referring to Fig. 35, deflection y; is found by equation [9], and deflection yz by 
equation [7], in which z is taken equal to L/2. 
In bearing A, 
yi = (10,000/8) X (2000/30,000,000 x 30.68) = 0.0002716 
yo = (2000/24 X 30,000,000 x 30.68) x {(10 — 5)4+ (4 X 103 x 5) — 104} = 0.0000961 
From equation [12] the deflection within the bearing is 
= (y1/2) — ye = (0.0002716/2) — 0.0000961 = 0.0000397. 
By asimilar calculation for bearing B, the deflection A = 0.00006. 


It should be noted that the deflections above found, although negligible, are propor- 
tional to the unit pressures for a given journal. The unit pressures in Example 1, i.e., 40 


-------------¢-------- iS 


Fia. 36. Fic. 37. Data for Example 2 
BN 
and 60 Ib. per sq. in. are moderate, and much higher pressures may occur with some types 
of machinery. If heavier loads are applied without suitable compensations in bearing 
design, the deflections in the shafts and journals may become dangerous. 


‘eh 2.—Determine the deflections of the shaft of the dimensions and arrangement shown 
i ig. 37. 
vs at a the axis MM (Fig. 37b) tangent to the center line of the deflected shaft at D. 
Compute the deflections Yq = 0.01002 and Up = 0.00446 by equation [4]. These will be found to 
be the same as VA and UR in Example 1. Determine the angle the deflected shaft, at the bearings, 
makes with the center-line of the bearings. From equation [5] 

tan a; = (dy;/dz) = (242/2) { 2000/(30,000,000 P.4 30.68) } = 0.000626, 
and tan B YQ /24 = 0.000418. 


But a=a;— 8 .. tana = tana; — tan B = 0.000626 — 0.000418 = 0.000208. 
These deflections are too large for the use of fixed bearings, unless the oil films are abnormally thick. 
Bearing D, however, must be examined by means of formula [2], and deflections yz and U3 
(Fig. 37c) determined. a = 23 = 5; Le = 24; L3 = 16; Pz = 2000; P3 = 3000. 
y= (P/ELI) { (La2/2) — (293/6)} = {2000/(30 x 106 x 30.68) }[{(24 X 52)/2} — (53/6)] = 0.000607 
y3= {3000/(30 X 106 x 30.68) }[{(16 x 52) /2} — (53/6)] = 0.000584. 
The unit bearing pressure is {5000/(10 X 5)} = 100 Ib. per sq. in., which is permissible, but the 


deflections within the bearing are sufficient, even with self-alignment, to require a heavy oil for pro- 
ducing a thick enough film, 


For a more complete discussion of the methods of determining thickness of oil films, 
nee pp. 13-17 to 13-30. 
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In calculating shaft deflection in a bearing, the position of the center of the shaft, when 
running, is important. It shifts to the point O’, Fig. 36 within the clearance circle of 
radius 7. The plane of shaft deflection cuts this circle at M, which is the point at which 
the deflected shaft will make contact with the bearing, assuming that the latter does not 
deflect. Referring to Fig. 36, the following relations hold: Let (A +a— 90°) =A, 
Then ON = cncosA; MN = V7? — ON?: TO! = MN —c n sin A. The deflection should 
be compared with distance O’M, and should not be an unreasonable percentage, say 30%, 
of O’M. The shaft usually should be examined both for strength and stiffness. 


3. LOADING AND FRICTION OF JOURNAL BEARNGS 


JOURNAL BEARINGS, for the purpose of study of loading and friction, may be 
divided broadly into Clearance Bearings and Fitted Bearings. Clearance bearings may 
be either full or partial bearings. Fitted bearings invariably are partial bearings. The 
angular extent to which the useful bearing surface surrounds the journal is designated by B, 
and determines whether a bearing is full or partial. In a full bearing 8 = 360 deg.; ina 
partial bearing 6 usually is less than 180 deg., and averages about 120 deg., except that for 
fitted bearings it averages about 90 deg. 

Clearance Bearings are those in which the radius of curvature of the bearing is larger 
than that of the journal. 

Fitted Bearings are those in which radius of curvature is the same in both bearing and 
journal. Values of § are essentially less than 180 deg., averaging about 90 deg. Charac- 
teristics are given below for such bearings for values of 8 up to 150 deg. 

LOAD DIRECTION.—Partial bearings may be centrally loaded or eccentrically 
loaded. There may be different degrees of the latter. The angular extent of bearing 
surface ahead of the point of load is known as the leading anglea. See Figs. 39, 42 and 47. 

Centrally-loaded Bearings have 8 divided into two equal parts by the line of action of 
the applied load. Thatisa = 8/2. 

Eccentrically-loaded Bearings have 8 divided into two unequal parts by the line of 
action of the applied load. The ratio a/8 may vary considerably when bearings are in 
service, by reason of lack of analysis in design, but some ratios of a/@ are better than others. 

JOURNAL BEARING CHARACTERISTICS.—Journal bearings may be divided into 
six classes as follows, for the purpose of co-ordinating the available analyses: A. Eccentri- 
cally loaded partial bearings with running clearance. See Fig. 39. B. Fitted partial bear- 
ings, Fig. 43. C. Centrally loaded partial bearings with running clearance, Fig. 47. 
D. Offset partial bearings with running clearance, Fig. 39. E. Fitted partial bearings, 
Fig. 43, with variable ratio of a/8. F. Full bearing with running clearance, Fig.55. The 
characteristics of these several types of bearings are discussed below. Classes B, D and E 
all are eccentrically loaded and different in some respects. For Classes A, B and C, Kings- 
bury’s optimum conditions are given in the charts. For Classes C, D, E, and F, Howarth’s 
charts for general conditions are given. Classes A and D are similar, but not quite alike. 
The same is true of Classes Band E. In chart Fig. 56, general conditions of loading are 
given for a wide variety of 120-deg. clearance bearings including those of Classes A, C, and 
D. 

Notation.—In the discussion which follows, the significance of the symbols used is given 
below. Unless otherwise specified in the text, all linear dimensions are in inches, and 
forces (loads) are in pounds. 

a = radius of journal. 
A = least angle from line of centers to leading edge of partial bearing, measured in 
direction of rotation. See exception in study of fitted bearings, Fig. 43, 
. 13-20. 
eh of ech surface measured along the shaft axis in a journal bearing, or, 
in general, at right angles to direction of motion. 
eccentricity factor. When multiplied by the radial clearance n, the product cy 
equals distance from center of bearing to center of journal. 
F = total tangential friction force at surface of a journal, or at mean diameter of a 
thrust bearing, per unit of width of bearing surface. 


b 


ll 


c 


F, = correction factor for friction, with side leakage. ( ‘ 

h = film thickness at any angular position @ in journal bearings, or any distance x 
for flat tapered film. For fitted journal bearings h = € sin @, and for clear- 
ance journal bearings h = 7(1 +c cos 6). ; 

ho = minimum thickness of oil film in a bearing, usually. When the line of centers 


for a clearance bearing does not intersect the partial bearing surface, ho is 
measured where the bearing surface, if extended, would cross that line. 

hy = thickness of oil film at region of maximum pressure. | 
ha = thickness of oil film at entering edge of bearing film, if less than hm. 

hz = film thickness at trailing edge of partial clearance bearing, when greater or less 
than ho. 
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= maximum thickness of oil film. ; , 
#2 = horsepower friction developed by a journal bearing, or thrust bearing, per unit 
of bearing width. 
Hp. = horsepower. : a oe: y 
= length of a bearing face in the direction of motion. Ina partial journal bearing, 
whose angular extent 8 is expressed in degrees, 1 = 18a/180. This is useful 
for determining length-width ratio, 1/b, used in selecting side leakage correc- 
tion factors. 
correction factor for load carrying capacity, with side leakage. 


1= 
N = revolutions per minute. 4 
= number of pivoted segments in a thrust bearing. 
O = center of curvature of journal when running on oil film. 
O’ = center of curvature of bearing surface supporting journal. 
p = pressure within the oil film where the thickness is h. : : 
Po = nominal mean pressure acting on bearing. In journal bearings, po is found by 


dividing total applied load by (journal diameter X axial bearing width). It 
also is expressed by W/2a. W is taken per unit of width. In thrust bearings, 
Po = R/nlb. See Fig. 82. 


Pm or Pmax. = Maximum pressure within oil film of a bearing. 


R = total load applied by a journal to a bearing, or by a collar to a thrust bearing. 
R’ = total reaction of bearing against the journal. 

s = a film form dimension in Fig. 91, which see. 

U = relative velocity of the bearing surfaces (usually in. per sec.). In thrust bearings 
it is measured on the mean diameter. 

V = relative velocity of bearing surfaces, ft. per min. 

w = nominal mean unit load a bearing would carry if side leakage could be neglected. 
See po. The relation is pg = Lyw. 

W = actual load applied by a journal to its bearing, per unit of axial width = R/b. 

Z = character expressing viscosity coefficient in centipoises. See u. 

a = leading angle for partial bearing, measured in direction of motion of journal 
from leading edge of bearing to line of action of load. 

8 = angular extent of bearing surface over which perfect film lubrication is main- 
tained. Usually expressed in degrees. 

€ = eccentricity of journal axis when running in a fitted bearing. 

n = radial clearance provided in a clearance bearing. When a = journal radius, 
(a + ») = radius of curvature of a bearing surface, and cy = eccentricity of 
running position of journal axis in a clearance bearing. 

6 = angle from reference diameter to point within oil film where thickness is h. 

9, = angle @ corresponding with location of maximum unit pressure within the oil 
film. 

dX = coefficient of friction for journal surface. In thrust bearings, \ is the coefficient 
for mean diameter of thrust collar face. A = (Fy/L))\q. 

’ = coefficient of friction for bearing surface. 

Ay = uncorrected coefficient of journal friction in charts. 
x = coefficient of viscosity. When not otherwise specified, » is expressed in lb.-sec. 


per sq. in. (Reyns). The term Reyn is applied to the coefficient when expressed 
in English units. The c.g.s. unit for u is the Poise measured in dyne-seconds 
persq.cm. One poise =0.000 0145 Reyn; 1 Reyn = 69,000 poises. 

¢ = angle relating load line to line of centers of journal and bearing in Kingsbury’s 


optimum condition (see p. 13-29). See also bearing cross-sections, Figs. 39, 
43 and 47. 


¢H = angle relating load line to line of centers of journal and bearing in bearing cross- 
sections in Figs. 51 to 56. 


CORRECTION FOR SIDE LEAKAGE.—Side leakage has an important influence on 
load capacity and friction of journal bearings. If this influence be neglected in the solu- 
tion of bearing problems, the data of the charts, Figs. 40 to 56, will not agree well with 
actual conditions, and side leakage factors, therefore, must be included in the bearing prob- 
lem data. Fig. 38 gives factors applying to optimum film proportions, but which are 
fairly dependable when applied to conditions not too far different from optimum. These 
are the best generally applicable data available (1937) for side leakage corrections. When 
applied to abnormal conditions, they tend to bring results toward correct values, and 
usually are on the safe side. 

Fig. 38 is used as follows: In the dynamical tables and curves following which apply to 
the various classes of bearings, as enumerated above, numerical coefficients are for infinitely 
wide conditions, under which side leakage is zero. For bearings of finite width and a given 
ratio of (length/width) the numerical coefficients are to be multiplied by a correction factor 
from Fig. 38. The proper correction curve in Fig. 38 to use for the various symbols or 
symbol groups of the dynamical tables and curves is as follows: 


Symbol Groupes seme le - W F iorF/W H B/W W/H X/VuN/no 
Correction Factor. J... ......+. pose ah Ff/ly Fy Fifly In/Fy  Fif/V Ey 
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Fia. 38. Correction Factors for Influence of Side Leakage upon Load- 
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CHARTS FOR DETERMINATION OF BEARING PROPORTIONS.—The charts, 
Figs. 42, 46 and 50 give data useful in the design of optimum bearings of classes A, B, and C 
respectively. They show the relation of proportion, dimensions, power loss, film thick- 
ness, speed and load for a variety of conditions with each type. Total load R on the bear- 
ing, and speed, usually are the known factors, and the minimum thickness of the oil film 
ho may be assumed. (See examples below.) The permissible loading of the bearing pp 
also may be assumed. The projected area of the bearing then is R/pp; it also is 2a” (b/a). 
The ratio of width to radius of journal 7.e., b/a, when decided, may be substituted in 
2a* (b/a). By equating the two expressions for projected area, the value of a can be 
determined. Then from & and b the value of W is obtained. 

In Figs. 42, 46 and 50, the power loss for any ratio of b/a at any angular contact 6 can 
be found by reading on the appropriate curve. The minimum power loss is at the point 
of inflection of the curve, but does not include any losses in clearance spaces outside of the 
are of angular contact ~. 

A. Eccentrically-loaded Partial Bearings with Running Clearance (Fig. 39).—The 
radius of curvature of the bearing is greater than that of the journal. The line of applica- 
tion of the load does not pass through the center of the bearing arc, and a > 6/2. The 
optimum condition for best ratio of a/8 for values of 8 from 0 to 360 deg. are given in 
Figs. 40-42 and Tables 3 and 4. Their use is best shown by an example. 

Examp.p 1.—Determine the proportions of a bearing of minimum friction to support a load of 
25,000 lb. at 1500 r.p.m. with ho = 0.003 in., with a pressure of 200 lb. per sq.in. of projected area. 

Solution.—Projected area = 25,000/200 = 125 sq. in. = 2a2(b/a). Assume b/a = 3, whence 
a = V(125/6) = 4.564 in. This value should be checked for strength in bending and in torsion. 

From the curve b/a = 3 in Fig. 42, the minimum power loss H per unit of width 6 occurs with 
a value of 8 = 153.6 deg. = 2.68 radians, corresponding to a value of WNho/H = 16,900, whence 

Total power loss (H X b) = 25,000 X 1500 X 0.003/16,900 = 6.66 Hp. 


This figure does not include losses in any clearance spaces outside of the arc of contact f. 
(Continued on p. 138-24) 
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Table 3.—Optimum Values for Maximum Load W of Class A Journal Bearings (fig. 39) 


Geometrical Optima 


Symbol Values of B 

Group 
or 

Curve 60° | 120° | 180° | 270° 
No. se fou lee 
1 A 122.3°166.33°|12.17°| —62.48°|—118.6° 
2 a 32.94°166.49°|101.3°| 156.6° 
3 a/B |0.5490/0.5541|0.5627| 0.5799 
4 c 0.7481)0.4821|0.3655}) 0.3310 
5 hm/ho |2.382 |2.305 |2.139 | 1.990 
6 hy/ho |1.200 |1.209 }1.226 | 1.257 
7 n/ho |3.970 |1.931 |1.576 | 1.495 
8 Oy 158.8°)140.8°|127.4°] 118.8° 

o 155.3°1132.8°1113,5°| 94.09° 
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Dynamical Optima 


Values of B 


60° | 120° | 180° 360° 
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See Fig. 39. 


This chart shows values 
of non-dimensional group 
(W N ho/H) as atfected by 
side leakage, with film 
forms for minimum coeffi- 
cient of friction. Curve J 
gives values of b/a at 
which group (W WN ho/H) 
is greatest for each value 
of B. See Figs. 40 and 41 
and Tables 3 and 4 for op- 
timum conditions, assum- 
ing constant viscosity and 
no side leakage. When a 
curve for a given ratio of 
b/a is chosen, each ordi- 
nate of it will be correct 
for the optimum relation 
of the symbols in this 
group. Hence the correc- 
tion factors for side leakage 
are already allowed for in 
the heights of those ordi- 
nates. 


Table 4.— Optimum Values for Minimum Friction Coefficients of Class A Journal Bearings 


Geometrical Optima. See Fig. 40 


(See Fig. 39) 


Dynamical Optima. 


See Tig. 41 


Symbol f Symbol Values of B 
Grbp Values of B Geers 
or or 
Curve 60° | 120° | 180° 270° 360° | Curve 60> 120" tel 80% | 270° || 360" 
No. No. 
bY 
1 A 117.9°/58.04°]1.119°|—72.15°}—121.0 10 ae 0.0197|0.0742/0. 1507)0.2602/0.2925 
uNa ra? os haat 
2 a 33 .89°168.54°}104.7°| 161.4° | 211.0° 11 a 0.0902/0.1790/0.2658}0.3985)0. 5327 
puNa 
a «/B |0.5649/0.5711]0.5815| 0.5977 | 0.5860 12 r= 4,584 12.413 |1.763 |1.531 |1.821 
oO 
4 c 0.7496/0.4911/0.3844] 0.3520 13 re 4.801 |5.054 |5.540 |7.217 |11.44 
oO 
ho |2.586 |2.476 |2.249 | 2.086 | 2.155 ho(10)® | 439 |2.840 |4.217 [6.323 {8.452 
5 hm/ a) . . « = uN2a3 c F ‘ 
nl | a | e=era tinal (ae mea EE 
6 | fy/ho (1.248 [1.263 {1.283 | 1.292 | 1.280 ooo 7,274 |3.829 |2.798 |2.430 [2.890 
oO 
ff /h 3.986 |1.965 {1.624 | 1.543 1.577 Ra 0. 1375/0. 2612/0.3574/0.4115|0.3460 
n/ho i ; é Hos 
8 6, 156.4°|136.7°}123.1°] 117.5° | 121.0° 17 yl uN 0. 4548/0. 4647/0. 4841/0.5524/0.6965 
Po 
9 ¢ 151.8°}126.6°]105.8°} 89.24° | 90.0° 
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Table 5.—Optimum Values for Maximum Load W of Class B Journal Bearings (Fig. 43) 
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This’ chart 
shows values of 
the non-dimen- 
sional group 
(WN ho/#) 
as affected by 
side leakage 
with film form: 
for the mini- 
mum coefficient 
of friction. 
Curve J gives 
the value of b/a 
at which group 
(WN ho/H) is 
greatest for 
each value of 8. 
See Figs. 44 and 
45 and Tables 5 
and 6 for op- 
timum condi- 
tions, assuming 
constant vis- 
cosity and no 
side leakage. 
When the curve 
for agivenratio 
of b/ais chosen, 
each ordinate 
of it will be cor- 
rect for the op- 
timum relation 
of the symbols 
in this group. 
Hence the cor- 
rection factors 
for side leakage 
are already al- 
lowed for in the 
heights of those 
ordinates. 


Table 6.—Optimum Values of Minimum Friction Coefficient for Class B Journal Bearings 
(See Fig. 43) 


Geometrical Optima. See Fig. 44 


Dynamical Optima. 


See Fig. 45 
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Table 7.—Optimum Values for Maximum Load W of Class C Journal Bearings (Fig. 47) 
Dynamical Optima 


Geometrical Optima 


Symbol Symbol Values of B 
Group or ee Group or SSS 
Curve No. 60° 120° 180° | Curve No. 60° 120 180 
CUE YO IN Gs | eee nee | SOO me ee 120 Se LeU —_- 
1 A 131.2° | 83.66° | 37.83° 10 ho 0.0180 | 0.0673 | 0.1352 
pNas ee 
2 a 30° 60° 90° ho 0.0982 | 0.1954 | 0.2902 
pNa2 a ee | 
3 «/B 0.50 0.50 0.50 rs 5.464 | 2.906 | 2.147 
oO 
4 c 0.7466 | 0.4688 | 0.3437 13 re 5.722 | 6.087 | 6.744 
oO 
Peseta ——fo_}_}_|_ 
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6 hy/h 1.137. | 1.144 | 1.158 HOF | g.670 | 4.611 | 3.406 
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Table 8.—Optimum Values for Minimum Friction Coefficient of Class C Journal Bearings 
Geometrical Optima. See Fig. 48. Dynamical Optima. See Fig. 49. 
Symbol r, Symbol 7 
Group or a Group or Values of 8 
Curve No. 60° 120° 180° | Curve No. 60° 120° 180° 
1 A 131.6° | 84.39° | 38.71° 0.0180 | 0.0671 | 0.1349 
2 & 30° 60° 90° 0.0980 | 0.1948 | 0.2890 
3 a/B 0.50 0.50 0.50 5.458 | 2.902 | 2.142 
4 ¢ 0.7615 | 0.4904 | 0.3645 5.716 | 6.078 | 6.731 
5 hm/ho | 2.072 | 2.056 | 2.021 Hoe 1.555 | 3.091 | 4.586 
(on ees (eT BIN «a 
10)5 
6 hy/h 1.140 | 1.148 | 1.163 Or we 
i/ho Tie 660 | 4.604 | 3.399 
WNh EE | Weal 
7 /h 4.193 | 1.962 | 1.574 SRN 
n/ho Has | O'S | 0.2172 | 0.2042 
8 4 163,0° | 147.8° | 135.7° rf HN | 0.5171 | 0.5317 | 0.5564 
es ee | Po 
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Chart for Class C Clear- 
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This chart shows the 
values of the nou-dimen- 
sional group (W WN ho/H) 
as affected by side leakage 
with film forms for the 
minimum coefficient of 
friction. Curve J gives 
the value of b/a at which 
group (WN he//) is great- 
est for each value of 8. 
See Figs. 48 and 49 and 
Tables 7 and 8 for opti- 
mum conditions, assuming 
constant viscosity and no 
side leakage. When the 
curve for a given ratio of 
b/a is chosen, each ordi- 
nate of it will be correct 
for the optimum relation 
of the symbols in this 
group. Hence the correc- 
tion factors for side leakage 
are already allowed for in 
the heights of those ordi- 
nates, 
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(Continued from p. 13-17) 

Clearance 7 is determined as follows: The ratio of 9/ho is found from curve 7, Fig. 40, to be 1.72, 
corresponding to B = 153.6, when n = 1.72 ho = 1.72 * 0.003 = 0.00516 in. 

Bore diameter of bearing = 2(a + 7) = 2(4.564 + 0.00516) = 9.138. 

Clearance ratio n/a = 0.00516/4.564 = 0.00113. 

To ascertain required oil viscosity coefficient, correction factors must be determined by means 
of Fig. 38. Arc length of bearing surface 1 = 6 (radians) X a = 2.68 X 4.564 = 12.23in. Width 
b = (b/a) X 4.564 = 13.69, and l/b = 0.893. At the points on the several curves in Fig. 38 corre- 
sponding to 1/b = 0.893, the following correction factors are found: LZ; = 0.487; Fy = 0.916; 
1;/F, = 0.532. To ascertain the mean viscosity in the oil film, refer to group 10 and curve 10, 
Table 4 and Fig. 41. For an infinitely wide bearing and 8 = 153.6, curve 10 shows the value of 
W(ho2/uNa’) to be 0.117. Applying the correction factor, W (ho?/u Na’), Ly = 0.117 XK 0.487 = 
0.05698. The actual mean load per unit width of bearing is W = 25,000/13.69 = 1826 lb. Sub- 
stituting this and other known values in group 10, we find 

pn = (1826 X 0.0032)/(0.05698 X 1500 X 4.5643) = 2.022 X 10-6 Reyn. 
= 69,000 X 2.002 X 10-6 = 0.1395 poise, corresponding to a light machinery oil at 
130° to 140° F. For corresponding commercial viscosities, see p. 13-55. 

The coefficient of friction \ is found by means of curve 12 and group 12, Fig. 41, and Table 4. 
Let m = the value on curve 12 corresponding to value of 8. In the present case, 8 = 153.6, whence 
m= 2.00. Then 

dX = (Fy/L1) X m X (ho/a) = (2.00 X 0.003) /(0.532 X 4.564) = 0.00247. 


Inspection of Fig. 42 shows that, other things being equal, an increase of the ratio b/a 
will reduce the relative power loss. See Example 2. The possible increase in b/a is 
limited by considerations of space, cost, and strength or elasticity of the journal. In 
Example 1, 8 might be increased, following the curve b/a = 3, Fig. 42, to obtain a greater 
bearing area, with, however, a relatively greater friction loss. Other data for the bearing 
in question can be found from Figs. 40 and 41, and Tables 3 and 4; for example, leading 
angle a from group 3 and curve 3. 

ExaAmpie 2.—Assume the same data as for Example 1, excepting that b/a = 4. Then using 
the same curves and tables we have, 

a= V/125/8 = 3.953 in.; B = 180.8 deg. = 3.155 radians for least power loss. 
Total power loss = (25,000 X 1500 X 0.003)/20,700 = 5.435 Hp. 
Clearance 7 1.622 ho = 0.004866 in., = 0.00123 in. per inch of diameter. 
Length 1 3.155 X 3.953 = 12.47in. Width b = 4 X 3.953 = 15.81 in, 
Ratio 1/b = 0.789. This determines the correction factors: 
Ly = 0.533; Fy = 0.924; Ly/Fy = 0.577. 
W = 25,000/15.8 = 1581 lb. 
wu = (1581 X 0.0032)/(0.1517 X 0.533 X 1500 X 3.953%) = 1.90 X 10-6 Reyn, 
corresponding to 0.131 poise. 
X= (Fi/L1) X m X (ho/a) = (1.762 X 0.003)/(0.577 X 3.953) = 0.002318. 

The charts and tables also may be used to determine proper radial clearance or oil 
viscosity for a known set of other conditions. See Example 3. 

B. Fitted Partial Bearings (Fig. 43)—The journal and bearing have the same radius 
of curvature. The line of application of the load does not pass through the center of the 
bearing are, anda > 6/2. Figs. 44 and 45 and Tables 5 and 6 show optimum conditions 
for values of 8 from 0 to 150 deg. The procedure followed in design is the same as that for 
Class A bearings, except that reference is made to the tables and curves for Class B bearings 
corresponding to those used for Class A bearings in Examples 1 and 2. See also Example 5. 

C. Centrally-loaded Partial Bearings with Running Clearance (Fig. 47) —The radius 
of curvature of the bearing is greater than that of the journal. The line of application 
of the load passes through the center of the bearing arc, anda = 6/2. Figs. 48 to 50 and 
Tables 7 and 8 show optimum conditions for values of 8 from 0 to 180 deg. Fig. 51 shows 
general conditions for values of 8 from 60 to 180 deg. Bearing problems may be solved 
by the same procedure as used for Examples 1 and 2 except that reference should be made 
to the curves and tables of Class C bearings. Example 3 shows the application of the 
curves to the selection of the correct radial clearance 7. 

Exampin 3.—Determine the best radial clearance » for a bearing in which the total load R = 
25,000 Ib., N = 1500r.p.m., 8 = 120 deg., po = 125 |b. per sq. in., ratio of width to radius, b/a = 4, 
oil viscosity, 1» = 3.4 X 1076 Reyn.* Bearing is centrally loaded. ‘ 

Solution.—By procedure outlined in Example 1 and from the foregoing data, 2a = 10 in., b = 
20 in., W = 1250, 7 = 10,47 in., 1/b = 0.524. 

Correction factors from Fig. 38 will be Ly = 0.672, Fy = 0.947, L,/F, = 0.710. Then from 
group 10 in Table 8, by introducing correction factor L1, we have Who2/unNa* = 0.0672 Ly; = 0.0451. 
Substituting the known values in this equation, and solving for ho, we find ho = 0.0048. In group 7 
Table 8, the value of n/ho for 8 = 120 deg. is 1.962, whence n = 1.962 X ho = 1.962 X 0.0048 a 
0.0094. Clearance ratio = n/a = 0.0094/5 = 0.00188. Friction coefficient factor \a/ho is found 


8 ee Viscosity-temperature conversion chart, p. 13-56, to obtain corresponding commercial vis- 
Cosities, 
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Fic. 51. General Characteristics of Centrally-loaded Clearance Bearings, Class C,t assuming 
constant velocity and no side leakage 


C. F. O. = Class C friction optima, Where the dotted curves cut the corresponding full line 
curves the values are identical with the optimum conditions for minimum friction coefficient in 
Figs. 48 and 49 and Table 8. 


from group 12, Table 8 to be 2.902, to which the correction factor L;/F,; must be applied. Hence, 
dX = (ho/a) X 2.902 & {1/(L1/Fi)} = (0.0048/5) X 2.902 * (1/0.710) = 0.00392. 
For conditions other than optimum the charts Figs. 51 to 56 may be used. The side 
leakage correction factors given in Fig. 38 may be applied to these curves with fair approxi- 
mation. See Example 4, 


Exampue 4.—Given a centrally-loaded 120-deg. bearing with a total load R = 10,000 lb., and 
actual nominal pressure pg = 125 lb. per sq. in. Journal diameter is 8 in. and bearing width is 
10 in. Clearance ratio 7/a = 0.001, and speed N = 400 r.p.m. Determine the running position 
of the journal when using two oils of viscosity coefficient » = 3.4 X 10-6 Reyn, and 10.2 xX 1076 
Reyn, respectively. 

Solution.—Referring to Fig. 51, the scale at the left represents a symbol group in which all values 
are known except w, which is the ideal nominal unit pressure that the bearing would sustain if side 
leakage could be neglected. This ideal pressure is reduced to actual pressure po by side leakage, 
and po = Lyw. Correction factor Lj is found from Fig. 38. The ratio 1/b = {(120/360)7r8}/10 = 
0.839. Entering Fig. 38 at 1/b = 0.839, the correction factors are found to be as follows: L; = 0.51; 
Lj/F, = 0.555; F1 = 0.92. Then W = 125/0.51 = 245, and 

(w/uN)(n/a)2 = (245 X 1 X 10-6)/(u X 400) = (0.613 X 10-6) /n. 

* Curve C. F. O. — (w/pzN) (n/a)? is the locus for the loading that is proper for these optima for 
various values of 8. Curve C. F. O. — \M(a/n) is the locus of the corresponding friction coeffi- 
cients. Curve C. F.O. — oy is the locus of the angles that determine the journal running positions. 
The three points for each angle B are on a vertical line through the corresponding eccentricity factor 
on the base scale, as for example the point marked for c = 0.49 and 8 = 120°, 

+ This chart has been adapted from earlier one by Howarth (7) and contains added curves and 

oints obtained from the work of other investigators, For dotted curves S, see Sommerfeld (14). 
Moe dotted curves N, see Needs (15). For dotted curves, marked C. F. O., see Kingsbury (5). 
These numbers refer to the bibliography, p. 13-58. 
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Fie. 52. General Characteristics of Offset Clearance Bearings, Class D, Assuming Constant Vis- 
cosity and No Siae Leakage. See Fig. 53 for Corresponding Ratios of a/f. 
This class of bearings differs somewhat from the eccentrically-loaded bearings in Class A. 


The next step is to substitute in the above expression the two values of u given in the state- 
ment of the problem, and with the resulting values enter Fig. 51 at the left. First substituting 
w= 3.4 X 1076, (w/uN) (n/a)? = 0.180. Locating this point on the load-capacity curve, 8 = 120 
deg. (the group of curves starting at the lower right) find c = 0.581. The ordinate of c = 0.581 
intersects the friction coefficient curve for 8 = 120 deg. (group of curves starting at the lower left) 
at Ny /n = 1.29. This ordinate also intersects the $77 curve (group of curves starting at the upper 
right) for 8 = 120 deg. at br = 33.2 deg. 

The actual friction coefficient will be \ = (Fi/Li) App = 1.29 X 1073/0.555 = 0.00233. 

The journal running position will be on the line oy = 33.2 deg. and its distance from the center 
of the bearing will be cy = 0.581 X (8/2) X 0.001 = 0.002324 in. The minimum film thickness 
will be ho = (1 — c)n = 0.001676 in. Optimum eccentricity is shown by the dotted C. F. O. load- 
ing curve (w/uN) (n/a)? to be 0.49 for a 120-deg. bearing, with a corresponding value of ho = 0.00204. 
Hence, with » = 3.4 X 10-6, this bearing is not quite so safe as the optimum would be. 

Solving the problem with » = 10.2 X 10~6, the value of (w/unN) (n/a)? for entering the chart is 
0.060. The following values then are established: 


c = 0.28; d7 = 46 deg.; Apy7A/n = 2.54; = 0.00458; ho = 0.00288. 


* 


Friction and minimum film thickness are greater with the heavier oil. An intermediate oil would 
cause the journal to run with optimum eccentricity. The decision then rests on which of the three 
oil film thicknesses hp = 0.00168, 6.00204, or 0.00288 in. best suits the required shaft alignment and 
other conditions. Heavier oil is best where shaft alignment conditions are not ideal. See Shaft 
Deflections, p. 13-12, and also the film thickness noted in Table 11. 


D. Offset Partial Bearings with Running Clearance.—These are eccentrically loaded 
bearings that ditter somewhat from the eccentrically loaded partial bearings of Class A. 
The line of application of the load does not pass through the center of the bearing are and 
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a> 8/2. The relation of 
journal and bearing is shown 
in the inset in Fig. 52. In 
this series a particular value 
of a/8 refers to each value of 
Band each running position 
(eccentricity). The charac- 
teristics of a bearing with a 
given value of 6 and a/B ratio 
are shown by one point only 
on Fig. 53 and by another on 


Ratio of a/| B 


Vig. 52, but are not available 60 80 160 120 140 160 180 200 220 240 260 280 300 320 340. 360 
foment Comiinationnas B and Total Angle @ of Offset Partial Bearin, Ye.) 

a/B8 throughout any range of Fie. 53. a/8 Values of Class D Journal Bearings. For 
running positions. If on the other characteristics, see Fig. 52. 


other hand, entry is made 
through Fig. 52, in the same 
manner as explained in Ex- 
ample 4, and a suitable eecen- 
tricity is determined, Fig. 53 
will give the corresponding 
ratio of a/B. Side leakage 
corrections may be applied as 
in Example 4. If the useful S 
film has an angular length 8 

that is less than the film space ) 
provided, or if the angle 8, 
whether constant or variable 
with eccentricity, changes its 
a/B ratio with change of ec- 
centricity, Fig. 52 will prove 
useful for comparing theory 
with actual practice. 

E. Fitted Partial Bear- 
ings.—The radius of curva- 
ture of the bearing is the 
same as that of the journal. 
The line of application of the 
load does not pass through ‘ 
the center of the bearing are, : Li ¢ ees 
and a > 6/2. The relations 
of bearing and journal are 
shown in the inset in Fig. 54. 
Bearings of this class differ 
slightly from Class B bear- 
ings. In Fig. 54, which gives 
general conditions for a defi- 
nite series having variable 
a/B ratios with values of B 
from 60 to 120 deg., the 


nearest equivalent to a clear- Fic. 54. General Characteristics of Fitted Bearings, Class EH. 


eae 2 é 
a pene re ae ome This series differs slightly from Class B as indicated by the 
which ¢ is the actua BORE broken lines for 6 = 60 deg., 8 = 90 deg., and 6 = 120 deg., 
tricity of the running position which represent the optima for minimum friction coefficient. 


of the journal. Angle ¢,, 
marked on the diagonal for the loading of the particular bearing of angle 6 that is under 
consideration, shows the direction of shift of the journal center. See Example 5. 


Exampie 5.—Given a 100-deg. fitted bearing of journal diameter 5 in., and width 6 in., carrying 
a total load R of 3000 lb., running at N = 300r.p.m., and using oil of viscosity u = 3 X 10~6 Reyn. 
Find the minimum film thickness. 

Solution—l/b = (52/6) X (100/360) = 0.727, from which (see Fig. 38) Li = 0.565, and w = 
3000/(6 X 5 X 0.565) = 177. Then (w/uN) X 10-6 = (177 X 10-*)/(8 K 10-6 x 300) = 0.197, 
which value is used to enter Fig. 54. The intersection of this value with the lower diagonal 8 = 100, 
gives a value of €/a of 6.0008. The minimum thickness of oil film ho will be at the trailing edge of 
the bearing, and is, numerically, ho = €sin@. From inset in Fig. 54, 0 = 270° + B — (oy +a)= 
157.6°. Hence ho = 0.0008 X 2.5 K 0.3881 = 0.00076. 
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Fic. 55. General Characteristics of Full Bearings, Class F, with Running Clearance, Assuming 
Constant Viscosity and No Side Leakage.* 


Other data that may be obtained from Fig. 54 are: Uncorrected coefficient of friction Ay = 0.00082. 
Applying correction factor L;/F; = 0.61 (Fig. 38), the actual coefficient of friction 
rA= Xyy/ (L/P) = 0.00082/0.61 = 0.00134. 


F. Full Bearings with Running Clearance.—This bearing which is shown in the inset 
in Fig. 55 is treated as a half-bearing so far as carrying capacity and running position are 
concerned, As regards friction, it is treated as a full bearing in which the running position 
of the journal is the same as for a half-bearing. The line of application of the load, when 
the film is in running position would not pass through the center of the supporting film are. 
The useful film of the bearing, therefore, may be treated as that of an offset bearing, 
Class D. In Fig. 55, the load capacity curve is taken from Fig. 52 for 8 = 180 deg., 
Class D bearings. The pressure film in full bearing is not apt to exceed 180 deg. in angular 
extent. The experiments of Stanton (16), Bradford (17), and McKee (18)t indicate 
shorter films for certain conditions. For other arcs than 180 deg., the appropriate curve 
for load capacity in Fig. 52 can be used to find the eccentricity. Fig. 55 then can be 
entered with the eccentricity so found, the approximate total friction determined and the 
horsepower loss estimated. The friction coefficient curve in Fig. 55 can be used only with 
the load capacity curve in the same illustration. Example 6 shows the use of side leakage 
correction factors in a full bearing. 

Exampiy 6.—Determine the friction power loss and friction coefficient of a full bearing of 
diameter 2a = 4in., width b = 8 in., running at N = 3600 r.p.m., and carrying a total journal load 
R = 3600 1b. The clearance ratio 7/a = 0.003, and the oil viscosity 4» = 2 X 10-6 Reyn. 

Solution.—In order to find L;, assume 8 = 180 deg. Then 1/b = (47/8) X (180/360) = 0.79, 
and from Fig, 38 Ly; = 0.53. Fy = 0.925, and L;/F = 0.575. 

w= R/(2a X b X Ly) = 38600/(4 & 8 XK 0.58) = 212 Ib. per sq. in. 


* The load capacity curve corresponds to that for an offset (Class D) bearing for which B = 
180 deg, (See explanations on page 13-26.) The friction curves assume that for the purpose of 
calculating this loss the bearing film may be considered as extending all around the journal. This 
assumption is arbitrary but appears to be well on the safe side. 

ft See Bibliography, p. 13-58. 
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Fig. 55 is entered with the value of the symbol group 

(w/uN) (n/a)? = (212 X 9 X 10-6)/(2 X 10-6 X 3600) = 0.265. 
This value on the load capacity curve corresponds to a value of eccentricity factor c = 0.5. For this 
value of c the value of Ay a/n is read from the friction coefficient curve as 1.88. The total friction 
factor is read from the total friction curve as 3.2. 


Total power loss = Total friction factor X (ub/2) (a/n)a2Fy N2 X 10-5 = 4.1 Hp. 
Actual coefficient of friction \ = Agy/ (L1/F'1) = 77 /0.583 = 0.0098. 


Checking back Na to the total power loss, the latter is found to be the same if the correction factor 
is properly introduced in \ = (Fi/Ly)\jy- 


GENERAL CHARACTERISTICS OF JOURNAL BEARINGS.—Tig. 57 may be 
used to study the influence on running position, in all classes of 120-deg. clearance bear- 
ings, of such changes in design proportions as the (a@/8) ratio, and the clearance ratio 
(n/a). Side leakage correction factors may be applied as in Example 4, but only for Li as 
in po = w ly. The reliability of factor Li, decreases with increased departure from good 
film proportions. Kingsbury’s optimum points for maxi- 
mum load and minimum friction for Class A bearings are 
designated by ALO and AFO, respectively. Similar 
maximum load and minimum friction points for Class C 
bearings are designated by CLO and CFO, respectively. 
These points permit the determination of the deviation 
from optimum of the actual conditions in a given bear- 8 
ing. Fig. 57 also gives the angular location, 61, of the 
maximum film pressure. These curves may be used to 
determine whether there is a possibility of negative pres- 
sures existing in the oil film. All pressures in the film 7 
are positive between the lines M and N. An unpublished 
investigation by S. J. Needs shows that negative pres- 
sure is to be expected in a finite bearing where the bear- O MOLES TLONFISOISELO. 
ing of infinite width would show all pressures to be posi- Scale for Length in Direction of Motion — 2 
tive. Hence, when the data of a problem show that the GEER EEO O 
running position approaches the upper limit line of Fig. Fre. 56. Correction Factors for 
57, some negative pressure is probable. If such condi- Beaune of Side! Leakage on 

‘ i Syed , a oad Carrying Capacity and 
tions exist, it is advisable to place the problem in some _ Friction for 120-deg. Class C 
other class of bearing, using a = 60 deg. as suggested Journal Bearing. See Fig. 38. 
below. 

S. J. Needs has determined (15), for 120-deg. centrally-loaded bearings, the optimum 
eccentricities and the correction factors, for length-width ratios up to 4.0. His results are 
best shown in Fig. 56 which is in a form comparable with Kingsbury’s chart, Fig.38. The 
eccentricity for optimum friction condition is shown to vary from 0.49 for 1/b = 0, to 0.90 
for 1/b = 4.0, with approximately straight line interpolation between. He further con- 
cludes that side leakage factors depend on bearing loads as well as length-width ratios, 
and that the length-width ratio influences the eccentricity for optimum operating condi- 
tions. See discussion in the paper referred to. 

If conditions of operation are such that negative pressures may occur at the trailing 
end, 120-deg. bearings are best studied as if they were Class A, eccentrically-loaded bear- 
ings, or Class D, offset bearings with 8 < 120 deg. In both cases, leading angle a should 
be taken as 60 deg., allowing the trailing angle (8 — @) to be determined by the data in 
the class used. See Example 7. 

ExAmMpLre 7.—Determine whether negative pressure would exist in a journal of diameter 2a = 
6 in., and width 6 = 10 in., carrying a total load R = 600 lb. at N = 1000 r.p.m., taking a/f ratios 
as follows: [1]. a#/B = 0.44; [2]. a/B = 0.52; [8]. a/8 = 0.62. Clearance ratio 7/a = 0.002, and 


the oil viscosity » = 4.0 X 10-6 Reyn. : 
Solution.—Determine correction factor Ly corresponding to 1/b = (6/10) X (120/360) = 0.628. 
From Fig. 38, LZ; = 0.613, and w = 600/(6 X 10 X 0.613) = 16.30. Since uw = 4.0 X 10-6, the 


group 


Scale for Hf VI, 


(w/pN)(n/a)2 = [16.3/{(4 X 10-8) X 1000}] X 0.0022 = 0.0163. 
If an ordinate be erected at 0.0163 on the scale (w/uN) (n/a)? in Fig. 57 it will intersect the curves 
for a/6 = 0.44, 0.52, and 0.62 at the points [1], [2], and [3] respectively. Hence, with ratios of 
«/B of 0.44 and 0.62 negative pressure is quite likely to exist at the trailing and leading ends, respec- 
tively, of the bearing. With a ratio of a/B = 0.52 the bearing probably will not have negative 
pressure. : 
Other items that may be determined from Fig. 57 are the total lift of the bearing and 
the point of maximum pressure in the oil film. See Example 8. 
Examp.e 8,—Determine the lift of the journal when in running position, and the point of maxi- 
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mum pressure in the oil film of & centrally-loaded, type Class C, 120-deg. clearance turbine bearing 
without a cap, with ratio of a/B = 0.56; journal diameter 2a = 15 in.; length b = 30 in.; vertical 
load R = 67,500 lb.; speed N = 1500 r.p.m. Clearance ratio y/a = 0.001lin. The oil at operating 
temperature has a viscosity p = 3.4 X 1076 Reyn. 

Solution.—Ratio 1/b = (15 7/30) X (120/360) = 0.524, whence from Fig. 38, Ii = 0.673. 

w= R/(2aXbX lh) = 67,500/(15 X 30 X 0.673) = 223. 

(w/pN) (n/a)? = {223/(3.4 X 10-6 X 1500)} X (0.001)? = 0.0437, 
with which value Fig. 56 is entered. The ordinate erected at (w/uN)(n/a)2 = 0.0437 intersects 
the curve a/B = 0.56 at $;, = 107 deg., which corresponds to a value of c = 0.3. 

Lift = (1 — cos $77) = 0.075 [1 — {0.8 X (—0.29237)}] = 0.0684 in. 
The point of maximum pressure Pm is the value of 6; at the point where the ordinate (w/pN) (n/a)? = 
0.0437 intersects the curve a/f = 0.60, which is 4; = 83 deg. pm, therefore, will be on the radius 
of the journal in running position, 83 deg. in the direction of rotation from the line O—O’ joining 
the center of the journal and the center of curvature of the bearing. 

SPEED LIMITATIONS OF OIL FILM BEARINGS.—The upper limit of applica- 
bility of oil films in thrust and journal bearings has not yet been attained (1937). Tests 
conducted in 1934 on two opposed double thrust bearings measuring 61/4 in. diam. over 
the shoes, and two journal bearings, 21/2 in. diam. by 30 in. long, in the same mountings, 
showed that the bearings operated perfectly up to 12,000 r.p.m. The thrust capacities 
reached 2000 lb. per sq. in. before breakdown. Maximum peripheral speed of the thrust 
bearing was 330 ft. per sec. 
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120-deg. Clearance Bearings, Including Classes A, C and D, 


Values of ra eae 


Values of 
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Assuming Constant Viscosity and No Side Leakage. 
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Fia. 57. General Capacity Characteristics of 
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4. CURRENT PRACTICE IN BEARING LOADING AND CLEARANCE 


Data on current (1937) practice in the loading and clearance of bearings are useful for 
comparison with theoretical considerations in design. Data were collected from the fol- 
lowing manufacturers, and engineering textbooks, and incorporated in Figs. 58-60. 


Manufacturers Textbooks, Handbooks and Engineering Periodicals 
1. Westinghouse Electric & Mfg. Co. 10. Kimball and Barr, Elements of Machine 
2. Newport News Shipbuilding Co. Design, 1923 
8. Electric Boat Co. 11. F. A. Halsey Handbook, 1913. 
4. E. I. DuPont De Nemours Co. 12. Hutte, 26th Edition, 1926 
5. Wm. Sellers Co. 13. Machinery’s Handbook, 1930 
6. General Electric Co. 14. C, Pfleiderer, Die Kreiselpuwmpen, 1932 
7. De Laval Separator Co. 15. Prescott Poole, Journal, S.A.E. Oct., 1931. 
8. U.S. Navy Specification S-45-1 
9, Kingsbury Machine Works, Inc. 
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Fia. 58. Current Practice in Loading of Bearings : 
i i i k-pins 15 12. Machine Tools, Slow Running 
ae ee 13, Misine engine’ Beatian 88 
Cate) ntrifugal Pumps 4 14 14. Marine Gas Engine Crank-pins 
4. Gas Engine Crank-pins 10 15. Marine dineah oy Boonie 
' i fai i 10 16. Marine Thrust Collars ' 
i: Cece eg eae ales eal EE ae or Babbitt 10 12 
| Ki i 9 18. Railway Cars 10 12 
iS Rol Neck, Asn one 19. Stationary Engine Main Bearings : iL i 
SN Sa eae proc eee ee 
i: Bie Ei iets oe: 22. Steam Turbines and Reduction Gears ! 2 4 6 10 12 18 


ao are to list of manufacturers and textbooks above. 
F = Saybolt Universal Viscosity. 
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0.010 


0.009 


0.008 


0.007 


Diametral Clearance inch 


0.006 


0.005 


0.004 


0.003 


0.002 


Diameter, inch 
KEY TO CURVES 


1. A.S.A., Free Fit, over 600 r.p.m. 4, Horizontal Bearings —*——¥—_#—_ 7. Step Bearings -o-0———— 
2, A.S.A., Medium Fit, under 600 r.p.m.-==- 5. Brown & Sharpe, over 600 r.p.m.-HH+ 8. Vertical Bearings ——-— 
3. Marine Bearings —-—--——-——--—— 6. Brown & Sharpe, under 600 r.p.m.—e-e 9. British Standards s3ex%— 


Fria. 59. Current Practice (1937) in Bearing Clearance, Shaft Diameter, 0 to 8in. See Fig. 60 for 
Shafts 6 to 24 in. Diameter. 


BEARING PRESSURES AND SPEEDS.—Fig. 58 gives the relation of (pressure 
velocity), together with other data that are useful for analytical studies, on bearings cov- 
ering a wide range of services. For journal bearings, the nominal unit pressure ~, has 
been determined by the equation p9 = R/2ab, where R = total load on bearing, lb.;a = 
radius of bearing, in.; 6 = width of bearing, in. Logarithmic scales are used for pp and V 
so that straight lines will represent simple exponential relations. The diagonal lines 
sloping downward to the right give values of the product of pg V for any point on the chart. 
The heavy lines indicate, in general, the range of the data. 

The diagonal lines slanting downward to the left, ‘‘Lines of Direction” and lines that 
may be drawn parallel to them, are used to study journal bearings. They afford means of 
obtaining the optimum relation between viscosity, journal diameter and clearance. For 
example, the dotted line from point K, extending across the scales of Kingsbury’s optima for 
Classes A, B and C, leads to numerical values therein for equating with the symbol groups 
(u/a) X (a/n)? and (u/a) (a/ho)?, where u = coefficient of viscosity, Reyns; a = radius 
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of journal, in.; 7 = radial clearance, in.; Ao = minimum film thickn i 

values of the symbol group are given for //b ratios from 0.8 to 1.5 forsee 
bearings for minimum friction coefficient, based on a bearing arc 8B = 120 deg. Side leak- 
aa cape is allowed for the (length/width) ratios marked on the scales, based on 
‘ BEARING CLEARANCES.—A study of bearing clearances indicates wide divergences 
in practice. Fig. 59 gives clearance data for marine bearings, horizontal bearings, vertical 
bearings, step bearings, Brown & Sharpe practice for over and under 600 r.p.m. “respect 
ively, the American Standards Association standards and British standards, up to a total 
clearance of 0.010 in. and diameters up to 8 in. Fig. 60 extends this range to larger clear- 
ances and diameters. The line marked 0.001 diam. + 0.002 shows a rule used by Kings- 
bury for standard duty journal bearings. In order that the other data may be interpreted 


Diameter,inches 
Fre. 60. Current Practice (1937) in Bearing Clearance, Shaft Diameter, 6 to 24 in. See Fig. 59 
for Shaft Diameters 0 to 8 in., and key to curves. 


with reference to the clearance ratio 7/a, reference values of it are given from 0.0005 to 
0.004. If clearances are chosen from these curves, they must for best results, be supple- 
mented by a suitable oil. 


5. THRUST BEARINGS 


THE THRUST PROBLEM.—More or less axial load is encountered with every 
vertical shaft. With horizontal shafts, which are the most common, there usually is no 
real thrust load and only shaft shoulders are needed to hold the machine parts in proper 
axial relation. 

. Heavy Horizontal Loads are encountered in unbalanced centrifugal pumps and steam 
turbines, in marine propeller shafts, in industrial machines, and in some machine tools. 
When thrust loads are encountered at very low speed, the wear and the power lost in 
friction often are ignored and very inefficient bearings are used, although it is better 
practice to use rolling contact bearings in such service. With relatively high speeds and 
large shafts, as for marine propellers, the power loss is important, and efficient durable 
thrust bearings are used. For very high speeds with heavy thrust loads, as in steam 
turbines, the thrust bearing also must be efficient and durable. 


13-34 BEARINGS 


Light Horizontal Loads.—Horizontal shafts, with little or no thrust load, often require 
close control of endwise position. This may be done by a collar on the shaft end as in 
Fig. 61. One collar in one bearing mounting then controls end-play. Using the shaft 
shoulder, as in Fig. 20, requires two 
bearing mountings. See Thrust Bearing 
Design and Construction below. 

Vertical Loads.—A vertical shaft in 
a machine always has a thrust load, 
due to the weight of the machine ele- 
ments that in a horizontal shaft would 
be carried by journal bearings. How- 
ever, a vertical shaft has no side loads 
on its journals except those produced 
by the operation of the machine itself. 
The thrust load on a vertical shaft 
either may be increased or reduced by 
loads produced by operation of the 
machine. Thus, in a_ hydroelectric 

Fig. 61. Ring-oiled Journal and Thrust Bearing generating unit, or a vertical centrifugal 

pump, hydraulic thrust in the runner 

increases the thrust load due to the weight of the revolving parts. The importance of the 
thrust problem depends on the combination of load and speed. 

THRUST BEARING DESIGN.—Thrust bearings may be divided into two main 
groups, viz., imperfectly lubricated and perfectly lubricated. The degrees of imperfection 
or perfection will vary. Among bearings that are perfectly lubricated, a bearing of one 
design may run with several times more friction than another, under otherwise identical 
conditions, and with no metallic contact of bearing faces during operation. Similarly, with 
imperfect lubrication, some bearings will run with higher friction than others, with the 
same oil, load and speed conditions, but with more or less metallic contact of the bearing 
faces always present. 

IMPERFECTLY LUBRICATED THRUST BEARINGS.—Imperfect lubrication 
implies lack of provision for the functioning of adequate wedge-shaped films rather than 
lack of lubricant. See Perfect Lubrication, p. 13-44. For very low speed, heavy oils and 
hardness of bearing materials have been relied on to keep the rate of wear within reason- 
able limits. Such bearings should be placed in oil baths, if possible, so that lubricant may 
be continuously available. Grooving may be designed to keep oil from wasting, or to 
produce circulation that will continually change the oil on the bearing faces. 

Vertical Shafts.—For this service the plain pivot, the multiple-disc-supported pivot, 
the plain ring thrust, the washer-supported ring thrust, Figs. 62 to 65, are used. The 
grooves in these bearings, if submerged in oil, should be carefully formed, usually in the 
upward faces, and with rounded edges, as in Fig. 66, in the harder surface. If oil is present 
in only minute quantities, grooves should be in the downward face. Further improvement 
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can be made by slightly tapering the grooved bearing face for a distance at least equal to 
the width of the oil groove, on each side of the groove, but using not more than half the total 
pps surface for grooves and tapers. Two 

il Hole to four oil grooves usually are 

r enough. For large diameters, or 

areas where radial width is small 
compared with the circumference, 
more grooves may be used. The 
size of the groove will vary, increas- 
ing with size of the bearing, sluggish- 
ness of the lubricant, and speed of 
rotation. If an oil bath cannot be 


; p ; “used, it is best 
Fig. 68. Bearingto Take Fie. 69. Ring-oiled Two- short of the pe aera eae thovies 


Light Thrust in Two direction Bearing for 3 
Directions Light Thrust Load or washer, and feed oil to the grooves 


; from the center outward.. See Fig. 67. 

Horizontal Shafts.—Conditions usually are quite different from those of vertical shafts. 
An oil bath is less easily provided. Also, because of end-play, it is difficult to prevent oil 
leaking away from the thrust surface, especially when thrust action is intermittent. For a 
simple construction like Fig. 68, thrust face grooves may be most easily cut in the sta- 
tionary bearing face, although the harder face is preferable. 
Grooves should stop short of the outer diameter of the thrust 
collar. Sometimes a 
thrust collar, integral 
with or fastened to the 
shaft, is placed between 
two short journal bear- 
ings whose adjacent 
sides are enlarged to pre- 


sent reasonable thrust 


surfaces to the collar. uae 70. Dini ple collae oe - @ 
. . Sometimes Used in Woodworking 1G. 71. Multi-collar Thrust 
If of sufficient diameter, Machinery to Position Spindle Bearing for Light Loads 


this collar may be used 
to lubricate all bearing surfaces from a well below the shaft. Otherwise a ring may be used 
asin Fig. 69. 

For data on friction coefficients of imperfectly lubricated thrust bearings, see p. 8-24. 
In such bearings the coefficient will, if bearing is adequately oiled, vary from 0.20 down- 
ward to about 0.02. This lower value would be considered very high for a perfectly lub- 
ricated bearing surface. See p. 8-28 for friction coefficients possible with perfect lubrica- 


tion. 


Multi-collar Thrust Bearings are used in several forms, 
more or less well made. In woodworking machinery, a bear- Sill _ | We 
e awd & ; Rotating | 7 
ing-metal lining is poured into the frame and cap, around a iL ise Jy 
grooved shaft (Fig. 70). Oil is best applied at the sides. fN, SF Sitios pC 
Such a bearing if lightly loaded, and not too tightly clamped aus Wi 
on the shaft, may serve as a combined journal and thrust bear- WZ 


ing, but it is not considered good practice. Sometimes the cap r Poeerenae 

of such a bearing is made axially adjustable for control of end- afer Thrust Beseuinit § 
play. Fig. 71 shows a multi-collar bearing used only to carry 

light thrust loads. It is adjacent to an adequate journal bearing. Oil under pressure 
may be applied as marked, and caused to flow through suitable grooves back and forth 
across the faces of the collars. If carefully made, and when oil grooves are properly 
designed with adjacent surfaces properly beveled, these bearings can carry moderate 
loads even at high speed. 

One serious difficulty with all multi-collar thrust bearings is the inequality of distribu- 
tion of load among the collars. To help overcome this in large bearings for marine service, 
crescent shaped elements, called horseshoes, with soft metal faces, are placed between the 
shaft collars. Sometimes grease is used for lubrication, but usually oil is supplied from a 
bath below the shaft into which the collars dip. The shoes sometimes are water-cooled 
by passages, but, for high-speed bearings, a water coil usually is placed in the bath below 
the collars. Horseshoes in marine practice are loaded to from 30 to 70 Ib. per sq. 1n. They 
now are seldom used, because more efficient and more durable types of bearings are avail- 
able, that operate with about one tenth the power loss. See pp. 13-36 to 13-39. ’ 

THE OIL PRESSURE THRUST BEARING employs two discs constructed as in 
Vig. 72. Oil is pumped under high pressure into the stationary disc at a definite rate, lift- 
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ing the upper or rotating dise until oil discharge rate equals supply rate. sacar ok 
are required to protect against stoppage of the pumps. Rollers sometimes are provide so 
prevent contact of narrow faces of discs when oil supply fails. If the dises are permitte 

to rub they will ‘‘flash”’ and be damaged. Friction in the bearing itself is very low, but 
considerable power is required to drive the pumps. These bearings, therefore, are uneco- 

i ittle used to-day. shed 

me REECTLY LUBRICATED THRUST BEARINGS.—See Perfect Lubrication, p. 
13-44, for a discussion of the principles underlying the formation of the tapered oil film. 
Such films, in various forms, exist between the bearing faces of the thrust bearings described 
recites Fixed Wedge Film type of thrust bearing was suggested in 1888 by Prof. Archibald 
Barr, when discussing Beauchamp Tower’s then recent tests on plain collar thrust bear- 
ings. It is obvious that part of the thrust bearing face must be flat to permit the collar to 
start and stop under load without undue concentration of pressure. _The wedge-shape 
film in a bearing of this kind is unable to lift its load until a fair speed is attained. Con- 
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S.Morgan Smith Co, 
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reais Steel oa rust Fia. 74. Fixed Wedge-film Fic. 75. Free Wedge- 
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General Electric Co. 


Fie. 77. Thrust Bear- : 
ing with Flexible Fig. 78. Restrained Wedge- 
Fia. 76. Reist Thrust Bearing Shoe on Rigid Neck film Bearing 


versely, it is apt to stop suddenly when slowing down. The fixed wedge may be com- 
bined with a flat surface in two ways: 1. Alternate bevels and flats with grooves @ 
between, Fig. 73; 2. A supply groove G at the thick end of the bevel, omitting the groove 
between the bevel and the flat in the direction of motion, Fig. 74. This construction is 
used in the Gibbs thrust bearing, built by S. Morgan Smith Co., York, Pa., for both hori- 
zontal and vertical shafts. Bearing pressures range from 200 to 300 lb. per'sq. in. 

A characteristic of these bearings is that the slope of the wedge remains constant for all 
conditions of load, speed, oil viscosity, and temperature for a given bearing. The film 
thickness, however, will vary automatically as these conditions change, provided the 
speed is great enough to separate the flat faces. 

The Free Wedge Film (Fig. 75) type of thrust bearing (Kingsbury Thrust Bearing) was 
conceived, constructed and tested in 1896 by Prof. Albert Kingsbury. It is built by the 
Kingsbury Machine Works, Inc., Philadelphia. A parallel, but independent, development 
of the similar Michell thrust bearing has taken place in England. The bearing members 
(shoes) in this type are tiltably mounted, and are free to form automatically the most 
efficient natural oil film required by each different combination of load, speed, viscosity and 
temperature to which the bearing is subjected. 

The Restrained Wedge Film type of thrust bearing appears in several forms. In this 
type the elements forming the films are not fully free, but do respond, in a limited degree, 
to change of load, speed, viscosity and temperature. One of these, Fig. 76, invented by 
H. G. Reist about 1915, is built by the General Electric Co. Its stationary element is a 
babbitted, relatively thin, steel ring, with one radial gap, mounted on many small stiff 
precompressed springs. Radial grooves are cut in both of the opposing bearing faces to 
supply cool oil to the bearing faces. Wedge film formation is restrained by the stiffness 
inherent in the flexible babbitted-plate, which is finished flat. During operation, a film 
of oil thick enough to prevent metallic contact is maintained between the rotating and 
stationary plates. ‘The film is not sensitive to changes of speed or loading, nor will it be 
disrupted by a small amount of sludge or small particles. Both stationary and rotating 
grooves are chamfered to direct the oil between the surfaces, and the film forms when 
half the distance between grooves has been traversed. The flexibility of the structure 
insures the formation of a film of the most effective shape. In the event of misalignment, 
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the flexible support automatically deflects to equalize the pressure distribution over the 
entire bearing. The operation of the bearing depends on the comhined effects of the 
grooved rotating and stationary plates and of the flexible support. 

Fig. 77 shows a second form of restrained-wedge-film bearing, inventor unknown. 
Restraint of wedge film formation is imposed by the rigid neck and the stiff portions of the 
adjacent shoe body. This is an integral structure. The bearing faces of the shoe bodies 
are finished flat. The flexing of the overhung portion takes place under the pressures 
incident to the formation of the film. 

A third and rather unusual restrained wedge film, invented by Elmer D. Sperry, is 
shown in Fig. 78. The supporting base is faced with bearing metal of thickness that varies 
considerably. Babbitt metal has a coefficient of elasticity much greater than iron or steel. 
Hence if the thickness is greater where the pressures are lower a wedge shaped film may be 
formed, though considerably restrained. 
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ing Radial Tilting Shoes 


Radial tiltability may be given to relatively thick bearing rings by applying the load 
to their backs through annular supporting ribs. See Fig. 79. Also the lower ring may be 
made in separate segments that have freedom only for radial tilting, in which case the 
ribs supporting the segments may be tangential. Such elements may have fixed bevel 
bearing faces or flexible leading portions, as already described. ; 

The Semi-free Wedge Film is formed when the tilting shoe is mounted on a flexible 
neck, Fig. 80. A fairly efficient form of thrust bearing of simple integral structure results. 
A certain amount of freedom must be sacrificed to preserve the requisite ruggedness. 

Another form in which this semi-free film appears is that in which separate shoes are 
mounted on springs or other elastic means. See Fig. 81. This particular design contains 
other features important for resiliently supported bearings, 7.e., means for preventing and 
for damping vibration, without interference with the normal functioning of the bearing 
under variable load. 

Film Forms.—When the relative motion is circular, instead of straight-line, the flat 
faced wedge film is not geometrically a flat wedge in the developed section of the path of 
relative motion, but is a sine curve wedge, asin journal bearings. There also are changes 
in film shape due to elasticity of materials, and to temperature variations. Thrust bear- 
ing films, therefore, usually are of a composite nature. Occasionally a composite form is 
purposely given the film, as when beveling is added to the leading or trailing portions of 
the bearing face of the freely tilting shoe. A variable composite film appears in the Reist 
bearing, Fig. 76, in which both bearing faces are provided with oil grooves. The double 
grooving tends alternately to build up and to break down the pressure in the films, but it 
helps the radial flow of oil across the bearing faces. 

CONSTRUCTION DETAILS.—Reversible Bearings—In general a thrust bearing 
may be made suitable for both directions of rotation, 7.e., reversible, by making its sup- 
porting feature symmetrical with respect to the bearing face segments or grooves. F or 
example, the free-wedge type may have its shoes supported in the middle, and it loses little 
efficiency thereby. The fixed-wedge type requires the provision of an additional beveled 
portion, tapered in the opposite direction. When the limit of dead load supportable by the 
flat parallel portion of the bearing face is reached, the reversible fixed-wedge bearing area 
would have to be larger than if made for one direction only. : 

Aligning and Equalizing Means for Thrust Bearings.—When the machine is so accur- 
ately made that alignment of shafting is perfect within the limits of the film thicknesses in 
the bearings and the elasticity of the component parts, no aligning means need be provided. 
This also is true when the bearings are so placed with respect to the machine frame that 
the slight elasticity of the frame itself enables the bearings to preserve their proper align- 
ment. However, it often is desirable to provide some aligning means within the thrust 
bearing, and the methods cited below are employed. 

The design of aligning means should be governed by the misalignment to be corrected, 
as initial, subsequent, or continuous or rapidly recurring. The durability of the aligning 
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means, therefore, is an important consideration in the selection of a thrust bearing. Special 
forms have been devised for such service as gyro-stabilizers and for thrust collars that are 
ith the shaft. 

sie os rie oneal Washer, Fig. 83, is the commonest form and has several advantages, 
one of which is ruggedness. When used with three freely tilting shoes it tends to equalize 
the load distribution among them. For best efficiency, the mean angle of the spherical 
faces should be about 45 deg. Even so, when once well loaded, an eccentricity of the load 
equal to more than half the projected radius to the mean zone of the spherical fit, is required 
before slipping will take place. Hence, this method of equalizing or aligning is not sensi- 
tively responsive to variations in alignment under load. 

2. Adjustable Bearings.— When freely tilting shoes are mounted on jack screws, the 
latter may be used for initial setting of height, alignment and equalization of load, but are 
not useful for preserving alignment when the supporting structure shifts. " eer 

3. Elastic Support is an approximate aligning 
means, and also an approximate equalizing means for 
various portions of a bearing when little correction 
need be made. With the stiff springs necessarily 

? 5 her employed, carefully preliminary setting of the thrust 

ca am ae a : yee Tee is essential. Means to prevent or control vibra- 

a Haba ree Bote of tion must be employed. See discussion of Figs. 76 
and 81. 

4, Equalizing Supports.—Systems of rocking levers are used effectively in Kingsbury 
bearings for alignment and equalization. They continue effective, even in the presence of 
considerable subsequent displacement of the thrust deck. Their range and accuracy are 
considerable. See Fig. 82. This form has been adapted, with roller contacts, to very large 
hydroelectric bearings. 

DATA ON STANDARD KINGSBURY THRUST BEARINGS.—Because of the rel- 
atively recent development of these oil film bearings their standardization is not as widely 
known as that of ball and roller bearings. It has, therefore, been thought desirable to place 
herein the principal dimensions of one important generally useful line of Kingsbury bear- 
ings and to illustrate a number of types of mountings in which they are used. 

Internal Parts.—The self-aligning equalizing types of Kingsbury thrust bearings con- 
sist mainly of the shoes and their supporting structures shown in Figs. 83 and 84. The 
overall dimensions of these 3-shoe and 6-shoe elements are made the same for interchange- 
ability. See Table 10. These elements may be used either horizontally or vertically, but 
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usually they rely on a ring or on a surrounding wall of the mounting to hold the shoes 
radially in place. 

Commonly-used combinations of these elements are: 1. Horizontal 3-shoe base and 
6-shoe base with thrust collar between, a combination useful for thrust loads that are 
heavier in one direction than the other; 2. Single horizontal bearing for one-way thrust 
with 6-shoe base and separate collar; 3. Horizontal double 6-shoe bearing for two-way 
thrust with separate collar (see Fig. 85); 4. Horizontal double 6-shoe bearing with collar 
integral with shaft (See Fig. 86). In this construction the 6-shoe bases are made in 
halves; 5. Horizontal double two-way bearings with bases in halves, with one 2-shoe 
tilting ring type base, and one 6-shoe base, the major thrust being taken by the 6-shoe 
bearing; 6. Vertical 3-shoe thrust bearing, spherically seated base (See Fig. 83), and 
runner; 7. Vertical 6-shoe vertical bearing and runner; 8. Vertical 3-shoe spherically 
seated bearing with spherically seated shoe-retaining base, and runner (See Fig. 87); 
.9. Vertical 6-shoe thrust bearing with shoe retaining base and runner (see Fig. 88); 
10. Vertical 6-shoe thrust bearing with runner and shoe-retaining straps. ‘ 
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THRUST BEARING CAPACITIES.—Table 10 is based on the practice of Kingsbury 
Machine Works for average conditions in bearings with freely tilting shoes of proportions 


shown in Table 11. For similar 
information on other bearing 
types, consult the manufac- 
turers concerned. Capacity de- 
pends on mechanical strength, 
materials used, surface speed, 
oil viscosity, and temperature. 
It may be increased with speed 
until a limit is reached, im- 
posed by other considerations, 
such as starting and stopping 
conditions. It is assumed that 
safety while running depends 
on the maintenance of the oil 
film above some minimum 
thickness that experience has 
proved to be adequate. Any 
capacity table must, 
therefore, have its limi- 
tations stated, because 
bearings can be designed 
and operated under 
vastly greater loads than 
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Fia. 87. 3 } 
Thrust Bearing with Runner 
and Shoe-retaining Base 


Fig. 88. Six-shoe Vertical Thrust 
Bearing with Runner and Shoe- 
retaining Base 


Three-shoe Vertical 


BEARINGS WITH PERFECT LUBRICATION.—See 


also Viscous Flow, p. 13-44, and Perfect Lubrication, p. 13-44. Of the various possible film 


forms, one is the optimum for friction and another the optimum for capacity. 


Minimum 


Table 9.—Dimensions of Standard Three-shoe and Six-shoe Thrust Bearings 
(Kingsbury Machine Works, Inc., Philadelphia) 


See Figs. 85 to 88 
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7 24.5) 12.3) | 2,500) 7.375) 3 b/g 7 1/g 2 3/g 3 3/4 8.000) 11/4 | 3 3/g 11/4 
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Table 10.—Capacities of 6-Shoe Standard Duty Horizontal and Vertical Thrust Bearings 
’ (Kingsbury Machine Works, Inc., Philadelphia, Pa.) 


Based on viscosity of 150 sec. Saybolt at operating temperatures. Capacities given may be increased 
from 10% to 25%, if viscosity is increased in same proportion. — Maximum operating pressure, 400 to 
500 Ib. per sq. in. of segment area. Over and above this these bearings have a factor of safety of about 4. 
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Table 11.—Thrust Bearing Capacities and Minimum Film Thicknesses, 
Freely Pivoted Shoes 


(Kingsbury Machine Works, Inc., Philadelphia) 

For average proportions of thrust bearings d = 3b. For any ratio b/d, if 1 =}, 
bearing area = 6/72 for 6 shoes, and total capacity will be (tabular value X No. 
of shoes). Table is based on J/b,=1. For other proportions multiply tabular 
value by correction factor below. 


¢ Surface Speed, Feet per Second, = U/12 = rdN/(12 X 60) 
46 5 10 |.20.. 40 [een | 80. (leo | ieee 
ono a Sa a 
£ 2 Capacity, Pounds per Square Face 
4 | Capacity, Ib...... 855 1015 1210 1440 1590 1710 1810 1890 1960 
Film Thickness, in.|0.00036/0. 00047|/0. 000610. 00079)0. 00092/0.00102/0.00112/0.00119)0.00126 
16 | Capacity, lb......| 4060 4830 5750 6850 7550 8150 8600 9000 9350 
Film Thickness, in.| .00047| .00061| .00079} .00103] .00119} .00132} .00145) .00155) .00163 
36 | Capacity, lb...... 10,100} 12,000} 14,300) 17,000) 18,750) 20,200) 21,400} 22,400) 23,200 
Film Thickness, in.| .00055| .00071| .00092} .00119] .00138] .00154) .00168) .00180} .00192 
64 | Capacity, Ib......| 19,300} 23,000} 27,400} 32,500) 36,000) 38,600} 40,900) 42,800) 44,500 
Film Thickness, in.| .00061| .00079| .00102} .00133) .00155| .00172) .00188) .0020 | .00215 
100 | Capacity, lb...... 31,900} 38,000} 45,200} 53,500) 59,500] 64,000} 67,500) 70,700} 73,500 
Film Thickness, in.}| .00066] .00086] .00112] .00145) .00168} .00186} .00205| .0022 | .00235 
144 | Capacity, Ib...... 48,000} 57,200} 68,000} 81,000} 89,500} 96,500) 102,000} 106,500) 111,000 
Film Thickness, in.| .00071| .00092| .00119] .00155}] .00180} .0020 | .0022 | .00235) .0025 
196 | Capacity, Ib...... 68,000} 81,000} 96,000} 114,500} 126,500} 136,000) 144,000) 150,000] 156,000 
Film Thickness, in.} .00075} .00098} .00127| .00163) .00190) .0021 .0023 | .0025 | .00265 
256 | Capacity, lb...... 92,000) 109,000} 130,000) 155,000) 171,000} 184,000) 194,000} 203,000) 211,000 
Film Thickness, in| .00079| :00103) .00133) .00172) .0020 | .0022 | .00245| .0026 | .0028 
324 | Capacity, lb...... 119,000} 142,000} 168,000} 201,000} 222,000) 239,000} 252,000) 264,000) 274,000 
Film Thickness,in.| .00083) .00108} .00138) .00180) .0021 .0023 | .00255) .0027 | .0029 
400 | Capacity, Ib...... 152,000} 181,000} 215,000] 256,000} 283,000} 304,000) 321,000] 336,000) 350,000 
Film Thickness, in.| .00086} .00112) .00145) .00188} .0022 | .0024 | .00265| .0028 | .0030 


Load Correction Factors 


in| 0.50 | 0.67 | 1.00 Weed) 


0.732 


1.50 
0.630 


2.00 
0.423 


Correction Factor 1.557 Uocey 1.000 
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film thickness is a criterion of bearing safety. Table 11, based on the experience of 
Kingsbury is a basic loading table that shows minimum film thicknesses to be expected 
under given conditions for average thrust bearings of steam turbines, centrifugal pumps, 
ordinary industrial machinery, hydro-electric units, and marine propulsion, where the oil is 
not too heavy. Values in the table are based on a mean viscosity coefficient, within the 
film at operating temperature, of 3.4 X 107° Reyn = 0.23 poise, equivalent to 125 sec. 
Saybolt Universal viscosity with oil of 0.875 specific gravity. Film thickness is taken on 
the median line of the trailing edge of the shoe. Load correction factors are based on a 
study of side leakage. See p. 13-16. 

FRICTION IN THRUST BEARINGS.—See Mech. Engg., April 1927, p. 375. The 
friction coefficient for a perfectly lubricated surface moving in a straight line on tiltable 
rectangular shoes (approximately the condition in Kingsbury and Michell bearings) is 


given by 
A= FO/R=181kVyr/ip . . . . . . . [18] 
where k is a factor given by Fig. 89 based on Michell’s data (9). Other notation is as given 


on p. 13-15. ; 
ETERS nesea 


POWER LOSSES IN THRUST BEAR- 3.0 
INGS.—Table 12 gives the relations of 


=: poe — ge of Soe ege Sh Sean 
ust bearings when the mean viscosity of 
yy ° : — = aa 
1 the fil 3.4.x 105° Reyn, th — 
ca tee l n bof ee ehbes is 4/3, and the es Fs Estas Bese em 


diameter D, in., of the bearing is 4d/3, re elie sen Clore 


where d = mean diameter. For a 6-shoe eee Me aa Path Peer 
bearing the net area of segments is 1/2D*. Ue eC ae 2.0 a 30 
Friction coefficients and power losses are Values of 1/b 


a ae we eo — poEeenon Fie. 89. Friction Coefficient Factor k, Inter- 
factor of k = 1.6. Corrections can be made preted from Michell’s Analysis of Flat Bearing 
~ for other conditions by application of for- Surfaces 
mula [13]. For similar data on thrust 
bearings, of other types, the several bearing manufacturers should be consulted. 
THRUST BEARING MOUNTINGS.—tThe following paragraphs describe typical 
methods of mounting thrust bearings. 
Combined Vertical Thrust and Guide Bearings—The combined flat thrust and cylindrical 
guide bearing, Fig. 90, usually has three or six thrust shoes 7, the thrust runner R being submerged. 
Oil, lifted’ by centrifugal action, fills the space around the pivoted guide bearing shoe G and at the 


Table 12.—Capacity, Power Loss and Coefficient of Friction for Kingsbury Thrust Bearings 
(6 shoes, 51 deg. subtended angle, viscosity = 3.4 X 10-6 Reyn). 


Coefficient of Friction and Correc- 
tion Factor for Load 


Correction Factor 
for Load* 


Capacity and Power Loss 


350 lb. per sq. in. Pres- 


Coefficient 


Outer sure; Shoe Bore = 1/g MO Gormectont 
Diameter Outside Diam. Speed, sie ze oe Pecos Pressure, Factor for 
ear- er Loss,} I-P-m. : : lb. persq.in.| Coefficient 
ie a iy ae oa at 100 Power Loss*} sq. in. Pres- of Friction* 
T.p.m. 

5 4,380 0.0128 50 0.00069 0.63 

6 6,300 0220 60 -465 00076 175 71 

vf 8,600 .0350 80 .716 . 00088 250 85 

8 11,200 .0522 100 1.00 . 00098 300 93 

9 14,200 .0744 120 1,32 0011 350 1.00 

10 1/g 19,300 118 160 2.02 0012 400 1.07 

12 25,200 LAS 200 2.83 0014 500 1.19 
15 39,500 .344 250 3.95 ROOMGm Mlle ee reoteeinlh co sterbiet clare 
17 50,800 -501 300 5.20 ROOM MMT Aneta ted teace gl wisrdiate © ovat ola 
21 77,300 .944 400 8.00 HOOZUMEE Pitcitercae: lite cere cvosmec 
25 109,500 1.59 500 12 OGD 2 ic eaters eel cnc. ssiclere 
29 147,500 2.49 600 14.7 ROO AMM Nie rarcrcmave cler|'tiels's ezsisisiereis 
33 191,000 3.66 800 22.6 MOOQZ Se tb eiecyecialers.e, I!\.slsicvcteyste eine 
37 240,000 Diniz. 1000 S1e6 ROOD Ime lietiere trates lis sire stearic 
45 355,000 9.30 1250 44.2 ROOD SMD We see ee Aue: sciiaenie 
53 493,000 By? 1500 58.1 OOS Si maple ees. SS |lis.c's delesnauels 
61 652,000 Daz 2000 89.4 OD AA ae araisle:clalaises’ | viet a iaceteene 
73 935,000 39.7 3000 164.0 POO Sime eye oi eee cre take evans Nara area 


* Multiply the power losses in third column by these factors to correct for speed and load. 
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top flows back to the oil bath. The upper special seal ring 
C prevents aeration. Load on thrust shoes is equalized as 
in the bearing Fig. 82. A cooling coil is used if required. 

The self-aligning submerged guide bearing Fig. 91, has 
guide shoes similar to those in Fig. 90, but the mounting 
and oil well are so designed as to submerge the shoes. The 
arrangement shown is suitable for moderate speeds. For 
high speeds, the bearing is arranged to circulate oil from 
the bottom of the oil well and to keep the shoe cavity under 
moderate oil pressure to prevent foaming. In an alternative 
arrangement, Fig. 92, the guide shoes G bear directly against 
the shaft. Oil is lifted to the bearing by a centrifugal or 
viscosity pumping device on the shaft. The shoes dip in oil 
retained in the basin of the pumping device and thereby 
have capillary oiling for starting. 

SPHERICAL THRUST BEARING, Fig. 98, performs in 
one unit the functions of both the flat thrust and the guide 
bearing, Fig. 90. Six pivoted shoes T are seated in the solid 
base ring B, the shoe faces being concave against the spher- 
ical-faced runner R. The bearing will sustain a radial load 
of about 15% of the downward load, and unlike a eylindrieal 
guide bearing, it requires no radial running clearance. The 
shaft, therefore, will run accurately centered. For high 
speeds, an air seal ring C around the runner minimizes foam- 
ing. A narrow bronze bushing S, surrounding, and loose on, 
the thrust block hub H holds the parts together in handling. 
For temporary radial overloads, or lifting of the shaft, an 
auxiliary guide bearing may be applied above the spherical 
thrust bearing, using the same guide parts as in Fig. 90. 
The guide bearing shoes then are bored with a larger run- 
ning clearance, and act only if the shaft lifts. Four 30-in. 
bearings of this type, operating at 500 r.p.m. are used in 
condensers at the Leaside Station, Toronto, Ont. 

MARINE TYPE AUTOMATICALLY LUBRICATED 
THRUST MOUNTING, Fig. 94, is commonly used with 
Kingsbury thrust bearings abaft ship propulsion machinery, 
where the shaft diameter is large and the full area of the 
thrust collar is not required to carry the load. Two thrust 
shoes in each end of the mounting are adjusted by jack 
screws and hardened thrust pins. The adjacent journal 
bearing has aremoyable split shell. End closures commonly 
are of non-wearing types. See Figs. 21 and 22. Oil lifted 
by the thrust collar is directed to the bearing surfaces. 

The disc-oiled propeller shaft bearing Fig. 95 has a short 
self-aligning bearing shell and an oiling dise D operating on 
the viscosity pumping principle. The disc delivers oil to a 
hopper H in the cap of the bearing shell. A crown ring 
closure (Fig. 22) prevents leakage at the housing opening. 

HORIZONTAL MOUNTINGS FOR HIGH-SPEED 
COMBINED THRUST 
AND JOURNAL 
BEARINGS, Fig. 96, 
are used in large high- 
speed centrifugal 
pumps. The double 
thrust elements have 
two, three or six shoes, 
depending on the load. 
Oil circulation is main- 
tained by a viscosity 
pump 5 on the pe- 
riphery of the thrust 
collar, and is auto- 
matically reversible 
with change in direc- 
tion of rotation. With 
rotation in the direc- 

tion of the arrow, oil 
| is drawn from reservoir 
at C, flows through 
passages B toward the 
shaft, and thence out- 


(A 


Conter:Line of Shat 


Fria. 93. Spherical Thrust Bearing 


‘ ; It passes to the cooler through space D and passage E. Holes A 
are used for rotation in opposite direction. Passage G@ delivers oil to the journal. 


The 
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Seah pat! may be capped at L for an oil supply to a separate journal bearing, with return 
THRUST BEARINGS FOR HYDROELECTRIC UNITS.—The field in which th 
largest thrust bearings are required is that of hydroelectric units of the vertical t: ; 
The turbines for large hydroelectric units usually are made by one manufacturer Tha ene 
generators by another. Thrust bearings usually are supplied with the generators. E i 
ples of practice in thrust bearing application follow. 4 rer 


Boulder Dam.—Two General Electric generators, operatin i i 
bury equalizing thrust bearings 85 1/2 in. diameter. : The Soauhaay eg CSNU ORG tes ee ane 
General Electric generators, also operating at 180 r.p.m., are carried on General Blectrie th: <t 
bearings (Fig. 76). The thrust load is 1,786,000 lb. .An Allis-Chalmers generator operencat an 
257 r.p.m., with a thrust load of 680,000 Ib. is carried on a Kingsbury adjustable-type thrust pared 
ing 57 in. diam. Two Westinghouse generators are carried on 84-in. Kingsbury guide-thrust bear- 
ings with eight babbitt-lined shoes, each supported by separate adjusting screws which permit 
alignment and equalization of load. The thrust load is 1,700,000 Ib. aie 
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Cooling Coil (Not always used) 


Fie. 94. Marine Type Automatically Lubricated 
Thrust Bearing 


Fic. 95. Disc-oiled Propeller Shaft Bearing 


McIndoes Plant, New England Power Con- 
struction Co., has four Gibbs bearings, on 
vertical hydroelectric generators of 3500 and 
: F 5120 Hp., respectively, operating at 150 r.p.m. 
Fie. 96. Horizontal High-speed Thrust Bearing The load is 220,000 lb. The Bellows Falls, 


#7 N 
Noir Return if Used 


Mounting Vt., plant of the same compa 

: > re - mpany has three 
* Poe Topper Pan x tes Shoe 17,500-Hp. vertical hydroelectric generators 
3. Bearing Shell (in halves) 8. Oil Cooler erating at 85.7 r.p.m. They are fitted 
4. Bearing Shell Dowel 9. Seal Ring with Gibbs bearings taking a thrust load of 
5. Pumping Ring 520,000 lb. 


Pickwick Landing (T.V.A.).—The 46,000-kva. umbrella-type Westinghouse generators are car- 
ried on Kingsbury thrust bearings 105 in. diam., designed to support a total thrust load of 
2,500,000 lb., or a unit pressure of 405 lb. per sq. in., with a guide bearing adjacent to the thrust 
bearing. Each thrust bearing has 10 screw-adjusted shoes, supported in a 10-arm bracket. The 
rigid bearing produces a restraining effect on the rotor, insuring satisfactory operation, even if the 
upper guide bearing is removed. 

Bonneville Dam.—Two 48,000-kva. General Electric generators operating at 75 r.p.m. are car- 
ried on General Electric thrust bearings. The thrust load is 3,000,000 lb. 

Safe Harbor.—Three General Electric generators operating at 109 r.p.m. are carried on Kings- 
bury adjustable thrust bearings 82 in. diam., adapted to the continuous girder type of support. 
The thrust load is 1,750,000 Ib. 

Guntersville—Two General Electric generators, normal speed 69.2 r.p.m., are carried on 
Kingsbury thrust bearings 87 in. diam., of the same type as used at Safe Harbor. Thrust load is 
2,000,000 Ib. 

Rosetilla Station, Chihuahua, Mexico, has a General Electric generator, operating at 120 r.p.m., 
with a 45-in, Kingsbury spherical thrust bearing, (Fig. 93) carrying a thrust load of 300,000 lb. 

F Russian Hydroelectric Stations—Among the largest thrust bearings are the General Electric 
bearings used in nine 77,500-kva. generators in Russia, operating at 88 r.p.m. They carry thrust 
loads of 2,000,000 Ib. 

Til—J& 
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6. PERFECT LUBRICATION OF BEARINGS 


LOW.—Perfect lubrication is based on the principles of viscous flow, 1.e., 
han ed in a direction parallel to the boundary of the enclosing channel, al 
force that opposes viscous flow of a liquid is known as the resistance to een * ° 
Vu, Vi = respectively, velocity of the upper and lower surfaces of a film, and T = t ck- 
ness. Then (Vz — V)/T = U/T = rate of distortion of the film. Let f = force acting 
on the upper surface of a film to produce a velocity U. Then the coefficient of viscosity 18 

p= f{(O/PrfkaHUlD) G26 iuee eel 
These are the fundamental formulas of the study of viscous flow. Equation [14] can be 
used to approximate the frictional resistance to rotation of a journal in a bearing when 
surface speed, film thickness and viscosity are known. } : : 

Friction and Viscosity.—The relation between friction and viscosity was first expressed 
by Petroff (1), who assumed that a shaft runs concentrically with its sleeve bearing. This 
assumption is valid for high-speed, moderately-loaded bearings whose journals run nearly 
concentrically in practically full-sleeve bearings. Let a = radius of journal; 6 = width 
of journal; N = rev. per min.; other notation as before. (See D- 13-15.) Then the tan- 
gential friction F, resisting rotation at the surface of the journal, is F = 2 Ta bf, and the 
surface speed of the journal is 2 7 a N/60. Combining these two expressions 

F=apriattNiieie. =. 2) 2) oe [15]* 
The friction force F can be combined with speed and expressed as power loss. / 

Viscosity coefficient 4 must be expressed in Reyns, pp, if dimensions are in inches, and 
in poises Wy, OF centipoises Z if they are in the metric system. The following relations 
hold: #y,/Hg = 69,000; Mp/Hyy = 0.0000145; Z/uyg = 100; Z/ug = 6,900,000. 

Viscous Flow through Tubes.t—If it be assumed that there is no molecular slippage of 
liquid at the tube surface, the laws of viscous flow may be applied to determine the volume 
and velocity of flow in tubes. Let V; = volume of flow; ¢ = time, seconds; Pi, P2 = 
respectively, the pressure acting on the liquid at the entering and leaving ends of the tube; 
h = diameter of tube or thickness of film; Z = length of tube; u = linear velocity of flow, 
and y = fraction of h at which velocity u is determined. Then 

Vi/t = {x (Py — Ps). RAY/128i pL. ee 
a= {(Pr—P) hy — Wy4eL 2 ae eee on 

Viscous Flow between Parallel Plates,} neglecting the influence of the sides, if the 
plates form a closed channel, is expressed by 

Vp>/t = (0.A3 (Pi = Pay yA ee es 
w= {(Pi— P) hy — week. ewes) 


where b = width of plates, other notation being as before. In equations [16] to [19] only 
one system of units can be employed (English or metric) and the viscosity coefficient « must 
be in the same system. 

Viscous Flow from Approaching Plates.—The time rate at which two parallel surfaces 
will approach when the space between is filled with a viscous liquid, under the conditions of 
elliptical plates with no central cavity, no oil supply, and the upper plate moving down- 
ward under a constant normal force R, was found by Osborne Reynolds (2) to be as 
follows: 


t = {(8u ware’) /2R(a? + c?)} {(1/hi2) — (1/h2?)} . [20] 
Py = 2R Rae a eae, ee eee [21] 
Ps =—(2R/rac) {(x?/a*) + (22/c2) — 1} . [22] 


where a, ¢c = respectively, semi-major and semi-minor axes of the 

ellipse; 2, z = co-ordinates of any point, measured respectively from 

cand a; R = total pressure on plate, lb.; hi, he = distance between 

plates at start and finish, respectively, of the interval considered; 

Ps = pressure of oil at center of plate; Ps = pressure of oil at any 
point with co-ordinates x and z. 

, Separation of Circular Plates by High Pressure Oil.—See Fig. 97. 

fice a hae If oil be forced into the recess D under sufficient pressure to cause 

eure Oil “4 outward radial flow, the plates will be separated. Two cases may 

be considered. 
Notation.—P, = pressure of oil supply to recess D; Pz = oil pressure at any radius r; 
Po = specific pressure on plate produced by load = R/r2*; h = distance plates are sep- 


: Petrofi’s formula was more complicated because he assumed slippage of oil on the bearing 
surlaces. 


+ Influence of acceleration at entrance is not included. 
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arated; R = total load on plate, lb.; 71, r2 = respectively, radius of cavity and of plate; 
G = oil supply, gal. per min.; ¢ = time, sec., for plates to move from height he to height 
hi; mw = viscosity, Reyns. Dimensions are inches; pressures in lb. per sq. in. 

Case 1. Circular Plate, load carried by continuous flow of oil under pressure: 


G == 0.0867h?R/u (ro? = 71?) . . . . . . . . ° . [23] 

P, = 2B loge (2/71) /m (72? — ri?) = 7.35 uG@ loge (r2/ri)/h?. 5. [24] 

Perea lop. (ro/7)if0 (ta? — 8) eras. he) el xe 8 coed rs cee [25] 

Pil Pp? legals = 9) / rt — Tee” et es Pew 6] 

Case 2. Circular Plates, oil supply stopped, plates moving together; oil flow radially 


outward: 
t = {3px (ot — ri4)/4R} [G/ht) — G/a) 2... 27) 
a 2R/a (ro? — 71°) . . . * . ° . [28] 


P 5 a ee A en ; Seiwa? 129] 


THE TAPERED OIL FILM.—In 1883 Beauchamp Tower discovered the existence 
of an oil film completely separating a journal from its bearing. In 1896, Albert Kings- 
bury (4) discovered that the film was wedge shaped. The hydrodynamical theory, on 
which modern lubricating practice is based was developed from Tower’s work by Osborne 
Reynolds (2). A good review of Reynolds analysis is given in Kingsbury’s paper (4). 

Side Leakage.—Reynolds neglected the influence of side leakage on pressure and fric- 
tion in the oil film, and determined the maximum pressures that a bearing could develop 
with a given film, under ideal conditions. He, therefore, set an upper limit or standard of 
comparison for actual conditions. However, all other conditions being the same, the nar- 
rower a bearing surface, perpendicular to the direction of motion, the lower will be the 
pressures developed in a film of given form and thickness, due to a larger percentage of the 
oil drawn in at the front edge leaking from the sides of the narrower bearing. See p. 13-16. 

Film Thickness.—The factor of safety of a bearing depends largely on film thickness 

‘and shape, and minimum thickness is an excellent criterion of bearing safety. Film 
thickness is difficult to measure. Hence it usually is calculated for reference purposes 
from data of bearings that have proved successful in service. See Table 11 for calculated 
capacities of minimum film thicknesses. 

Viscosity Change within Oil Film.—The friction generated in a bearing whose surfaces 
are completely separated by an oil film, for the usual range of speeds, is mainly produced 
within the film itself. It depends on the viscosity of the film, the film thickness, and form, 
the speed, and the extent and shape of the bearing surfaces covered by the film. See 
Viscous Flow above. Some of the heat generated in the oil flowing through a bearing 
film, with consequent rise of temperature which reduces viscosity, passes into the bearing 
faces. The rest passes out with the oil discharged from the sides and at the far end of the 

film. The maximum pos- 


= sible rise of temperature in 

| ar | rhaow yeu of Fae a perfect film may be simply 
41593 calculated from the mean 

9.596 | __.0021 a film thickness, the speed, 

and the specific heat of oil, 
assuming that all the heat 
is absorbed by the film, and 
that the flow through it is 
at half the relative speed 
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i. of the bearing surfaces. In 
LS 8 bearing calculations the 
: = mean viscosity within the 
S film usually is taken to be 

TLO 2*" that of the whole film. 
# & THE FLAT WEDGE 
‘3 3 FILM (Fig. 99).—A study 
ous “a of the flat wedge film by 


means of the Reynolds 
equations assumes the oil 
flow to be all parallel to line 
A-A in the direction of 
motion, although the actual 
flow follows the curved 


lines. See Kingsbury (5). The analysis discloses some important oil film characteristics. 
The stationary bearing surface may be assumed to be placeable in any desired relation to 
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Fic. 98. Effect of Deviations from Optimum Conditions for a 
Bearing with Flat Wedge Films 
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the upper or moving face, thus varying the relative proportions of s and l and the thick- 
nesses hy, hm. The load W per unit of width 6, the length J of the bearing face, the speed 
U, and the mean viscosity p, all may be assumed as fixed. It is assumed that the position 
of the support of the inclined face, if pivoted, may be altered at will to satisfy these 
imposed conditions. Three cases, limited to the conditions in which the influence of side 
leakage on pressure is negligible, as with infinitely wide bearings, are considered below: 

Case 1. Minimum Friction Condition Frictional resistance to motion will be a 
minimum when s/1 = 0.484. Film proportions then will be hm/ho = (s + J) Jz = 3.065. 

Case 2. Optimum Load Condition.—Film thickness at ho will be greatest when 
s/l = 0.841. This condition was determined by Reynolds. Film proportions will be 
hm/ho = (8 + 1)/s = 2.190. 

Case 3. Optimum Friction Condition.—Friction, per unit of least film thickness ho, will 
be minimum when s/l = 0.652. Film proportions will be hm/ho = (8s + t)/s = 2.533. 
Kingsbury (5) has selected this as the optimum friction condition for flat-surface bearings. 

- The following discussion is based on the curves, Fig. 98, for which the above case data 
are critical points. They are plotted from the Reynolds equations. Case conditions are 
marked on curves having the same numbers. 

The critical points of the curves are found to be so grouped that the range of variations 
of least film thickness and of friction does not exceed 4%. Case 3 is the best choice from 
the combined viewpoint of bearing efficiency and factor of safety, although any one of the 
case criteria would be reasonable. 

Deviations from Optimum.—Side leakage effects are assumed negligible. Referring to 
Fig. 98, curve 1, the minimum friction conditions exist with a value of the ratio M = s/l = 
0.484 (Case 1). Decrease of this ratio increases the angularity of the bearing faces, 
increases friction and decreases minimum film thickness A, (curve 2), tending toward 
metallic contact. Increase of the ratio M = s/l tends toward parallelism of the bearing 
faces, increases the friction slowly, and decreases minimum film thickness A» more slowly. 
These changes bring the conditions closer to those of Cases 2 and 3. By means of tabu- 
lated figures at the top of Fig. 98, the curves can be extended beyond the limits of the 
chart to show friction coefficients, etc., in bearings with nearly parallel faces, far removed 
from the best. Thus when least film thickness h, (Curve 2) reaches a value one-quarter of 


the best value assumed in Case 2, the friction, —F/V «UW, is over five times the least 
obtainable. Nevertheless, if great care is used in making and maintaining the bearing 
surfaces, they might run with perfect lubrication and without wear. 

Side leakage correction factors set up for 
optimum conditions may be used with a fair 
degree of accuracy for quite different propor- 
tions, if the deviation is in the direction of near 
parallelism of bearing surfaces. 

THE CURVED WEDGE FILM.—Oil film 
shapes in journal bearings, when geometri- 
cally accurate and simple, are of two forms, 
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t.e., clearance bearing films and fitted bearing 
films. Both may be expressed by a sine 
curve equation and shown in developed sec- 
tion when the journal is represented by a 
straight line. See Figs. 100 and 101. For 
comparison, the angular extent 8 of the bear- 
ing is made equal to the length 1 of the flat 
wedge film, Fig. 99. Film thickness at enter- 
ing end is denoted by hn that at leaving 
end by h L 


Developed 
Journal Surface 


{ 
| 
or 


bx W = Total Load Carried 
LONGITUDINAL SECTION A-A 


Fie. 101. Curved Wedge Film of Fitted Bearing 
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Clearance Bearing Films (Fig. 100).—The sine curve axis is placed at a distance 7= 
radial clearance from the sine curve median line X-X. Ife = eccentricity factor, minimum 


BEARING OIL FILMS 13-47 


film thicknessho = 7» — cn = 7 (1—c). Thickness h 7 may be less than maximum film 
thickness for some film proportions. 

Fitted Bearing Film (Fig. 101).—The running clearance is zero. Angular contact B 
cannot much exceed 90 deg., and 6 = 180 deg. is geometrically impossible. Maximum 
film thickness h» is apt to be in the film, and not at the entering end. Minimum film 
thickness will be at the far end of the film, 7. e., hy = hy. 


Optimum Conditions in Journal Bearings.—See discussion, tables and curves relating 
to optimum bearing classes A, B and C in Loading and Friction of Journal Bearings, 
pp. 138-18 to 13-25. 

General and Special Conditions.—See discussion, general tables and charts for Classes 
C, D, E and F, Loading and Friction of Journal Bearings, pp. 13-24 to 13-28. 

Deviation from Optimum.—Many series of journal bearing films are possible. The 
present study is limited to a centrally-loaded 120-deg. clearance bearing. The film is 
assumed to be a curved wedge, Fig. 102, extending from hmax., at the entering edge to ho 
where the film thickness is least, for which the wedge length is 1). Length J, usually will 
be a little less than 120-deg., depending on operation conditions, 
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Fic. 102. Effect of Deviation from Optimum Friction Coefficient Conditions in a 120-deg. Clear- 
ance Bearing 


Fig. 102 is a series of curves, showing the relation of certain dimensionless groups ina 
120-deg. centrally-loaded bearing, which will be useful in arranging tolerances for journal 
and bearing diameters. The curves which are plotted against a scale of M = hp /(hmax. — ho), 
are as follows: 1, Friction drag, — P/V nUW; 2, Bearing capacity, ho/(a V pU/W); 
3, Friction coefficient, \a/hj; 4, Clearance ratio n/a; 5, Eccentricity factor c. See p. 13-15 
for notation. Curves 1 to 3 correspond to those with the same numbers in Fig. 98. The 
application of the curves can be illustrated by an example. 

ExAMPLE.—Determine the effect of an increase of 20% and a decrease of 20% in clearance ratio 
from optimum for optimum friction condition of a 120-deg. clearance bearing. Z 

Solution —Minimum friction is shown by Curve 3 to correspond to a value of M= 0.948. 
Optimum clearance ratio n/a corresponding to this has been taken as unity in plotting oar 
An increase of 20% corresponds to point X on Curve 4 with a corresponding value of M = a 5 
The ordinate through X intersects the other curves to give the following values: septa Je 
Curve 1, 2.4; bearing capacity, Curve 2, 0.773; friction coefficient, Curve 3, 3.1; eccentricity factor, 
SD eae 20% in clearance ratio (n/a) corresponds to the point % on Curve 4, “ee a poe 
~ sponding value of M = 1.42. From the intersection of this ordinate meh the severa eile “- 
following values are found: Friction drag, 2.53; bearing capacity, 0.788; friction coefficient, 3.1; 


eccentricity factor, 0.348. 
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The tabulation above Fig. 102 permits the extension of the curves beyond the limits of 
the chart. With a value of M = 10, the other values are such that an accurately made 
bearing would function properly with pure film lubrication. 

The curves of Fig. 103 have been derived from those of Fig. 102 to show more directly 
the influence of deviation of clearance ratio from optimum. Small deviations have little 
influence, but if clearance ratio variation is large, the efficiency of the bearing is sensibly 
affected, especially if clearance is reduced. The friction coefficient factor increases more 
with a reduction of clearance ratio than with an increase. If it is not feasible to design & 
bearing with a clearance ratio corresponding to optimum conditions, a larger rather than a 
smaller clearance ratio should be provided. The relation of curvature to safety of start- 
ing and stopping under heavy loads should not be overlooked, as it leads in the other direc- 
tion, t.e., the choice of a smaller clearance, or to the fitting of a portion of the bearing 
surface to the journal. (See Curve 4.) 

EFFECT OF SIDE LEAKAGE.—The influence of side 
leakage on the capacity of a perfectly lubricated thrust 
bearing, and other bearings with wedge-shaped films, is 
considerable. Fig. 104 compares the results of several in- 
vestigators. Abscissas are ratios of (length/width) i.e., 1/b. 
Ordinates are capacity factors Li, which show the percent- 
age of the ideal load that can be carried on a film with 
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finite dimensions of length and width. The ideal load with which the bearing of finite 
length and width is compared, is one of the same finite length / (in direction of motion), 
but which is understood to be a part of one whose width 6 is so great (infinite) that there 
is no side leakage to reduce the capacity. The points determined by Michell (9), by 
Martin (10), and by Duffing (12), apply to a flat wedge film whose proportions are two 
to one, 1.e., hm/ho = 2.0. Kingsbury extended the investigation to cover curved wedge 
films such as occur in journal bearings of the fitted and clearance types. The correction 
factors in Fig. 38 were developed from this study. 


7. MISCELLANEOUS BEARINGS 


Study of the oil film type of journal bearing has indicated the possibility of their 
successful application within dimensions identical with those now used for ball and roller 
bearings. In the Nomy bearing, separate pivoted shoes are mounted on a ring that 
revolves with the shaft. The shoes bear on the inside of a stationary outer race. Pro- 
vision is made for automatic lubrication. The Fast bearing has shoes integrally formed 
on the inner ring and connected thereto by stems. The bearing is quite rugged. 

In neither of these bearings is the revolving element integral with the shaft. It 
therefore, must be carefully fitted and clamped against the shaft, usually against a shoulder, 
and keyed or otherwise held to prevent slippage at starting. Otherwise these bearings 
are mounted in the same way as ball or roller bearings. A comparison of a bearing of this 
type and the more usual construction in which a bearing shell about one diameter long 
supports the shaft journal directly, shows the space occupied to be about the same in 
a cases for similar service. Manufacturers should be consulted for detailed informa- 

ion. 

ROLL-NECK BEARINGS.—Roll necks in mills have long presented a serious prob- 
lem, especially in steel mills. Early practice, still widely followed, was crude and very 
wasteful of power. The bearings were undependable. Wear on necks and bearings was 
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[eed ae ia Le pe ment acted as a bar to the construction of larger mills. 

ave dicap, anti- riction bearings have been used with considerable success, 
but exhibited certain limitations. Since 1980, the oil film type of bearing has been suc- 
cessfully applied to roll necks. One of these, the Dahlstrom rcll neck bearing, marketed 
by the Morgan Construction Co., Worcester, Mass., under the trade name of Morgoil 
Bearing, is described in Trans. A.S.M.E., IS 55-2, 1933. 

The Morgoil bearing comprises a ground and polished steel sleeve or journal fitted over 
the roll neck, the latter being tapered at an angle of about 12 deg. The journal thus can 
be removed easily from the neck, which also can be made of larger diameter than is ordi- 
narily possible. The sleeve is keyed to the neck. The bearing comprises a casing, into 
which is inserted a steel or bronze liner, faced with centrifugally-cast babbitt. Oil for 
lubrication is pumped into the bearing through holes in the casing, and flows through 
appropriate grooves to a drain pipe. Tests described in the paper above cited show this 
bearing to be capable of withstanding loads in excess of the roll-neck strength, and to 
effect considerable savings in power. 

In Kingsbury roll-neck bearings installed on a wide strip mill of the Inland Steel Co., 
1933, load was carried directly on the neck of the roll. The bearing shell was water- 
cooled. Oil was fed to the bearing by a gravity system to make up leakage at the seals. 
High-pressure oil was introduced to reduce starting friction, permitting operation at any 
speed, irrespective of the load on the bearings. The friction was about the same as for 
roller bearings for all conditions. 

OILLESS BEARINGS.—Although bearings are offered that are lubricated by other 
media than oil or grease, it is assumed here that the term Oilless Bearing applies only to 
bearings to which no lubricant is expected to be applied. These comprise a wide variety 
of bearing shell materials with which lubricating substances are combined by one means or 
another in the process of manufacture. Among these are: 1. Fiber, plain or impregnated 
with lubricant; 2. Wood, plain or impregnated with lubricant, or with cavities filled with 
hard lubricant; 3. Special highly graphitic alloys; 4. Metal bushings with insets of hard 
‘lubricant; 5. Press-moulded mechanical mixtures of bearing materials and lubricants. 
Some of these materials will carry light loads at moderate speeds without serious wear. 
They are best suited to intermittent service or for very low speeds. Manufacturers 
should be consulted for detailed information concerning them. 


8. BEARING MATERIALS 


METALS.—Hardened Steel will work well on hardened steel at low speed under very 
heavy loads. It is fairly durable even if imperfectly lubricated. The same metals work 
well at high speeds when carrying moderate loads if well designed, finished and lubricated. 
Hard-surface bearings are least subject to abrasion by operation under adverse conditions. 
They are much used for small parts, but are too costly for large ones. 

Gray Cast Iron is useful for bearing faces, especially if chill-cast. For moderate loads, 
~ such iron is excellent for both bearing surfaces, even for high-speed bearings, if properly 
lubricated. Cast iron works well with softer bearing materials, as babbitt metals and 
bronzes when properly lubricated, and can be made to carry high pressures. 

Soft Steel will run well with babbitt metals and other white metal bearings, and will 
carry considerable pressure if properly lubricated. It also will run directly on cast iron. 
Soft steel on soft steel is not recommended, because of the tendency to seizure. Hard steel 
on soft steel sometimes is useful. A carbon content of 0.30 to 0.40 is reommended for 
shafts running on soft metal bearings. Soft copper-base alloys containing lead are useful 
for moderate speed and heavy pressure. There is a tendency, however, to line brass and 
bronze bearings with a thin coating of white bearing metal. This avoids the tendency 
of high-copper alloys, when overheated in bearings, to destroy the finish of the opposing 
cast-iron or steel surface by roughening, plating it, or producing surface cracks. 

Bearing Metal Alloys are discussed more fully on pp. 4-62 to 4-67. In general, they 
are classified as bearing bronzes and babbitts. A more exact classification is low-lead 
bronze, high-lead bronze, lead-base, and tin-base bearing metals. In the last group is the 
bearing metal produced by Isaac Babbitt, containing Sn, 83 1/3, Sb, 8 1/3, Cu, 8 1/3. 
This alloy, and others with varying compositions of the same metals, still are called 
Babbitt Metal. Kingsbury uses a composition of Sn, 85, Sb, 10, and Cu, 5. The UnSt 
Navy composition is Sn, 88 1/2, Sb, 7 1/2, Cu, 4. 

Non-Metals.—Fiber (pressed paper) washers often are used for thrust bearings for low 
speed and considerable load, or high speed with light load when oil lubricated. J ewels or 
- ruby or other crystals are used with hardened polished steel pivots in timepieces and 
- instruments, oil lubricated. Ivory bushings are found in the best old elocks, with hard- 
ened steel pivots. Hardwood bearings have been used, lubricated by tallow and soaps. 
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Lignum Vitae.—In the best applications lignum vitae is used with grain perpendicular 
to the bearing face. It is used to line stern tubes of ships, with fresh or salt water lubri- 
cant. The bearing in a vertical-shaft hydraulic turbine often has a lining of lignum vitae 
blocks in longitudinal grooves in the bearing shell. Adjustment is required to compensate 
wear. In this service they are lubricated with fresh water. Lignum vitae has been used 
in footstep bearings under water in water-wheels. : 

Rubber is used to line bearings where only water is available as lubricant and where 
bearing pressure is light. It is useful in guide bearing bushings for vertical revolving 
shafts, and in stern tube bearings in ships. 

Resin-bonded Bearings.—Mr. L. M. Tichvinsky of the Westinghouse Elect. & Mfg. 
Co. gives the following résumé of literature on this bearing material: 

The rapid development of the phenolytie or resin-bonded bearings was directly connected with 
the steel mill industry. According to their structure and manufacture, the synthetic resin-bonded 
bearings can be classified into three groups: 1. Manufactured from plain or graphitic molding 
powders; 2. Manufactured from various felts of impregnated non-oriented fibers; 3. Manufac- 
tured from laminated products. 

The bearings of Group 1 are manufactured in great quantities for low load application, and for 
guide bearings of high-speed machines. High brittleness limits their application. 

Due to different bases, bearings of Group 2, are tougher and more rigid than the bearings of 
Group 1. Their application is also for low or medium loads. Group 3 covers the most important 
type of bearings bonded with synthetic resin. They also are called laminated bearings because of 
their base consisting of woven textile fabrics. Occasionally, for less important performances, they 
are made from laminated paper products. In manufacturing these bearings high pressures and 
high temperatures are applied for a predetermined period of time during which the powdered 
synthetic resin liquifies. On cooling, a well-bonded product is obtained. These bearings are 
marketed under various trade names. 

For more severe operations, as in steel mills, these bearings perform most efficiently with water 
alone for both lubricating and cooling. The average physical and mechanical properties of a good 
laminated bearing material are as follows: Specific gravity, 1.25 to 1.40; weight (approx.), 0.05 lb. 
per cu. in.; Brinell hardness, 30-42; tensile strength, lb. per sq. in. (along grain), 8,000—15,000; 
(across agrain), 6,000-11,000; modulus of elasticity, 1,000,000; compressive strength, lb. per sq. in., 
(perpendicular to laminae) 40,000-45,000, (parallel to laminae), 20,000-24,000; water absorption, 
7-day test, 1-3%; oil absorption, negligible. 


9. MAKING AND FINISHING OF METAL BEARING SURFACES 


ANCHORING.—For holding a soft metal lining to harder bearing surfaces the ordi- 
nary dovetail circular anchor is much used, but the T-head anchor is better because 
shrinkage of its neck holds the metal faces together. Anchors should be small and sparingly 
used, because they remove the backing of the soft bearing face by shrinking away from it. 
Sometimes they are omitted entirely. Small T-slot grooves are useful, especially if 
machined. Simple anchors sometimes are formed by a drill point, or by plain grooves. 

TINNING.—In order that heat may pass freely from the bearing lining to its backing, 
the latter often is tinned. The surface to be tinned should be machined or ground smooth 
and must be clean. The shell should be heated, flux applied, and the tinning metal then 
spread thoroughly by scrubbing. It is best to tin the surface with the lining material. 
Usually with the residual preheat the shell is then ready to receive its soft metal lining. 
Some metals tin more easily than others. Steel and ordinary bronze are more easily 
tinned than cast iron and the aluminum- and other special bronzes. Copper plating 
before tinning improves the bond. 

PEENING.—tThe value of peening or burnishing in the preparation of soft metal bear-- 
ing faces is an open question. The resulting texture may be less uniform, even though 
sometimes harder. Peening holds the lining tightly to dovetail anchors, but peening a 
face that has been applied to a tinned surface is apt to loosen the tinned bond. Some 
alloys are hardened more by peening or burnishing than are others. 

FITTING UNDER LOAD is useful for large vertical thrust bearings, and often is used 
to compensate deflections produced by loads. In this process, a few turns at very low 
speed are made to spot the softer surfaces by the harder. A fairly heavy coating of 
lubricant will prevent overheating during the process. The hard face then is lifted and 
the rubbed spots on the soft face scraped down lightly. High spots on the harder face 
may be reduced by fine stoning. Usually all fitting is done on the softer face. The process 
is repeated until a fit of the desired extent and accuracy is obtained. The oil used with 
this fitting should be only heavy enough to get the desired marking on the bearing surface 
without injury or waste of time. 

RUNNING-IN of bearings often is used as a system of inspection or of preliminary 
service. It sometimes is rather brutal, tne journal being used to ream or burnish the 
bearing. It should not be taken as a substitute for good design and workmanship. See 
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Fitting under Load, above. Running-in, if carefully done, will improve the bearing 
surface smoothness. It may be used in lieu of fitting under load with small machines. 
It is best, however, to pre-machine the bearing elements as nearly correct as possible, and 
to use designs and clearances suitable for immediate service. i 

FORMING.—The hardest surfaces can be finished by grinding, and softer materials 
by machining, grinding or scraping. The smoother and truer the surface the better will 
the bearing operate with proper lubrication. Lapping, after grinding, or over a smooth 
tool finish, is one of the best ways to produce accurately cylindrical, flat, or spherical sur- 
faces on steel and cast iron. See p. 21-87. Final finishing may be by rotation under a 
lightly pressing block of wood faced with leather, using fine abrasive and oil. Scraping, 
stoning, and filing are all useful for finishing and for fitting one surface to another. Smooth 
file finishing on a revolving a shaft is common, but it will not true a surface initially out of 
round. Careful final finishing or fitting of the bearing surface is essential. <A very 
smooth and accurate tool or grinder finish may not need further treatment. In important 
work, fitting of the softer bearing surface to the other or to a master surface by hand 
scraping is common. ‘Thus, a bearing may be fitted to a mandrel of a diameter equal to 
that of the journal plus the desired running clearance. 


10. LUBRICATION OF BEARINGS 


Bearings are lubricated by the following systems: 1. Automatic; 2. Intermittent; 
3. Bath; 4. Splash; 5. Pressure;. 6. Mechanical. 

AUTOMATIC LUBRICATION.—The rotation of the shaft causes oil to be fed to the 
bearing surfaces. Lubrication ceases when the shaft stops turning. The systems in 
common use are: Ring oiling, chain oiling, disc oiling, capillary oiling, waste pack oiling, 
vacuum oiling, and oiling by means of a shaft-driven pump ofanytype. All these sys- 
tems lift oil to the bearing from a well below it, and are capable of continuous operation for 
long periods, because oil leaking from the ends of the bearing or elsewhere returns to the 
well and is used over again. See Figs. 20 and 28. 

INTERMITTENT LUBRICATION.—Oil is applied to the bearing at intervals from a 
source independent of the rotation of the shaft. The simplest, but least dependable 
system, is hand oiling from an oil can. Cup oiling is better, as it has the possibility of 
being practically continuous and uniform, with visible and adjustable rate. Wick oiling, 
with textile or metal wicks, is, next to hand oiling, the simplest and cheapest system. 
The number of wick strands determines the rate of supply. The wicks filter the oil. The 
general faults of intermittent systems include usually complete loss of oil after it leaves 
the bearing, frequent refilling of cups and wells, and inadequate, or wasteful oiling by 
reason of ignorance or carelessness. 

BATH LUBRICATION.—The bearing faces are completely immersed in a bath of oil at 
alltimes. This system frequently is used for vertical shafts, and is simplest for the lower 
end of the shaft, where thrust and radial bearings can be combined. At other places on 
the shaft, the well may be formed by a revolving bowl, or the well may have a tube that 

“ extends upward around the shaft, and inside of a sleeve that extends downward from a 
hub to form the journal of the radial bearing. See Fig. 31. This last system is com- 
monly used for thrust bearings placed anywhere along a vertical shaft. Packing may 
be used in stuffing boxes to hold oil in any kind of a recess about a bearing, horizontal or 
vertical, that will make it a bath-oiled bearing. Oil will leak away, even though slowly, 
from such a bearing. There also is the danger of setting up the packing so tightly that 
it will run hot and the shaft will be worn within it. 

SPLASH LUBRICATION was common in the crank cases of internal combustion 
engines and still is considered a simple way to oil all the bearings of a trunk-piston engine. 
The splash is produced by the lower ends of the connecting rods dipping into the oil in 
the crank case. Various refinements are used to control the splash. This might be 
considered a continuous system, because most of the oil is returned to the crank case to 
be used again, although partly contaminated or broken down by exposure to cylinder 
walls. The system is used in compressors and other crank machines. 

PRESSURE LUBRICATION.—Pipes lead oil to the bearings from a source of oil under 
pressure. The pressure is available at the point of application of oil to the bearing and 
will therefore tend to keep oil passages open. Bearings with this system usually are 
simple when the whole machine is so enclosed that oil will drain to the sump from which 
an oil pump redistributes it to the bearings. The rate of oil supply to each bearing may 
be regulated by making the size of the supply hole to suit the pressure in the system. 
The source of oil may be independent of the operation of the machine, as when a separate 
motor-driven oil pump is used. It may otherwise be driven by some shaft in the machine, 
and, therefore, operates only when the machine is running. Each method has its draw- | 
backs, and judgment must be used in selection. 
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MECHANICAL OILERS.—A variety of mechanical devices are on the market for 
producing what may be styled centrally-controlled, intermittent-lubrication of bearings. 
They climinate oil cups, but introduce a multitude of small oil pipes, through which oil is 
fed or forced intermittently, in measured amounts. These devices usually operate by 
ratchets driven from the shaft of the machine whose bearings they oil. 

COOLING OF BEARING OIL.—To keep oil in a bearing at a safe temperature, the 
heat of friction due to operation must be dissipated. Safe temperature depends on the 
kind of oil used and the conditions against which the bearing must be protected. Thick- 
ness of oil film and heat of friction both increase with viscosity of oil. 

Direct Air-cooling—The oil housing surrounding the bearing should be sealed tight 
to prevent leakage. The oil then is allowed to warm up sufficiently to dissipate friction 
heat to the surrounding air by radiation and convection. As the oil heats it becomes less 
viscous and the friction loss in the bearing decreases. The rate of radiation and convec- 
tion increases as the oil gets warmer. When heat generation and heat dissipation become 
equal the oil temperature will remain quite uniform, being affected only by changes in 
the surrounding air temperature. In air-cooled bearings the oil level should be watched 
and new oil added, as required, to replace that lost by leakage and evaporation. 

Direct Water-cooling is applied in three ways: 1. Water-cooling coils in the oil within 
the housing; 2. Water-cooled shoes; 3. Water-cooled collars. With all of these applica- 
tions water must be circulated fast enough to remove the heat of friction from the oil and 
keep it at a safe temperature. Means must be provided to prevent leakage of water into 
the oil, and leakage of oil from the housing. New oil must be added from time to time 
to make up loss from leakage and evaporation. When water-cooling coils are used in the 
housing, the oil should have a pour test point considerably lower than the temperature of 
the coldest cooling water, to prevent congealing on the coils. 

Self-contained Unit Circulating System.—Each machine in which a bearing is installed 
has an individual oiling system that circulates oil through all bearings. Within the sys- 
tem are means for air cooling or water cooling the oil, depending on the amount of friction 
heat to be dissipated. When the pump is driven directly by the machine itself, oil sup- 
ply to the bearings begins when the machine is started. Hence, if the oil in the bearing 
housing has leaked away during a shut-down and exposed the rubbing surface, the bear- 
ing will burn out before the pump has supplied enough oil to bring its level up above the 
bearing faces. ‘This danger must be removed by inspection before starting the machine. 
Siphoning of oil back through the inlet pipe should be prevented by placing its opening 
above the oil level, or by providing an air vent hole. 

Central Station System.—With this system oil should be circulated through the 
housing of each bearing at the rate recommended for each case, to lubricate the bearing 
and carry away the friction heat developed. The piping in such a system often is so 
extensive that the oil will be sufficiently air cooled in making the circuit. When neces- 
sary, however, the system is provided with water-cooling coils in the central station. 


LUBRICANTS 


By J. C. Geniesse. 


A lubricant is a liquid or soft solid substance, as oil, grease or graphite, interposed 
between moving parts to reduce friction and wear. Liquids are almost universally used 
where rubbing or bearing surfaces are designed to retain most of the lubricant within an 
enclosed system. Greases and solids are used where leakage is too high to retain liquid. 
The most important property of a liquid lubricant is its viscosity at normal operating 
temperature, since it determines the friction and whether there shall be any wear. All 
other requirements imposed on a viscous lubricant are to insure that it remain chemically 
inactive under all conditions of operation for a reasonable length of time. Requirements 
for liquid, plastic and solid lubricants are the same, viz., that they must produce low friction 
and wear. These requirements are not so easily defined in terms of properties of the 
plastic and solid lubricants, since they usually are used where metal-to-metal contact is 
inevitable, and where wear is almost unavoidable. 


1. TYPES OF LUBRICANTS 


MINERAL OILS.—Lubricating oils of petroleum origin are almost universally used, 
because of availability and stability. They are complex mixtures, primarily of many 
hydrocarbons. Eastern base, or Pennsylvania oils, contain a large proportion of paraffin 
hydrocarbons; Western base oils generally contain more naphthene and less paraffin hydro- 
earbons, Lubricating oils from Midcontinent crudes lie between these extremes. Coastal 
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oils from states adjoining the Gulf of Mexico may be similar to those from Oalifornia or 
the Midcontinent area. Specific gravity, and change of viscosity with both temperature 
and pressure, are lower for paraffin than naphthene type oils. Carbon residue, color and 
heat stability depend more on type and degree of refining than on source of the oil. How- 
ever, by means of solvent and other special methods of refining, naphthenic and unstable 
compounds may be removed from a lubricating stock, leaving a fraction predominantly 
paraffinic. The paraffinicity of a naphthenic or mixed-base lubricating stock may be 
increased, producing an oil of viscosity and gravity equivalent to those of Pennsylvania oils. 

ANIMAL, VEGETABLE AND FISH OILS frequently are called fixed oils, because 
they are not volatilized without decomposition. Distillation causes them to decompose, 
leaving a carbonaceous residue. The oils most frequently used are: Animal, lard, tallow, 
neatsfoot; Fish, sperm; Vegetable, castor and rape seed. With the exception of sperm 
oil they consist mainly of glycerides of saturated and unsaturated long-chain acids. Sperm 
oil is chiefly myricyl palmitate, a long-chain ester of a monohydric alcohol. All contain 
unsaturated compounds which oxidize more easily than petroleum oils. This fact has 
retarded their general use at high temperatures. 

Fixed oils adhere more tenaciously to metal than straight mineral oils. Consequently, 
they are used for compounding purposes where water vapor has a tendency to condense on 
bearing surfaces. Where humidity is high, as in marine service, most oils are blended with 
5 to 10 % of fixed oil to overcome the detrimental effect of water. They have better 
viscosity-temperature slopes than mineral oils, and are used as a medium for introducing 
other agents, as sulphur, since they have greater solubility and chemical affinity for such 
materials. 

GREASES, in general, are mixtures of mineral oil and soap. Other compounds, as 
fixed oils, graphite, etc., may be introduced to obtain specific properties. ‘The soap reduces 
flow or loss of lubricant. In general, viscosity of the mineral oil is chosen on the assump- 
tion that no leakage will occur; the soap then is added to prevent leakage. At high rates 
of shear, friction offered by a given grease is not much higher than that of straight oil of 
~ the same viscosity as that incorporated in the grease; at low rates of shear friction is 
considerably higher. 

MISCELLANEOUS.—Graphite, wax, soapstone and other soft solids are used for 
lubrication, particularly where rubbing speeds are low, and where the type of construction 
makes it difficult to retain lubricant on bearing surfaces. Water also has been used exten- 
sively for lubricating bearings. Steel mill roll-necks with bakelite or other resin bearings 
can be lubricated quite successfully with water. If operation is intermittent, the water 
must be removed when not in use, to avoid excessive corrosion. 


2. PROPERTIES OF LUBRICANTS 


VISCOSITY.—AIll lubricating oils decrease in viscosity as temperature increases, the 
relation being complex. The A.S.T.M. has published charts for both kinematic and 
Saybolt viscosity whose scales are constructed to give straight lines when data are plotted 
on them. See Fig. 107. Paraffinic oils change less with temperature than do naphthenic 
oils; vegetable and animal oils vary still less. 

Viscosity usually is measured at temperatures of 
100°, 130° or 210° F. in the Saybolt instrument; 
the time in which a given volume of oil flows through 
an orifice under specified conditions is taken as the 
viscosity. More recently, capillary kinematic 
methods have been developed to measure viscosity 
more accurately. Refer to latest A.S.T.M. Standards 
for detailed procedure. Various attempts have 
been made to numerically express the viscosity- 
temperature slope for purposes of convenience. 
Dean and Davis use an index of 100 for Pennsyl- 
vania oils and 0 for extremely napthenic oils. On 
this scale, Midcontinent oils average 75. See Fig. 
107 for a convenient graphical method for estimat- 45 7 
ing the viscosity index of lubricating oil. 40 

Blending often is employed to produce oils with pig 105. Viscosity Blending Chart 
intermediate viscosities. Fig. 105 illustrates the 
procedure generally used to predict the viscosity of a blend. Any 100° temperature range 
on a viscosity-temperature chart may be used for this purpose, if the upper and lower 
temperature limits are used, respectively, for the heavy and the light components. 

All oils also change markedly in viscosity when high pressures are imposed on them. 
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Hersey has shown that the equation log (Z1/Zo) = KiP + Ka may be used to depict this 
relationship. In this equation, Zo = viscosity at atmospheric pressure; Z, = viscosity 
at pressure P; Ki, Ke = constants. Paraffinic oils vary less with pressure than naph- 
thenic oils, and fixed oils still less. ; 

CONSISTENCY defines the resistance to shear of plastic substances, as grease, just as 
viscosity is applied to viscous liquids. Consistency of grease varies both with temperature 
and rate of shear. At high rates of shear the consistency is lower than at lower rates. 
Consequently, the force required to shear grease in a given bearing does not decrease pro- 
portionately with speed. This permits use of a product that does not readily leak, and yet 
offers small resistance to shear at high speeds. Consistency ordinarily is measured by a 
penetrometer. A double-pitched cone of standardized weight and dimensions is dropped 
into the product, maintained at a definite temperature. The depth of penetration, 
measured in hundredths of a centimeter, is reported as the penetration of the material. 
See A.S.T.M. Tentative Standards. Hold : 

SPECIFIC GRAVITY, ver se, is of no value in predicting quality of a lubricating oil, 
although it frequently has been used to determine or specify the source of the oil. It 
varies linearly with temperature. See Fig. 106. Paraffinic oils are the lightest; naph- 
thenic, intermediate, and the animal and vegetable oils the heaviest. Compounding, 
particularly with lead soaps, increases specific gravity of oil. 

: POUR TEMPERATURE of an oil is the lowest tem- 
perature at which it will flow, under conditions pre- 
scribed by A.S.T.M. Ié is used to predict the lowest 
temperature at which an oil will flow freely to bearings 
or oil pump. Paraffinic and some naphthenic crudes 
contain wax which congeals at low temperatures, and 
must be dewaxed for use in cold weather. 

FLASH AND FIRE.—The A.S.T.M. flash point is 
determined by heating the oil in a vessel under pre- 
scribed conditions until sufficient vapor is driven off to 

cy CCLOESLIECS | flash when exposed to a flame. A.S.T.M. fire point is 
7; else Die ia Se the temperature at which sufficient vapor is given off to 
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Pic ot ae stances are fire and flash points of value in predicting 

Fie. 106. Variation of Specific quality of an oil, except to indicate its source. In 

gee WED DRS Sameer general, flash and fire points of paraffinic oils are 
higher than those of naphthenic oils. 

COLOR of lubricating oils is determined in the A.S.T.M. Union Colorimeter by com- 
paring the density of light transmitted through the oil with that transmitted through glass 
color standards. An arbitrary scale of 0 to 8 is used to designate color. Commercial 
crank-case oils range from 1 to 6 and heavy gear oils from 6 to 8. Color is of value only 
to determine the extent of refining, when considered in conjunction with the source, since 
naphthenic oils are, in general, lighter than paraffinic oils. Solvent refining methods, 
however, have upset the value of color as an indicator of degree of refining. 

CARBON RESIDUE is percent of residue remaining after destructive distillation of a 
weighed quantity of oil under prescribed conditions. It originally was developed to 
compare carbon-forming qualities of lubricating oils for internal combustion engines. 
Correlation of laboratory tests with engine tests has been only moderately successful. 


Modern refining methods tend to make this test less useful for predicting carbon-forming 
tendency of motor oils. 


Specific Gravity (Water 39.1° F.) 


3. LUBRICATING OIL REQUIREMENTS 


INTERNAL COMBUSTION ENGINES.—Requirements of crank-case lubricating 
oil are more difficult to meet than those of most lubricants, because of the wide range of 
temperatures to which it is subjected. At the lowest atmospheric temperatures, viscosity 
must be below 40,000 Saybolt seconds in order that starting torque be within the capacity 
of the starting motor. At the highest operating temperatures, which may be 300° F,, 
it must have sufficient viscosity to maintain an oil film in the bearings. No lower limit of 
viscosity has been established, and probably would have no practical value, since oil 
consumption, which depends on viscosity under a given set of conditions, becomes exces- 
sive before bearing failures develop. This should not be construed to mean that viscosity 
is the controlling factor determining consumption. Motor speed, and mechanical condi- 
tion, are responsible for far greater variations. 

To simplify lubricating oil viscosity requirements, the S.A.E. has promulgated a 
viscosity classification to cover atmospheric temperatures and types of operation ordi- 
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narily encountered. The ranges (see Fig. 107), are classified at low temperatures for 
winter oils and higher temperatures for summer oils. 

Pour point must be approximately equal to or below the lowest anticipated atmospheric 
temperature, to assure uninterrupted supply to pump and cylinder walls. 

For reasonable life of oil it must not oxidize so rapidly as to form sludge or carbonaceous 
matter which ultimately may interfere with lubrication. There are no infallible quantita- 
tive tests for this determination, but almost any well-refined product marked by a reliable 
concern is satisfactory. Carbon deposits in combustion chamber and on valves are not so 
serious a problem as in the past, since refining methods have made possible the marketing 
of oils which deposit very little carbon in combustion chambers. 

GEARS.—The requirements for gear lubricants depend on load and speed of the gears, 

and on construction of the gear box. If load and speed are not very high, oils of viscosity 
of 80 to 200 Saybolt sec. at 210° F., depending on operating temperature, are generally 
recommended. If the gear box is not tight enough to prevent leakage, oil of the same 
viscosity should be incorporated in a grease. If speeds are high and gears machined to a 
good fit, oils in the range S.A.E. 20 to S.A.E. 40 may be used. 

Many automotive rear axles operate at very high loads and with appreciable rubbing 
speeds. To avoid scoring, they must be lubricated with special products. Two types of 
oil have been developed: 1. Mild extreme pressure lubricants; 2. Powerful extreme pres- 
sure lubricants. They contain active chemicals which presumably act as anti-weld agents 
at points of excessive load. For hypoid gears, where rubbing speeds are high, more 
powerful lubricants, containing more active ingredients, are necessary. Extreme pres- 
sure lubricants should be free of insoluble foreign materials and have the same viscosities 
as those used on other gears. 

Gears in an industrial establishment are designed to operate at high loads. It then is 
necessary to use mild extreme pressure lubricants. No rigid rule is applicable to determine 
the type of lubricant necessary for a given set of gears, but, in general, if wear is high, 

. leading to frequent replacements, an extreme pressure lubricant is advisable. 

STEAM TURBINES.—The most important requirement of a turbine lubricant is that 
it be sufficiently stable to avoid forming oxidation products which tend to form stable 
water-oil emulsions. No fool-proof laboratory test exists for predicting this quality. 
Experience is the best guide. The viscosities normally used range from 150 Saybolt sec. 
at 100° F. to 100 sec. at 210° F., depending on speed and operating temperature. 

AIR COMPRESSORS.—Lubricating oils must not form large carbon deposits, par- 
ticularly on valve seats. The resultant valve sticking may lead to hot spots which ignite 
the air-oil vapors causing an explosion that may be disastrous both to equipment and life. 
Fixed oils must not be used, except in small quantities, as they are prone to form carbona- 
ceous residues. Viscosities normally used range from 250 to 750 Saybolt sec. at 100° F., 
depending on amount of compression and the resulting temperatures. 

STEAM CYLINDERS.—Condensation of moisture during the expansion stroke in 
steam cylinders makes necessary the use of compounded lubricating oils, which are effective 
in the presence of water. If high superheat is used, little condensation occurs, and not 
over 5% of the compounding agent is necessary; 10% is advisable with saturated steam. 
Acidless tallow is the compounding material generally used, although many vegetable and 
animal oils are satisfactory. The function of the compounding agent is to form an emul- 
sion with water which will be carried to the cylinder walls to form a tenacious lubricating 
film. Viscosities generally used range from 90 to 200 Saybolt sec. at 210° F. 

RAILWAY CAR JOURNAL lubricants must not be too viscous at the lowest operating 
temperatures, or the cotton waste will not carry oil to the brasses. In general, summer oils 
should have a stable viscosity of approximately 225 sec. at 130° F., and a pour point of 
32° F. Winter oils should be 175 sec. at 130° F., and pour at0to10° F. Wear reduction 
of brasses is possible by compounding, but since they are easily replaced, it is generally 
believed that the increased cost of such oils is unwarranted. 


4. THE SELECTION OF MINERAL LUBRICATING OIL * 


In the discussion of bearing design the viscosity of lubricating oil has been emphasized. 
Viscosity varies with temperature, and the viscosity-temperature relation is not the same 
for all oils. These variations have been classified by means of the viscosity index num- 
bers proposed by Dean and Davis (generally known as V. I. numbers). The V. I. number 
for paraffin-base oil averages 100 on the Dean and Davis scale, and for naphthene-base 
oils 0. Special oils are now available with V. I. numbers higher than 100. The relations 
of the viscosities to the Dean and Davis numbers, and to various classification scales and 
Saybolt Universal viscosities (S.U.V.), are given in the chart, hig. 107¢ 
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Fie. 107. Viscosity-temperature and Viscosity-index Chart 


Norn A. For absolute English viscosity coefficient (Reyns) multiply English scale reading by 
10-6 and specific gravity referred to water at 39.1° F. 


Norn B, For absolute metric viscosity coefficient (poises or centipoises) multiply metric scale 
reading by specific gravity referred to water at 39.1° F 


ote C. For approximate Saybolt Furol seconds, take 0.1 X Saybolt Universal seconds. 
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Exampur 1.—ULay off viscosity-temperature lines for a naphthene- and a paraffin-base oil of the 
same viscosity, 80 Saybolt sec. at 210° F. Extend the line across the chart, Fig. 107. Note their 
relations to the various systems of oil classification. Procedure.—Follow the abscissa through 80 
on the vertical scale of Saybolt Universal seconds until it intersects the ordinate through 210° F. at 
C. Follow the diagonal 80 on the S.U.V. scale at 210° F. upward to the right until it intersects the 
heavy V.I. = 100 line at D, and the V.I. = O line at E. The abscissas through D and £ intersect 
the ordinate through 100° F. at B and A respectively. Draw lines through B and C and A and (Oe 
extending them across the chart. Line AC shows viscosity-temperature relation for the naphthene- 
base oil, and line BC shows it for the paraffin-base oil. Both will have the same viscosity, 80 SUVs 
at 210° F. At all temperatures above 210° F., viscosity of the paraffin-base oil will be higher than 
that of the naphthene-base. At all temperatures below 210° F. viscosity of the naphthene-base oil 
will exceed that of the paraffin base. The paraffin base oil lies in Navy Classification zone 2310 (on 
ordinate through 130° F.) Both oils will lie in Navy Classification zone 3080 (on ordinate through 
210° F.). At 210° F., both oils lie in S.A.E. zone 50. At 0°F. both oils have viscosity above 
§.A.E. zone 10-W and 20—-W (upper left corner). : 

Examp se 2.—Select an oil of viscosity 200 8.U.V. at 100° F. (point F, Fig. 107). The viscosity- 
temperature lines for the naphthene-base and paraffin-base oils satisfying this condition are deter- 
mined as follows: Follow the abscissa through F (S.U.V. = 200) until it intersects the paraffin line 
V.I. = 100 at G, and the naphthene line for V.I.= 0 at'‘H. From G and H follow the diagonals down 
to the left until they intersect the 200° F. ordinate at J and K respectively. Draw lines FJ and 
FK, extending them across the chart. Line FJ shows the viscosity-temperature relation for the 
paraffin-base oil, and line FK for the naphthene-base oil. The paraffin-base oil line crosses the 
0° F. ordinate in the lower range of S.A.E. 20-W. At 130° F., it crosses S.A.E. zone 10, and U.S.N. 
zone 2110. The naphthene line crosses the upper range of S.A.E. 20-W at 0° F., and at 130° F. 
crosses 8.A.E. zone 10 and lies between U.S.N. zones 2110 and 1075. 
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Fic. 108. Viscosity Conversion Chart for Mineral Oil Specification. 


13-58 BEARINGS 


A study of Examples 1,and 2 show that if the naphthene and paraffin-base oils are 
selected at a given temperature to be identical in Saybolt viscosity, the viscosities will 
differ at temperatures above and below the temperature chosen, irrespective of the tem- 
perature used as a basis for comparison. 

Saybolt viscosity is not a true measure of the friction-producing quality and load- 
sustaining value of oil, both of which depend on the specific gravity of the oil as well as its 
commercial viscosity. The absolute viscosity which takes both of these into account, 
usually appears in the answers to problems in bearing design and lubrication. Absolute 
viscosity may be expressed in poises in the metric system or Reyns in the English system. 
See p. 13-44. See notes A and B on Fig. 107, for methods of conversion from one system 
to the other. Specific gravities used in such conversions must be those of the temperature 
under consideration, and be expressed in relation to water at 39.1° F. Specific gravities 
of oils decrease with temperature. At 100° F., 0.865 represents an average value for 
paraffin-base oils, and 0.915 an average value for naphthene-base oils. Hence the abso- 
lute viscosity of two such oils, whose Saybolt viscosities are the same at 100° F., will vary 
in the ratio of 0.865/0.915. It is possible, however, to find a different temperature at 
which the absolute viscosities of these two oils are identical, and vice versa. That is, oils 
identical as to viscosity and temperature in the usual commercial units will be identical in 
absolute viscosity units at some other temperature. Fig. 108 affords a means of working 
intelligently from one system to the other for mineral oils. The chart is so constructed as 
to permit oil to be specified in commercial units in order to obtain the desired oil with the 
absolute viscosity assumed, and at the same time not be concerned as to whether the oil is 
of one base or the other. The principles underlying this chart are explained in Howarth, 
Current Practice in Pressure Speeds, Clearances and Lubrication of Oil Film Bearings (20). 


Exampue 3.—Find a Saybolt specification that may be used to obtain mineral oils whose absolute 
viscosities are the same, 0.24 poise (3.4 X 10-6 Reyns), at 120° F. Procedure: In Fig. 108, draw 
line AB through the value 0.24 on the metric scale, intersecting at L the ordinate of 120° F. (lower 
scale). Reading on the two curved scales, Z represents a temperature of 104° F. and a commercial 
viscosity of 183 sec. 8.U.V. From the scales at the bottom of the chart, 183 sec. S.U.V. corresponds 
to 5.4 Engler degrees and 158 sec. Redwood viscosimeter. 
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ROLLING CONTACT BEARINGS 


BALL BEARINGS 


By J. S. Tawresey 


In rolling contact or anti-friction bearings the load is supported on a series of rolling 
elements and rolling friction is substituted for the sliding friction of the plain bearing. 
Ball bearings support the load on a series of balls, and roller bearings carry the load on 
rollers having various shapes, according to the particular design of bearing. Ball bearings 
often are referred to as having point contact between balls and raceways; in the same 
sense, roller bearings are said to have line contact between rollers and races. These are 
merely descriptive terms, since the elastic deformation occurring under load results in 
substantial areas of contact in either type. 

The comparative utility of ball and roller bearings is summarized on a qualitative 
basis, and from the point of view of application as follows: 


Ball Bearings Roller Bearings 
FUST POROLEI BOO: 6 sis SAMAR ays <eciele ost Small and medium Medium and large 
eM OR GAS fe hate ns ean 5 <5 os8s. 50.6 Oe Normal and heavy Heavy and extra heavy 
NAMM STIOOC tan Sicha cvasttevsroxsrs.4. sheyaverel a High and medium Medium and low 
ae Normal duty Heavy duty 
PE EN OLMBOL VECO. wo cnartie e « eveinrs 8 acy Ss Yat { Nietnal shack { Heavy shock 
MPP TICMEneal COPQUEC:. cate aie sags. « © 60 Seren Lowest Somewhat higher 


Compared with plain bearings, both ball and roller bearings can sustain heavy over- 
loads for short periods without failure. Their lubrication requirements are moderate; this 
is especially true for high-speed operation. Starting friction of ball and roller bearings is 
but slightly greater than running friction, an outstanding advantage in machinery that is 
required to start frequently under‘load. Anti-friction bearings are manufactured and 
applied as interchangeable units, thus greatly simplifying the problem of service replace- 
ment when occasion arises. 

Ball bearings are available for virtually all types of modern machinery. The primary 
consideration in their use is the factor of reliability in service, and operation not subject 
to critical limitations which affect the performance of plain bearings. Ordinarily the failure 
of a ball bearing is characterized by a relatively long period of gradual impairment of 
smoothness, affording ample opportunity for detection. Contrasting with this, the plain 
bearing is disposed to develop an accelerated type of failure, resulting in acute conditions 
of seizure and shut-down. 


1. BALL BEARING STANDARDS 


Dimensional and tolerance standards have been adopted for various series and sizes 
of ball bearings. These are listed in the S.A.E. Handbook of standards and recommended 
practice. The general acceptance of these standards by both manufacturer and user of 
bearings gives assurance of their commercial availability. See Tables 1 to 7 for a listing 
of the most important types and series of single-row and double-row bearings. Dimen- 
sions are based on the metric system as a result of bearings first having been manufactured 
in Europe. Standard tolerances on the bore of the inner race and outside diameter of the 
outer race are listed in connection with shaft and housing fits, page 13-75. 

The manufacture of standard bearings in mass production definitely discourages the 
use of special and individual designs in which the cost is out of all proportion to that of 
standard product. In this respect, practice in the use of anti-friction bearings is in marked 
contrast with that of plain bearings which frequently are designed to meet a specific con- 


dition. 
2. BALL BEARING TYPES 


Bearing types are classified readily on the basis of their design and constructional 
features, leading naturally to a consideration of their functional purpose in terms of load 
and speed. . 

ANNULAR BALL BEARINGS consist essentially of an inner race, an outer race 
and a complement of balls spaced by a suitable cage or retainer. They are made 
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in both the single-row, Fig. °1, and double-row, Fig. 6, construction, and a ere 
either a radial contact between balls and raceways, or an inclined angular sent . adia : 
contact bearings primarily are intended for radial load, but generally provide ae 
stability in both directions where a moderate axial displacement is permissible. i ing a 
row angular-contact bearings, Fig. 7, have a substantial thrust capacity and provide “2 

axial support in one direction only. The double-row angular-contact construction < 
substantial thrust and combined load capacity, together with rigid axial support in ede 

directions. The speed limit of double-row bearings generally is restricted more than that 
of the single-row, because of features affecting the construction and balance of the cage. 


The double-row type also is more rigid and sensitive to misalignment than is the single-row. 
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Fie. 7. Angular Contact Type 
Fic. 8. Thrust Bearing 
Fria. 9. Spherical Roller Bearing 
Fias, 10-12. Cylindrical Roller Bearings 


Types of Ball and Roller Bearings 


SELF-ALIGNING RADIAL bearings, Fig. 3, have a spherical surface to provide for 
misalignment between inner and outer races. Because of the comparatively small con- 
tact angle between balls and raceways, they are primarily radial load carriers and have 
only sufficient thrust capacity for stabilizing under incidental axial loads. Such bearings 
made to the wide type standard, Fig. 5, have a substantial thrust capacity due to the 
greater contact angle. The self-aligning construction has a unique advantage in the case 
of radial loads which rotate with the shaft, such as those due to mechanical unbalance. 
Under these circumstances the load is localized on the grooved raceways of the inner ring 
where the capacity is greater than that provided by the ball complement of the single-row 
grooved-type bearing. Self-aligning bearings having a single row of balls, and those 
employing a spherical shell enclosing the outer race manifestly are limited in usefulness 
and generally inferior to the conventional design. 

THRUST BEARINGS of the so-called flat type, Fig. 8, have a contact angle of 90 deg., 
or a load line between ball and raceways that is parallel with the axis of the shaft. The 
small-bore washer is secured to the shaft, and the large-bore washer is supported by the 
housing, This type is essentially a one-direction thrust carrier, Thrust in both directions 
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necessitates the use of duplicate units or a bearing of the do i i 
horizontal shaft, the weight of the retainer and balls tends ede Ri 
balls and causes wedging in the grooves. This tendency is opposed by thrust load on the 
bearing and may be corrected by provision of an adequate pre-load. Thrust bearings are 
made both with flat rings and spherically-seated rings to allow alignment. In the aligning 
type, frictional resistance and difficulty of properly centering, makes the spherical seat 
less attractive in practice than it appears when considered simply as a design feature 

The important characteristics and features of the various ball bearing types he be 


generally summarized as follows: 


Single Row Radial (Fig. 1) 
Sizes up to 300 mm. bore. 
Normal load, combined radial and thrust. 
High speed. 

Axial displacement permissible under 
reversing thrust. 

Self-aligning (Fig. 3) 

Single Row Width 

Predominating radial load, limited thrust 
capacity. 

High speed. 

Self-aligning. 

Angular Contact (Fig. 7) 

Single 

Predominating thrust 


direction. 
High speed. 


load, in one 


Double Row Radial (Fig. 6) 


Sizes up to 110 mm. bore. 

Heavy loads, combined radial and thrust. 

Medium speed. 

Close control of axial position under 
reversing thrust. 

Self Aligning (Fig. 5) 

Wide Type 

Predominating radial load, 
thrust capacity. 

High speed. 

Self-aligning. 


substantial 


Angular Contact 
Duplex 
Predominating thrust load, 
direction. 
High speed. 


reversing 


Close control of axial displacement. 


Double Direction Thrust 


Thrust load only, reversing. 
Limited speed. 
Minimum axial displacement. 


Close control of axial displacement. 


Single Direction Thrust (Fig. 8) 
Thrust load only, in one direction. 
Limited speed. - 
Minimum axial displacement. 


DIMENSIONAL AND CAPACITY TABLES.—Tables 1 to 7 show the sizes and 
load-carrying capacities of the various types of ball bearings. They are compiled from 
tables issued by S.K.F. Industries, Inc., certain of the larger sizes being omitted. The 
dimensions, however, agree with the established standards of the S.A.E., and of other 
manufacturers. 

LOAD CARRYING CAPACITY.—The ability of a ball bearing to carry shock load 
and absorb impact depends on the relation between deformation and stress which exists at 
the load contacts. The capacity of any bearing for sustaining such loads can be judged 
by the volume of material subjected to stress. It is important to observe that this prop- 
erty is not directly proportional to the normal load rating. For shock loads, the medium 
and heavy series bearings are far superior to the light series, in sizes having equivalent 
load ratings. 

MODIFICATION OF BASIC TYPES.—There are numerous modifications of the 
basic bearing types, and supplementary provisions have been added to adapt them to cer- 
tain specialized uses. Among these are the tapered bore adapter sleeve mounting, Fig. 4, 
the extended inner race set-screw and lock mounting, the plate type shield, the felt washer 
seal, the outer race snap ring mounting, Fig. 2, and the double seal self-lubricated type. 
Such specialized types require detailed consideration in order to assure their effective use 
in any particular design. Aside from an appreciation of elementary principles, experience 
serves as the best guide in the successful application of bearings to any particular machine. 
To assist in this respect, the principal bearing manufacturers offer technical advice to 
prospective users of their product. It is sound policy for engineers and designers to avail 


themselves of such service. 


3. DESIGN PRACTICE 


FACTORS GOVERNING SELECTION.—The type of bearing should be chosen 
with due regard to the character of load, speed limitation and the need for radial and axial 
rigidity. The size selected should establish an economic balance between load capacity 
and service requirements for life of the machine. In many instances, dimensional restric- 


tions affecting shaft size, outside diameter, or width of bearing are controlling factors in 
(Continued on p. 13-67) 
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Table {-bimensions and Load Capacities of Single-row Groove-type 
Ball Bearings (Fig. 1) 


Load Reference Rating 
See Fig. 15 and p. 13-72 
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See footnotes at end of table, Table continued on following page. 
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Table 1.—Dimensions and Load Capacities of Single-row Groove-type 


Ball Bearings.— Continued 


Load Reference Rating 
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6236 320 | 12.5984 52 | 2.0472 | .118 | 10,300| .... 
eases 180 | 7.0866 { 380 | 14.9606, 75 | 2.9528] .118 | .... | 16,850 
6238 340 | 13.3058] 55 | 2.1654| .118 | 11,700| .... 
oa} 190 | 7.4803 { 400 | 15.7480] 78 | 3.0709] .157 | .... | 17,400 
6240 560 Weds. 07320, Sere) 262634 le. Ukae| 12200 |... 
ay 200 | 7.8740 { 420 | 16.5354] 80 | 3.1496 157 : 17,950 
6344 | 220 | 8.6614| 460 | 18.1102; 88 | 3.4646 | .157 19,600 
6348 | 240 | 9.4488 | 500 | 19.6850/ 95 | 3.7402| 157 21,200 
6352 | 260 |10.2362| 540 | 21.2598] 102 | 4.0157 | .197 23,900 

* See Fig. 12. 
7 & = radius of maximum fillet on shaft or housing that will be cleared by bearing. 


Table 2.—Dimensions and Load Capacities of Self-aligning Ball Bearings 


. (Figs. 3 and 5) 


Load Reference Rating 
Bearing e pe Ae a See Fig. 15 and p. 13-72 
No. : 7 A 2 1200 1300 2200 2300 
aia a age es mm. an, ™- |Series| Series | Series | Series 
1200 30 | 1.1811 9 | 0.3543 |0.024 220 on 
1300 35 1.3780 | 11 .4331 | .024 295 Sie 
a De 22 224 30 | 1.1811 | 14] 5512 | .024 Pat O70) Hae. 
2300 35 1.3780 | 17 96095" 19,024 |< 4. She ie 420 
1201 32 1.2598 | 10 .3937 | .024 225 Bees 
1301 12 4724 37 | 1.4567 | 12 .4724 | .039 380 Soha 
2201 o B2 fd 2598%)| 14 5512 | .024 2 300 Res 
23017 | EY Mle eke hed N66931 7,039 |=. 460 
1202 35 1.3780 | II .4331 | .024 315 erat wake 
1302 15 5906 42 | 1.6535 | 13 ~3118 | 039 405 nhs 
2202 - 35 | 1.3780 | 14 5512 | .024 i 320 eieye 
2302 es 42 N6535)} Uz B6O93 Gh O99) cctere ier 500 
1203 40 | 1.5748 | 12 .4724 | .039 350 eas 
1303 17 6693 47 | 1.8504 | 14 SEH P| PERVERT] mms 545 Ae 
2203 4 40 | 1.5748 | 16 6299 | .039 : 410 spared 
2303 47 | 1.8504 | 19 ETASOL NE OSS alec. s Bis av 595 
1204 47 | 1.8504 | 14 AEE sek 460 Migs 
1304 0 7874 52 | 2.0472 | 15 .5906 | .039 570 en 
2204 2 Y 47 | 1.8504 | 18 .7087 | .039 Ee, 545 titek 
2304 52 ez 0472 eek ABZOSUIECOSS |) or 2 785 
1205 52 | 2.0472 | 15 .5906 | .039 | 580 ae 
1305 62 | 2.4409 | 17 26693 ule, 039. | 45 4. 840 bie 
2205 52 | 2.0472 | 18 S087. 039 |pee 5. A 595 Aah 3 
2305 62 | 2.4409 | 24 9449 | .039 ee Sas 1030 
1206 62 | 2.4409 | 16 .6299 | .039 | 765 Pat aA 
1306 72 | 2.8346 | 19 . 7480 | .039 Py. 1030 ane 
2206 De .039 ae 760 
2306 2 .039 oe 


See footnotes at end of table. 


Table continued on following page 
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Table 2.—Dimensions and Load Capacities of Self-aligning Ball Bearings.—Continued 


Load Reference Rating 
; d* D* We Rt See Fig. 15 and p. 13-72 
cel ag erm re a | 1200 | 1300 | 2200] 2300 
; mm. in. mm. in. eee ae M-. |Series| Series | Series] Series 

1207 —~77 2.8346 | 17 | 0.6693 |0.039| 850] .... 

1307 oh 3. 1496. V2 0. 82087) O59 [oon-cl( e290 Sioa ee 

2207 35 | 1.3780 72 | 2.8346 | 23 | 0.9055 | .039|.... | .... | 1085] .... 
2307) _ a0 SAGE BIT 2205 OID. | Zs, etree kt ore ee 
7208), 80 |3.1496 | 18 | 0.7087 | .039| 1075| .... 

1308 90 | 3.5433 | 23 | 0.9055 | .059| .... | 1,520 | .... 

2208 40 | 1:5748 80 | 3.1496 | 23 |'0.9055 | .039|..... | ie. | 11701) 20° 
2308 oo. | 3.5433 | 33 [42299270591 2. ob wee | oon OD 
1209 5 | 3.3465 | 19 | 0.7480 | .039| 1220| .... 

1309 100 | 3.9370 | 25 | 0.9843 | .059| .... | 1,950 | .... 

2209 45 | 1.7717 g5 | 3, 3465 |-23 |0,9055:| .O39..: | acy || 2260) Pee 
2309) _ is 39370 |.36 |.1,4175 | 050 ese | ae tise ne 
TO) 35433 | 20 | 0.7874 | .039| 1330] .... 

1310 110 4.3307 | 27 |1.0630 | .079} .... | 2,170 | .... 

a 504) 129685 3:°9433'| 23° 10-9055 | .03%) ccs | .-ac” | US30 Irene 
2310 i 4 4307 1.40 | 1.5748 | 079 Poses | So meee 
1211 100 | 3.9370 | 21 | 0.8208 | .059 | 1530| .... 

1311 120 | 4.7244 | 29 | 1.1417] .079|.... | 2,600 | .... 

Hh 55 | 2.1654 ee 3.9370 | 25 |.0.9843 |-.059 | ofa. | ance n'| 1550) name 
PIBITe Ye | 4.7244 43 | 9.6970 079 ES Vice. 2 oe ee 
T1124, 110 | 4.3307 | 22 | 0.8661 059 | 1620 |. .... 

3 130 | 5.1181 | 31 | 1.2205 | .079|.... | 2,980 | .... 

ve 60 | 2.3622 ke 4 3307 | 28 | 1.1024 119059 | el... | toga fees 
2312) | 140 1S. 1884 (46 | TSU | 2079 sa eee oe 1 eee 
3) 120 | 4.7244 | 23 | 0.9055 | .059| 1880| .... 

1313 140. | 5. 5BNS b 33 1022998 1) 079 | dou. Mes are See 

ae 65 | 2.5591 re 47244) 30+ 1.2205 (059). ot cae Pee one 
2313) _ 140 | 5.5418: |.48| 1.8898.) 079 |. lle baa Lleeee eae 
raranne 125 | 4.9213 | 24 | 0.9449 | .059| 2090] .... 

1314 150 | 5.9055 | 35 | 1.3780 | .079| .... | 3,840 | .... 

a 70 | 2.7559 {138 4.9213-1-31 | 1.2205 | .059|.... | .... | 2500) ..02 
2314) | 150 | 5.9055 | 51 | 2.0079 | .079|.... | .... | .... | 4,930 
Sine 130 | 5.1181 | 25 | 0.9843 | .059| 2370| .... 

1315 160 |.6,2992.| 37.| 1.4567 | 079) .... | 4,120. | .... 

Bal 75 | 2.9528 8 51181 | 31 | 1.2205 .059| .... | ceen | 2600) gene 
2315 160 | 6 2992.1 55°) 2. 165d O79 | nrc hae eee 
1216 140 | 5.5118 | 26 | 1.0236 | .079| 2500| .... 

1316 sar hh eee ie 669295 39°) W5354m\e-079 |e ae GO ee. 

2216 . 140 | 5.5818+:33 | 1229924..079 |. | co. Paseo) Lie 
2316 170 | 6.6929 | 58 | 2.2835 | .079| ....]-.... | .... | 5,970 
1217 150 | 5.9055 | 28 | 1.1024| .079| 3000] .... 

13171 | gs | 5 5465 | 4 180 | 7.0866 | 41 | 1.6142 | 098 | .... | 5,040 | .... 

2217 | : 150 | 5.9055 | 36'| Be4973B 1.079 besa. | Pree, | 3360) Seam 
2317 180 | 7.0866 | 60 | 2.3622] .098|.... | ....1 wea [= Opa88 
1218 160 | 6, 29920) 30)| WarShitel: O79 is4Z200 2s. TOTS ce 
ELS eon ere te 7.4803 | 43 | 1.6929 | .098|.... | 5,700 | .... 

2218 : 160 | 6.2992 | 40 | 1.5248 | .079 |... | oo, | 3950 | cee 
2318 190 17, 4803.| 64 | 2597 | 0981. tte. Poe a Moen 
1219 170 | 6.6929 | 32 | 1.2598 | .079 | 3840 | .... mann Se 
USN ben et cares i: 7.8740 | 45} £7717 1:.098'). a0 4 6,500 45h 

2219 170 | 6.6929.|-43.|' 1.6929, .U79". oo (eG. tebe] eee 
2319 200 | 7.8740 | 67 | 2.6378. | 098 |...4. | 2... | s- 0.) neOO 
1220 180 | 7.0866 | 34 | 1.3386 | .079| 4200| ...._ ei 
1320( | 00 | 5.9370 | 4213 | 84646 | 47 | 1.8504] .098] .... | 7,050 | .... 

2220 | : 180 | 7.0866 | 46] L.8110 | 079 ho... | eee, peed lems 
2320 215 | 8.4646 | 73 | 2.8740 | .098|.... | .... | .... | 8,960 
1221 190 | 7.4803 | 36 | 1.4173 | .079 | 4520] .... ipo a 
ay Peet disse Ge 8.8583 | 49 | 1.9291 | .098| .... | 7,860 | .... 

2221 190 | 7.4803 | 50 | 1.9685] .079|.... | .... | 5700] ... 
2321 225) |’ 8.8583 | 77 | 3.0315 | 098 |... | ase. | ceed zee 
1222 200 | 7.8740 | 38 | 1.4961 | .079| 5150] .... Peo 
oe ion Xeadon & 9.4488 | 50 | 1.9685 | .098] .... 8,460 hve 

2222 200 | 7.8740 | 53 | 2.0866 | .079|.... | . 6s20 + Lees 
2322 240 | 9.4488 | 80 | 3.1496 | .098 | .... er 
1324 120 | 4.7244 260 |10.2362 | 55 | 2.1654 | .098 fe eos ER. ome 


* See Fig. 13. +A = radius of maximum fillet on shaft or housing that will be aisarea Ey pea 
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Table 3.—Dimensions and Load Capacities of Double-row Groove-type Ball 
Bearings (Fig. 6) 
a* Rt Load Reference Rating 
Bearing See Fig. 15 and p. 13-72 
No. : : 5200 5300 | 5400 
eee mt “igo Series Series Series 
__5200° | 10 ‘| 0.3937 0.024 psig Sa 
5201 024 ES: — Fae 
er 530,)9) | eS 12 4724 “039 ae. 735k pears 
5202 024 527 oe rs 
ee) 15 5906 “039 <e 815} eee 
5203 039 651 ame ae ee 
as 17}, 6693 Oss ere es gco 1 oe: 
5204 039 895 a ey 
oe 20 7874 “039 is 1.1400) 0 
~ 5205) 039 950 ae a 
5305 25 9843 .039 ot 1752010 | eee 
my5405)_ - > 059 14| ee Le 2,610 
£5206), .039 | 1360 if a 
Bey 30 | 1.1811 .039 a4 1,980 ae 
5406 059 AD, - 3,430 
5207 15. 039 | 1790 a. 
3307} 35 | 1.3780 059 ihe 253400 | eee 
_ 5407) FOSoq meee oan 3,910 
Sana .039 | 2000 cas 
ee 40 | 1.5748 H059e|) a 2387 0u nee 
5408 L079 s\n co 4,450 
~~ 5209) 039 | 2275 ae 
5309} 45) 0 ne7717; F059:4 eae 3,690 | .... 
5409 079% |e ae 5,625 
5210 039 | 2440 Fos 
ge 50 | 1.9685 079g |For ee 42800 mene 
5410 0705 ee $42 6,950 
Seine .059 | 2980 a 
531i 55 | 2.1654 079 - 159.60 |Meat 
peat ky 6799 || er: 6,950 
~ Sp .059 | 3640 ota 
3312 | 60 | 2.3622 0790) 28. 5 4208 ee 
wes4i2) O79 Fl see ae 7,600 
e521 ae 059 | 3960 ae 
53131 65 | 2.5591 079 a 65250) eee 
reais). | OVA dll sai ot ea eros0 
<A Cpa 059 | 4290 ee 
Buy 70 | 2.7559 079 ee 6+7.908 eee 
5414 .098 KoRn F _ 10,150 _ 
e525 059 | 4550 Bc bet 
3315] 75 | 2.9528 F070= |e 7.6008 eee 
PPSHNS3\. ROS Tiumenes ee eiiaco 
= ipa 079 5050 aera 
3316] 80 | 3.1496 079 = BAO | cen 
_ 5416) Oost Ares. son RIGO 
a ae .079 | 5750 tine 
3317} 85 | 3.3465 SUE | one OD 408 |e 
5417) 18 geeets. 13,000 
5218 j .079 | 6520 er 
ele 90 | 3.5433 098 |», 5... | 10,060 
5219 ot .079 | 7350 pera 
ey 95 | 3.7402 098 | .... | 10,890 
522), .079 | 8150 =e 
5320 (Oy hipeac® O98 sume ee'| 197500 | 
5221 .079 | 8960 Bohs 
5321 j 105 | 4.1339 “098 13,600 
5222 079 | 9790 - 
eed 110 4.3307 098 15, 200 


* See Fig. 13. 


Tt R = radius of maximum fillet on shaft or housing that will be cleared by bearing. 
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Table 4.—Dimensions and Load Capacities of Angular-contact Type 
Ball Bearings (Fig. 7) 


Load Reference Rating in 


; a* D* Ww Rt Thrust Load. See Fig. 15 
Bearing and p. 13-72 
No. / ' 7200 | 7300 | 7400 
mm. in mm. in. mm. ae pte Series | Series | Series 
__7304 40 | 0.7874 | $50.0) 5270472) 95 10). 52000 0.04 Kemet Le 
7205 32 | 2.0472 | 15 | .5906| .04 | 1,200] .... 
7303 25 | .9843 62. | baeeeos | azote Leqoste £04, (Sol 2020 | .... 
7405 80 3.1496 | 21 | 8268) .06 | .... |_--.- | 3,400 
7206 : 62 | 1214409 | 16: Loqaoup 204 f° 1,740)... 
7306| 30 | 1.1811 FEo1 | 268346 TOS TAB £06) Te T5106 Wiese 
7406 90 | 13.5433] 23. p- 9055 £08 PON. 7] Sh. | | heaaso 
7207 72 | 2.8346 | 17.| .6093| .04| 2,270] .... 
7307 | 35 | 1.3780 | a6. | 13,1496 | -2bed. 4 8268q) £06) Pee: 3,070 | ... 
7407 100 | 3.9370} 25 | .9843] .08 | .... oo 5,050 
7208 36 | 13.4496 | 40-4, <7087q, (06! |. 740'} oe... 
7308 40 | 1.5748 | 90 | 3.5433] 23 | .9055| .08| .... 3.720 | | ewe 
7408 110 | 4.3307] 27 | 1.0630] 08] .... = 5,900 
7209 35 | 3.3465 | 19 | 0.7480| .06| 3,000| .... 
7309 As WACTALT {109 39370 | 25 | 0.9843) .08 | .... 4.66004 | sakes 
7409 120 | 4.7244] 29 | 1.1417] .08 | .... 3 7,000 
7210 90 | 3.5433 | 20 | 0.7874| .06 | 3,340] .... 
7310 50 | 1.9685 {110 4.3307 | 27 | 1.0630} .08| .... 5.650. | benkee 
7410 130 | 5.1181 | 31 | 1.2205 tte. = 7,900 
7211 100 | 3.9370 | 21 | 0.8268] .06 | 3,940) .... 
7311 | 55 2.1654 {120 £50244 1829 acy 1, 41S en POSE | ax 6580 | Lae 
7411 140 —-f-- 5.5408 | 933. | 12992 wii one: 9.050 
7212 110 | 4.3307 | 22 | 0.8601 | .08 | 4,700] .... 
7312} 60 | 2.3622 {130 5.1181 | 31 | 1.2205 pil: paw 7,500) | eine 
7412 150 | 5.9055 | 35 | 1.3780 in) “ee 9,909 
7213 120 | 4.7244 23. | 0.9055] 08 | 5,350 |<... 
213 65 | 2.5591 {140 5.5118 | 33 | 1.2992 HT eee 3.320 | lense 
7413 160 | 6.2992 | 37 | 1.4567 12\} oo . 1 10;700 
7214 125. | 4.9213 | 24 | 0.9449|- .08 | 5,800| .... 
14} 70 | 2.7559 {150 5.9055 | 35 | 1.3780 tbh) oes 9,100 | .... 
7414 igo | 7.0866} 42 | 1.6535 12) |= woe 144,300 
7215 130 | 5.1181 | 25 | 0.9843 | .08 | 6050] .... 
7315} 75 | 2.9528 |4160 | 6.2992| 37 | 1.4567 12 | cece PL, F008 Hee 
7415 190 | 7.4803| 45 | 1.7717 fi ooo f14 800 
7216 140 | 5.5118 | 26 | 1,0236| .08 | 6,900 | .... 
7316 go | 3.1496 |4170 | 6.6929] 39 | 1.5354 iz oa] N20 eres 
7416 200 | 7.8740) 48 | 1.8898 tf sa 1 ¥5,800 
7217 150 | 5.9055 | 28 |1.1024| .08 | 7,000 | .... 
7317 85 | 3.3465 {180 7.0866] 41 | 1.6142 12. |. srh ctz000" Lpaaae 
7417 210 | 8.2677| 52 | 2.0472 it ee ooo. f 4F008 
7218 160 | 76,2992 BO if 1etSlic], [oa [ce900)) aense 
7318 90 | 3.5433 | 190 7.4803 | 43 | 1.6929 14) ] ...6 ff} 13,300) hie 
7418 225 | 8.8583 | 54 | 2.1260 16} -... | 20,200 
7219 i170 | 6.6929 | 32>) 1.2598 ,.12 | 19,800] ne... 
7319 95 | 3.7402 |4200 | 7.8740] 45 | 1.7717 Vi eens i Pe yo) rere 
7419 240 | 9.4488| 55 | 2.1654 ie ee oof 22,698 
7220 180 | 7.0866 | 34 | 1.3386 12 | 10,700 
7320} 100 | 3.9370 {215 8.4646 | 47 | 1.8504] .14 | .... 116,500] . 
7420 250 | 9.8425| 58 | 2.2835 16°} +} sted easseon 
7221 190 | 7.4803 | 36 | 1.4173 12 | 11,600 ' 
at 105 | 4.1339 ita 8.8583 | 49 | 1.9291] .14]| .... | 17,900 
7222 200 | 7.8740 | 38 | 1.4961 12 | 12,90 
saat 110 | 4.3307 ee 9.4488 | 50 | 1.9685 | .14 ae 19,800 
7224 215. | 8.4646| 40 | 1.5748 | .08 
appa to taal 4.7244. 11 Sep hecases 33} ates fiat os marl oes 
7226 230 9.0551 | 40 | 1.5748 10 117,200 |... 
; F 7,200 | © 9... 
7326) 130 | 5.1181 1388 11.0236 | 58 | 2.2835 | 12 i : 27,000 
7228 250 | 9.8425 thE Seo MER eewaaees 
Feast | 140 | 5.5118 |{ 309 14.8110] eas | a ado honed aitans eel eeienabe ee 


* See Fig. 13. +R = radius of maximum fillet on shaft or housing that will be cleared by bearing. 
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Table 4.—Dimensions and Load Capacities of Angular-contact Type 
Ball Bearings.—Continwed 


Load Reference Rating in 


Reanine a* D* w* Rt Thrust Load. See Fig. 15 _ 
No. and p. 13-72 
ae in 7 7200 7300 7400 
Series | Series | Series 
1.7716 | 0.10 | 21,600 tne 
2.5591 12 tlic 32,400 
1.8897 .10 23,000 Pie 
2.6772 12 see 33,600 
2.0472 = Mies 26,000 ial 
2.8346 12 Sires 38,200 
2.0472 12 27,000 ats 
2.9528 | 2 ce 41,500 
2.1654 Rl) 29,200 aes 
3.0709 16 a eis 44,500 
2.2834 .12 | 32,600 oe 
3.1496 16 Es 46,000 


* See Fig. 13. } R = radius of maximum fillet on housing or shaft that will be cleared by bearing. 


(Continued from p. 13-61) 


deciding the bearing size. Ordinarily a rather wide range of bearing sizes is available to 
Meet given conditions of load and speed; in such cases it is wise to determine which types 
and sizes show an advantage in the matter of cost. 

Primary importance attaches to the proportioning of the bearing to the average load. 
Unlike practice with plain bearings, it is not desirable to base design on maximum or 
extreme conditions. The service life of an anti-friction bearing ultimately is determined 
by the mean effective, rather than the maximum, load, and a large reserve capacity is 
available for overload of short duration. The attention of the designer should be directed 
to making a good estimate of the average load conditions, and from such data bearing life 
may be estimated with a comparable degree of accuracy. 

LOAD-LIFE RATING.—tThe load-life rating of ball bearings has been 
developed empirically from extensive series of tests, in which the lives of 
EZ, very many bearings were observed when operated under known and con- 

trolled conditions. This investigation disclosed the fact that ball bearings 
ultimately show a typical fatigue deterioration of the raceway surfaces. 
The repetition of contact stresses between raceways and the loaded balls 
induces a progressive system of surface cracks, 
and continued operation results in flaking or 
spalling of the surface. The rough and eroded 
appearance of the surfaces is characteristic of this 
action. - Fatigue constitutes an inherent limita- 
tion to normal useful life of a bearing and an 
understanding of the factors involved affords the 
basis on which bearing life is predetermined. 

In considering the life of a bearing it should be noted that faulty design practice may 
lead to premature failure as the result of intrusion of dirt, water or other destructive 
foreign material. Neglect of lubricant supply, and other forms of abuse, may unneces- 
sarily impair bearing life. These conditions may be avoided or corrected by the exercise 
of proper judgment in design and suitable control in maintenance. When a bearing is 
selected, of type and size adapted to the operating conditions, and due consideration is 
given to the details of mounting design and installation, the service performance can be 
accurately forecast by means of the life-load rating. 

A group of bearings identical in design and manufacture and tested under the same 
conditions are found to show a characteristic deviation among the individual lives. This 
dispersion is common to many types of endurance phenomena, including such diverse 
entities as human mortality, and lives of electric lamps, gear teeth and valve springs. 
The average life of the whole group tested serves as the best description of the endurance 
quality of the group, but in addition, it is important to define the sequence of failure, 
especially that of the shortest lives in relation to the group average. Extensive tests have 
shown that 90% of the bearings attain a life exceeding one-fifth of the average life, or that 
10% of the bearings may develop fatigue at a life less than one-fifth of the average. Expe- 
rience in the engineering and practical application of ball bearings has shown that the life 
exceeded by 90% of the bearings is a useful criterion of reliability, while the average life 
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of the group serves as a direct measure of productive performance. This conception of 
bearing life employs a statistical viewpoint, wherein the individual bearing loses its identity 
and estimates of life refer to a group as a whole. 

Endurance-Load Relations.—The endurance properties of materials are convention- 
ally investigated on the basis of the S-N diagram wherein the intensity of stress S is 
related to the number of stress cycles N. Sufficient data will serve to indicate the existence 


Table 5.—Dimensions and Load Capacities of Ball Thrust Bearings* (Fig. 8) 


Load Reference Rating in 
Thrust Load. See Fig. 15 


Bearing and p. 13-72 

No. 2900 900 3900 
pe. |) Sees eee 

2900 } 400 aaa 
900 410 
2901 425 
2902 \ 470 
902 - EE | A Ee 
2903 18 57087) SL 7e0n ee 472 520 

Sr |e .7874 37m 45670" oe 472 540 
29041/2| © 22 . 8661 42, |) 1.6535) © 14 551 810 
904 20 . 7874 40 | 1.5748 | 14 551 

3905 45. e777 | 14 551 855 
905 25 9843 48 | 1.8898] 15.5] .610 atte Re 
3905 J | 52 | 2.0472 | 16 . 630 Le 1010 
EZ06N 50 1.9685 14 S551 950 
006 | 30 1.1811 53 | 2.0866] 15.5] .610 = icetee 
3906 J 60 | 2.3622] 19 748 ae 1390 
mE2O07NA 55 | 2.1654] 16 . 630 1160 
s07 | 35 1.3780 62 | 2.4409] 18 .709 Se: othe 
23907) 68. 2eG772 4) y22 866 ee 1880 
~~ 2908 7 60701 52930225 eae . 630 1250 
vos | 40 1.5748 64 | 2.5197] 18 .709 “in ae. 
3908 J 76 | 2.9921 | 25 984 2360 
~~ 2909 7 68 | 2.6772] 16 . 630 1300 
a0 | 45 awa 73 | 2.8740 | 22 . 866 em 
~ 3909} 85 | 3.3465 | 28 | 1.102 2920 
~~ 2910 7. 74 | 2.9134] 18 | 0.709 1680 
aio } 50 1.9685 78 | 3.0709] 22 | 0.866 ; ey 
3910 J 92 | 3.6220] 31 1.221 3550 
DOI 78 | 3.0709 | 18 | 0.709 1780 
911 55 | 2.1654 88 | 3.4646 | 24.5] 0.965 nee tie 
3911 100 | 3.9370] 33 | 1,299 me 4040 
2912 82 | 3.2283} 18 | 0.709 1820 
912 60 | 2.3622 90 | 3.5433 | 24.5] 0.965 oe io 
SASS 106. | 4.1732)» 35) Mel. 378 wee 4380 
SORT 90 | 3.5433 | 20 | 0.787 2050 
913 65 | 2.5591 {100 359370) | 27063 els Fie 
SESS 112 | 4.4094 | 36 | 1.417 Rae. 4800 
~~ 2914 7) 95 | 3.7902] 20 | 0.787 2120 
a4 | 70 | 2.7559 {193 4.055 el), 27m ee063 fhe es 
SE) 120 4.7244 38 1.496 pS site 5400 
WS URa 100 | 3.9370] 20 | 0.787 2230 ne 
a5 | 75 | 2.9528 {119 4.3307 | 27 | 1.063 mee $& 
Be 128 | 5.0394] 41 1.614 ae 6000 
7 29167), 110 | 4.3307 | 22 | 0.866 2500 are 
a6 | 80 | 3.1496 {iis 4.5276) 20) ein i4e et ee 
3916) ASO 5.954354 1 ema2 2 Pre 6680 
Py, 15 | T4r5276) | 22m monGs 2600 wee 
917 85 | 3.3465 [125 4.9213 | 30.5} 1.201 Lerae: 
397) 145 | 5.7087 | 47 | 1.850 7500 
2918 7 22 | 0.866 Z TTT We ee ik GRR 
918 30.5} 1.201 AN 
3918 50 | 1.969 8350 


* Thrust bearings have not been conclusively standardized (1 : - 
ards of S.K.F, Industries, Inc. tT See Fig. wid saeapinn as ats e TOE MR SF 


} # = radius of maximum fillet on shaft or housing that will be cleared by bearing. 
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of any fatigue limit, or that stress below which progressive failure will not occur. Endur- 
ance properties of bearings have been investigated in the same manner, but it is found 
more convenient to deal with the external load applied to the bearing, and the total num- 
ber of revolutions attained prior to the appearance of fatigue, as the related variables. 
A given point on the raceway is subjected to a cycle of stress each time that it comes into 
contact with a ball in the loaded zone. The fundamental relation between life and load 
is that the total number of revolutions, before the inception of fatigue, will vary inversely 
as the cube of the applied load. This basic relation is independent of the speed at which 


Table 6.—Dimensions and Load Capacities of Spherical Roller Bearings (Fig. 9) 


ae ie a Load Reference 
A * Rt Rating. See Fig. 15 
oot and p. 13-72 
=| = [=| = [== [= |= | 2m] 2 
22308 40 1.5748 90 | 3.5433 3 1.2994 | 6.0591... 3,580 
22309 45 1.7717 | 100 3.9370 36 a0 7ede osor lies pee 4,500 
22310 50 1.9685 | 110 | 4.3307 40 125759 | 52079 ain 6,250 
22311 55-|= 2.1654" 120. | 4.7244 43 1.692 O79 IY cele 7,340 
22312 60 | 2.3622 | 130 | 5.1181 46 1.811 079) eer 8,950 
22313 65 | 2.5591 | 140 | 5.5118 48 1.890 a79 | we 9,500 
22314 70 | 2.7559 | 150 | 5.9055 51 2.008 O70 ke 12,500 
22315 75 | 2.9528 | 160 | 6.2992 55 2.165 O79: Wee 13,020 
22216 140 | 5.5118 33 1.299 029 | 5:00. paws 
mek 80 | 3.1496 { 170 6.6929 58 2.283 O79 re 15,200 
22217 150 | 5.9055 36 1.417 079: |eanG:620 ene 
ta 85 | 3.3465 { 180 7.0866 60 2.362 os] ..., 16,810 
22218 160 | 6.2992 40 1.575 079| 8640| ..... 
2asies| 90 | 3.5433 {iso 7.4803 64 2.520 ae 20,100 
22219 170 | 6.6929 3 1.693 0793| «10,300: tan. 
eid 95 | 3.7402 i 7.8740 67 2.637 008 nae 21,400 
22220 180 7.0866 46 1.811 079i eat2GO0n |) moe 
22320 j 100 | 3.9370 { 215 | 8.4646 73 2.874 0983] sta 26,300 
22222 200 | 7.8740 53 2.087 079 | "ts, 300N eens 
oes 110 | 4.3307, |{ 349 9. 4488 80 B: 150% | 2098 |r 31,500 
22224) 215 | 8.4646 58 2.283 O79 18:800 | ea. ak 
ooat | 120 | 4.7244 If 260 | 10.2362 | 86 | 3.386 | 098] ..... 38,000 
22226 230 | 9.0551 64 2.520 098, (123.600 iumees ae 
223265| '30.| 5.1181 |i o89 | 11.0236 93 3. 661 LS ead ok 44,000 
22228 250 | 9.8425 68 2.677 098ul ac 97-2005 eens 
et 140) 5.5118 ae 11.8110 102 4.016 Bl eee 48,300 
22230 270 | 10.6299 2B 2.874 098 | 30,400 | ..... 
223305| 150 | 5.9055 { 320 | 12.5984 | 108 4.252 118: (ome 54,400 
22232 $290 | 11.4173 80 3,150 098 | 36,900 | ..... 
isa k 160 | 6.2992 { 340 | 13.3858 114 4.488 reel a 59,800 
22234 310 | 12.2047 86 3,386 188. |540:700 [uns 
Aaa 170 | 6.6929 { 360 | 14.1732 120 4.724 W8clereee 68,000 
22236 320 | 12.5984 86 3.386 16a 41,600. )e.... | 
ee 180. | 7.0866 { 380 | 14.9606 126 4.961 Aisa ee: 73,400 
22238 340 | 13.3858 92 3.622 (iSaaGuee | 
ak 190 | 7.4803 eae 15.7480 | 132 5.197 iitetae, 81,500 
22240 360 | 14.1732 98 3,858 {1si) 52000 | 2.0. 
sre 200 7.8740 (ee 16.5354 138 5.433 iby, || ore 87,000 
22244 400 | 15.7480 108 4.252 {18 | 64,6007) ..0:. 
ae 220 | 8.6614 { 460 | 18.1102 145 5.709 157A ee 103,000 
22248 440 | 17.3228 | 120 ATAa |e 18") 80,000 | ace 
one 240 9. 4488 { 500 | 19.6850 155 6.102 GIS7Al ee te 119,400 
22252 480 | 18.8976 | 130 5.118 137" 795500 | ee 
| 20 | eae ee ee eee _138,900_ 
2256 500 | 19.6850 | 130 5.118 1571 98700 | act, 
cas 280 | 11.0236 { 580 | 22.8346 175 6.890 Gell Seauee 157,800 
22260 | 320 | 11.8110 | 540 | 21.2598 140 Sr aie milns 15 75| Gh 17,0005) wpe 
22264 | 300 | 12.5984 | 580 | 22.8346 | 150 51906 | 2157 | 133,000) Gass 
* See Fig. 13. 


+ R = radius of maximum fillet on shaft or housing that will be cleared by bearing. 
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the bearing is run, so that life, measured in hours, will vary inversely as the speed in rev. 
per min. Endurance testing of bearings has failed to reveal any counterpart of the fatigue 
limit normally disclosed by a series of conventional material tests. Loads of very small 
Table 7.—Dimensions and Load Capacities of Cylindrical Roller Bearings (Figs. 10-12) 
Load Reference Rating. 


ats a* D* Lie See Fig. 15 and p. 13-72 
No. j ; NL NM NS 
mm. in. mm, in. mm. 1n, Series Series Series 

NL 20 47 | 1.8504 | 14 | 0.5512 345i) +2. 
NM | 20 | 0.7874 { 52 2.047215 5906 _ 815 
NL 25 52 | 2.0472| 15 | .5906 ail att 
NM 25| 25 | .9843 62 | 2.4409| 17 | .6693 ok WY LOSS. Rabe 
NS 25 80 | 3.1496 | 21 | .8268 : ccnin it TAD 
NL 30 62 | 2.4409| 16 | .6299 TL oe | ees 
NM 20| 30 | 1.1811 72| 2.8346| 19 | .7480 1 470 a ee 
NS 30 90 | 3.5433 | 23 | .9055 iit. tae ee 
NL 35 "72 | 2.8346 | 17 | .6693 Tw i 
NM 35| 35 | 1.3780 80 | 3.1496 | 21 | .8268 er PT) oe ee 
NS 35 100 | 3.9370| 25 | .9843 tot. S.  aeae 
NL 40 80 | 3.1496 | 18 | .7087 Tg | Be 
NM ‘o| 40 | 1.5748 90 | 3.5433 | 23 | .9055 EE Sere Et 
NS 40 110 | 4.3307 | 27 | 1.0630 ME POR 
NL 45 85 | 3.3465 | 19 | 0.7480 1625. TT acon 
NM ‘| tpn ae ea {100 3.9370 | 25 | .9843 bit 1) 2980 4p, cee 
NS 45 120 | 4.7244} 29 | 1.1417 bs ee me 
NL 50 90 | 3.5433 | 20 | 0.7874 17000 |. tes 
NM 30| 50 | 1.9685 {10 4.3307 | 27 | 1.0630 pres) :500 001 keer 
NS 50 {i30 | 5.1181 | 31_| 1.2205 os. we. | S50 
NL 55 100 | 3.9370 | 21 | 0.8268 2070 es 
NM 55| 55 | 2.1654 {120 4.7244] 29 | 1.1417 eck |Laaoo | Peis 
NS 55 140 | 5.5118 | 33 | 1.2992 ee Ses, 5,550 
NL 60 110 | 4.3307 | 22 | 0.8661 2590: || .at 
NM ca| 60 | 2.3622 {130 5.1181 | 31 | 1.2205 vee 4,800.0}. ence 
NS 60 150 | 5.9055 | 35 | 1.3780 sso ase |) 0g358 
NL 65 120 | 4.7244 | 23 | 0.9055 3038. IL sees 
NM <3| 65 | 2.5591 {140 5.5118 | 33 | 1.2992 weve. 1)-5;340 D1 eae 
NS 65 160 | 6.2992 | 37 | 1.4567 ded: Sie tl 
NL 70 125 | 4.9213 | 24 | 0.9449 3050; 1} ces 
NM 70| 70 | 2.7559 {150 5.9055 | 35 | 1.3780 aS | he zoe | anes 
NS 70 180 | 7.0866 | 42 | 1.6535 ae -... | 10,000 
NL 75 130 | 5.1181 | 25 | 0.9843 S600) | hace 
NM 75| 75 | 2.9528 {160 6.2992 | 37 .| 1.4567 cca 17400 Th eed 
NS 75 190 | 7.4803 | 45 | 1.7717 LA -... | 10,700 
NL 80 140 | 5.5118 | 26 | 1.0236 4000 | .... 
NM e0| 80 | 3.1496 {170 6.6929 | 39 | 1.5354 50 began Whey 
NS 80 200 | 7.8740 | 48 | 1.8898 aor .... | 12,600 
NL 85 150 | 5.9055 | 28 | 1.1024 4600 | .... 
NM 85$| 85 | 3.3465 {180 7.0866 | 41 | 1.6142 wuee | 8,880 
NS 85 21k | Broe77.1 32 enero eal kk 144,700 
NL 90 160 | 6.2992 | 30 | 1.1811 750-1 ieee 
NM 90$| 90 | 3.5433 {130 7.4803 | 43 | 1.6929 Bk 9,600 
NS 90 225 | 8.8583 | 54 | 2.1260 oe -... | 15,900 
NL 95 170 | 6.6929 | 32 | 1.2598 650 
Nae 955] 93. | 3.7402 | 20g 7.8740 | 45 | 1.7717 +s 4,100 
NL 100 180 | 7.0866 | 34 | 1.3386 7180 
NM rel 100 | 3.9370 Ge 8.4646 | 47 | 1.8504 coiviees Ht RasG06 
NL 105 190 | 7.4803 | 36 | 1.4173 7750 
NM 1055 105 | 4.1339 ‘as 8.8583 | 49 | 1.9291 sevsistel EA.800 
NL 110 200 | 7.8740 | 38 | 1.4961 9250 
Seay 110 | 4.3307 (ad 9.4488 | 50 | 1.9685 seine LEGG 
NM 120 | 120 | 4.7244 | 260 | 10.2362 | 55 | 2.1654 20,000 
NM 130 | 130 | £.1181 | 280 | 11.0236] 58 | 2.2835 23,700 
NM 140 | 140 | 5.5118 | 300 | 11.8110] 62 | 2.4409 26,200 
NM 150 | 150 | 5.9055 | 320 | 12.5984] 65 | 2.5591 28,800 

* See Fig. 13. 


t & = radius of maximum fillet on shaft or housing that will be cleared by bearing. 
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intensity will result in extremely long life, but fatigue ultimately will develop and progres- 
sively become more apparent. 

The ball bearing industry has made an important contribution to the art of machine 
design in that bearing life is recognized as a statistically determinant quantity, and fatigue 
is reckoned with as a predetermined factor subject to definite laws. 


4. SELECTION OF BEARING SIZE 


Selection of the proper bearing size is effected by equating a measure of the operating 
conditions to a corresponding measure of the bearing performance. Operating conditions 
are defined in terms of the bearing load and shaft speed. Performance is expressed in 
terms of the reference rating and the design life. The equation between the two require- 
ments is: 

eee NN 8 CL i, OORT 
where P = load, lb.; N = speed, r.p.m.; R = reference rating, lb.; H = design life, 
hours. It will be observed that this affords a direct solution of the problem of selecting 
bearing size, expressed in terms of the quantities that are naturally involved. This design 
practice supersedes former methods which employed ambiguous factors in an effort to 
define standards of performance. 

Reference rating values for various types of bearings are given in the Tables 1 to 7, 
arranged according to series and size. The basis for the reference rating is explained in 
detail on p. 13-72. 

When bearing load P and speed W are given, corresponding values of reference rating 
and design life are found as follows: 

Reference Rating & required for a design life H is 


RiP Xi MC H/100)) has 2 OR] 
Design Life H obtained with a given reference rating R is 
ee ty (EN OX eX, 1,000,000. at) caus [3] 


With given values of reference rating R and design life H, permissible load or speed is 
found. 
Load P which can be carried at a given speed N is 


Pale ay x oor oe ea oe ig 
Speed N permissible for a given load P (speed not to exceed limit of r.p.m. for given 
bearing) is mC eed Yo 1A 000,000/P®...) ay aj Soiree duis Wie) [5] 


BEARING SELECTION CHART.—A graphical solution of these relations is given 
by the chart, Fig. 15, which will be found sufficiently precise for preliminary design and 
checking purposes. In using the chart it is important to note that corresponding values of 
load and speed, and corresponding values of reference rating and design life, must be taken 
~ together in entering or reading from the diagram. 

Design life and its relation to average service life for a group of bearings is discussed 
on p. 13-74. 

Use of the Chart.—The chart can be used for the selection of bearing size. For this 
purpose, corresponding values of load and speed are located on the P and N scales, from 
which the chart is entered to locate the diagonal guide line through their intersection. 
This guide line then defines corresponding values of reference rating and design life 
under the given conditions of load and speed. The reference rating is the key to the 
bearing size in using the diagram. 

When the chart is employed to determine permissible load or speed, it is entered from 
corresponding values of reference rating and design life located on the R and # scales. 
The intersection of these given values locates the diagonal guide line which will define the 
permissible combinations of load and speed, as read from the P and N scales. 


Load 


The load used for design purposes is based on an analysis of the reactions affecting the 
bearing, and is reduced to an estimate of the average radial component and thrust com- 
ponents. Factors of safety should not be included in such calculations, as this defeats the 
purpose of determining the design life and corresponding average service life. 

Combined thrust and radial load is converted to an equivalent radial load by: 

P=Pr+YXA shies [6] 
where P = equivalent radial load, lb.; Pr = radial load component, Ib.; A = thrust or 
axial load component, lb.; Y = factor, converting thrust to radial load, and depending on 
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type and size of bearing. Values of the Y factor are as follows for various types oi 
bearings: 

Single-row Deep-groove Bearings.—For high speed, Y = 1.5. For low speed, Y = 1.0. 

Double-row Angular-contact Bearings.— Y = 1.1. 

Self-aligning Ball Bearings Medium series 1300 to 1303, Y = 2.5; 1304 to 1306, 

= 3.0; 1307 to 1324, Y = 3.5. Light series, wide type, 2200 to 2206, Y = 2.0; 
2207 to 2209, Y = 2.5; 2210 to 2222, Y = 3.0. Medium series, wide type 2300 to 2304, 
Y = 1.5; 2305 to 2372, Y = 2.0. 

Spherical Roller Bearings.—22216 to 22264, Y = 3.0; 22308 to 22356, Y = 2.0. 

AVERAGE LOAD.—When a bearing is subjected to a varying load, this can be 
reduced to an equivalent mean effective load by an averaging procedure. For this purpose 
the varying operating conditions should be expressed in terms of load and speed, and the 
corresponding percentage of time, or of the total life, during which they apply. Using 
subscripts to designate the several operating conditions, the mean effective load and cor- 
responding average speed is determined as follows: 


Ne = 2 Midi + Nod2 + Nab3+.--Nnodn - 5 = - F ‘ . . 5 [7] 


3 
1 
Po = Vix 2 PutNids + Pi'Naba + PiNabs +--+ Pp 'Nadn © - + 8 


where WN, = effective or average speed, r.p.m.; P,. = effective or average load, lb.; 
P = load, lb.; N = speed, r.p.m.; @ = percent of time expressed as a decimal; subscripts 
1, 2,3... indicate the several given operating conditions. 

Values of P, and N., determined as above, can be used in the selection of bearing size 
with the assurance that the design life and average service life, so estimated, will be exactly 
the same as that due to the varying load conditions. 

The chart, Fig. 15, can be used to obtain a graphical solution of the selection of bearing 
size for a varying load. In this case the auxiliary scales, at the bottom and to the left, 
marked ‘“‘scale of (R)3”’ and ‘‘percentage of time’’ are used. The chart is entered with 
corresponding values of load and speed for one of the operating conditions, which locates 
a diagonal guide line. The chart then is entered with the given percentage of time and 
from the intersection with the same diagonal, the corresponding value of (R)* is deter- 
mined. The value of (R)*is found in this way for each of the operating conditions and the 
sum of these values determined. The chart is then entered with this sum on the (R)$ scale 
and the 100% ordinate from the ‘percent of time”’ scale, fixing the location of a final diag- 
onal guide line. This diagonal defines corresponding values of reference rating and design 
life, corresponding exactly with the varying load condition as originally defined. 

Care should be taken in noting the position of the decimal point in reading from the (R)# 
scale, and in checking the individual values for percent of time, to add up to 100%. 


Speed 


The life-load relation does not apply for speeds under 15 r._p.m. The maximum speed 
at which a bearing may be operated depends on the type and size, and especially on the 
material and construction of the cage or retainer. It will be considerably influenced by 
the provision made for lubrication. A speed limit line is shown on the chart, Fig. 15. 
This may be taken as applying directly to single-row ball bearings. For other bearing 
types, it is advisable to consult with the bearing manufacturer when speeds are high, as 
suggested by proximity to the limit line of the chart. 

When the speed varies, an average value as determined by equation [7] should be 
employed for design purposes. 

The maximum static load which may be applied to a bearing can be approximately 
determined by taking the speed N as 15 r.p.m. and the design life H as 500 hr. 


5. REFERENCE RATING 


REFERENCE RATING is the load in pounds, which applied to the bearing at a 

hae 1000, r.p.m., will result in a design life of 1000 hr., or an average service life of 
000 hr. 

The actual load carrying capacity of various types of anti-friction bearings cannot be 
inferred by the indiscriminate comparison of catalog ratings. There is a conspicuous lack 
of uniformity in the rating practice followed by different manufacturers in published ref- 
erences to their product. It is essential that a uniform basis be established to enable a 
true comparison to be made of the load-carrying ability of various types, series and sizes 
of bearings. The reference rating employed herein has been developed for that purpose. 

The reference rating serves as a measure of the specific load carrying capacity of a given 
bearing. It can be calculated from a knowledge of the design features and an empirical 
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constant determined for each particular type of bearing. The general equation for ball 


bearings is: 2 
BG 2 doh t=, 5081)))} GOR. er sd x ca bat ee 10 
where R = reference atte Ib.; C = an empirical constant dependent on design and 
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material, and established by endurance tests; Z = number of balls per row; D = diameter 
of ball, in.; a = contact angle, measured from a plane normal to the shaft axis. ; 
For single-row deep-groove bearings, Table 1, and self-aligning ball bearings, Table 2, 


this equation becomes: p _ 1639 7”4{D2/(1 + 0.508 D)} cosa. . . - + - [10] 
For double-row angular-contact bearings, Table 3, 


R = 2900 274{D2/(1+0.508D)}cosa. . . . - - [1 
For single-row angular-contact bearings, rated in thrust load, Table 4, 
R = 4200 2{D2/(1 +0.508D)}sna..... - [12] 
Thrust type bearings, Table 5, are rated in thrust load, and 
R = 2175 Z8{D2/(1+0.508D)}. . 2... - [13] 


The reference rating is stated in terms of radial load for radial bearings, and thrust load 
for single-row angular-contact and thrust-type bearings. The rating applies to the nor- 
mal condition of stationary housing and rotating shaft, in which the radial load is dis- 
tributed over the inner race and localized on the outer race. Under the reverse condition, 
where the load is distributed around the outer race and localized on the inner race, the 
reference rating must be multiplied by a correction factor as follows: Self-aligning ball- 
bearing, correction factor = 0.90; other types of radial bearing, correction factor = 0.75. 

The reference rating is the key value serving to relate a particular bearing size to the 
problem of load, speed and design life. 


6. DESIGN LIFE AND SERVICE LIFE 


DESIGN LIFE is a measure of bearing performance that is particularly useful in 
design practice. It is the number of hours for which at least 90% of a group of bearings 
will operate before the inception of fatigue. Practical experience has proven this propor- 
tion to be a valuable guide in estimating the reliability of a given design. 

SERVICE LIFE is the average number of hours for which the entire group of bear- 
ings will operate prior to the inception of fatigue. It is equal to five times the number of 
hours comprising the design life. The service life is an average value representing the 
economical performance of a group of bearings and serving as a criterion of bearing 
Sea eS Examples of Bearing Selection 

Examp.p 1,—Blower equipment is to be installed in a power substation where continuous oper- 
ation is contemplated and a high degree of reliability is essential because of cost and inconvenience 
of a shut-down. Past experience has shown an average service life of 8 years to be a satisfactory 
basis for proportioning the bearings in such equipment. 

Operating conditions are: Pp = radial load on bearing = 950 Ib.; A = thrust load on bearing 
= 400 lb. 

The equivalent radial load is determined by applying the appropriate Y factor (see p. 13-71). 
Because of the substantial thrust component it is decided to use the deep-groove type of bearing. 
The Y factor is taken as 1.25, intermediate between the values for low and high speed. Then: 

P = equivalent radial load = 950 + (1.25 X 400) = 1450 lb.; N = given speed = 720r.p.m. 

Performance Requirements —The designated average service life of 8 years, for continuous oper- 
ation, is expressed in hours = 8 X 365 X 24 = 72,080 hr. 

Design life H, to be used for the bearing selection, is 1/5 of the average service life, whence 
H = 72,080/5 = 14,420 hr. The reference rating R, required under these conditions, is then found 
from equation [2], from which 

R = 1450 x 0/720 x (¥/14,420/100) = 3171 Ib. 


Referring to the ratings for single row groove type bearings, Table 1, it is seen that the conditions 
are met by the following bearings: 


Bearing Bore, Outside Width, Reference 
No. in, Diam., in. in, Rating 
6216 3.1496 5.5118 1.0236 3100 
6311 2.1654 4.7244 1.1417 3040 
6409 Ske ka 4.7244 1.1417 3370 


: The final selection of bearing size then depends on shaft size and outside diameter requirements, 
imposed by the design. 

EXAMPLE 2.—A double-row groove-type of bearing with a bore of about 2in. is tosupport aradial 
load, rotating with the shaft. Speed N is 720 r.p.m. Design life H is established at 14,000 hr. 
in consideration of the particular service requirements of the equipment. Required the permissible 
radial load for the bearing size selected. 

A No. 5310 bearing (see Table 3) has a bore of 1.9685 in. and a reference rating of 4280lb. The 


correction factor to account for the rotating character of load (see above) is 0.75. Therefore, the 
rating to be used is R = 4280 X 0.75 = 3210. 


The permissible load is found by equation [4], whence 
P = (8210/*/14,000) x (100/+/720) = 1486 lb. 
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Exampue 3.—A No. 6312 single- ing i 
—A b gle-row groove-type beari j i 
follows, expressed in load, speed, and percent of tines er ree tore ablelioed asters 


P; = 2000 lb. P2 = 1000 Ib 1s 5 
z = 500 lb. =e 
Ni = fag T.p.m,. Ne = 2000 r.p.m. Ns = 3000 r.p.m. - = 3 
= 25% $2 = 50% $3 = 10% os = 15% 


The average load diti iv i i s 
aoe al oad conditions equivalent to this cycle are determined by equations [7] and [Ss]. From 
Ne = (1000 X 0.25) + (2000 x 0.50) + (8000 x 0.10) = 1550 T.p.m. 
From equation [8], 


3 
P, = V (1/1550) {20003 1000 x 0.25) + (10003 X 2000 x 0.50) + (5008 X 3000 X 0.10) = 1251 Ib. 


The design life of the No. 6312 bearing under this variable load cycle then is determined by sub- 

. . » + * r . . 
stituting in equation [3], taking the values of F € and N e as the values of P and N in the eq uation, 
From Table [1 ’ R = 3480. Then . 


H = {1/(12513 X 1550)} X 34803 x 1,000,000 = 13,900 hr. 
13,900 X 5 = 69,500 hr. = average service life. 


This same problem is solved by using the chart, Fi i i 
: , Fig. 15. Entering the chart with load 2,000 
and speed 1,000, the #3 value for 25% of the time is noted as 20. Corresponding values for loads tied! 
puree at 50% and 10% of the time are 9.5 and 0.35, respectively. The sum of these R3 values is 
4 Se eet (eas R3 scale at 29.85 and 100% on the percent of time scale determines 
e final guide diagonal giving corresponding values of rating and life. F. f i 
of 3480 lb. (No. 6312 bearing) the design life is read as 14,000 hr. i hehsibeaees c 
EXAMPLE ASA spherical roller bearing, size 22332, is to be used to support a shaft rotating at 
500 r.p.m. It is desired to determine the load that may be applied for an average service life of 
five years, operating 4,000 hr. per year. 
, Sd ala service life in hours is equalto 5 X 4,000 = 20,000hr. Designlife H = 20,000/5 = 
5 The permissible load is found from equation [4], the reference rating for bearing 2, i 
eR rica ing for bearing No. 22332 being 


- P = (69,800/~/4000) x (100/%/500) = 47,500 Ib. 
Using the chart, the reference rating 59,800 is divided by 10 to give 5,980 and the load corre- 
sponding to speed 500 r.p.m. is read as 4,800. The load then is multiplied by 10 to give 48,000 Ib. 


This procedure is equivalent to moving the decimal point simultaneously on the scale of reference 
rating and on the scale of load. 


7. PRACTICE IN MOUNTING BALL BEARINGS 


TOLERANCES.—Ball bearings are manufactured to close tolerances on both internal 
and external dimensions. The degree of accuracy observed is in no sense an elaborate or 
unnecessary refinement. A ball bearing is essentially a statically indetérminant structure 
in which the externally applied load is internally reacted by a series of individual ball 
contacts. Under these circumstances, the magnitude of the several ball reactions is 
-“determined by the combined clearances and deformations existing at the contacts. Uni- 
formity in this respect can be obtained only when 4 high degree of accuracy is observed in 
the manufacture of all component parts. This will insure a proper distribution of the 
load among the balls, and smooth running will result if corresponding care is exercised in 
the mounting of the bearing. 

The unit of measurement and tolerance generally used in the manufacture of bearings 
is 0.0001 in. Precision of external dimension is necessary to allow accurate fitting and the 
* requisite interchangeability when a bearing is installed. This implies a comparable pre- 
cision in the tolerances for shaft seat diameter and housing bore. Both inner and outer 
ring will, through elastic deformation, tend to assume the size and shape of the mating 
machine part. This tendency is more pronounced in the case of interference or press fits. 
Inner races will expand measurably to take up the initial internal clearance of the bearing, 
and outer races will contract with a similar effect, that may be exaggerated when the 
housing bore is out of round. The combination of shaft and housing fit should be selected 
with due regard for assembly and disassembly requirements and a consideration of their 
effect on the internal clearance of the bearing. 

FITS.—A general principle to be observed in the mounting of ball bearings is the use 
of an interference or press fit for securing the ring, either inner or outer, which rotates with: 
respect to the direction of the radial load. This is necessitated by the tendeacy of that, 
ring to progressively creep on its support and to develop wear that is aggravated by a. 
peening effect. Frictional constraint, resulting from a press fit of the ring, is the most. 
- effective means of preventing this action, although suitable types of lock-nut and washer 
are useful as a supplementary provision. The tendency to creep is greater under heavy 

load and shock, and under these conditions relatively heavier fita should be used. With. 
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moderate loads, in the absence of vibration and shock, lighter fits are sufficient, especially 
when supplemented by a lock-nut. Formerly it was believed that some advantage would 
accrue by allowing the race that is stationary with respect to the radial load, to have a 
so-called creeping fit. This view is now discredited by an understanding of the principles 
affecting fatigue deterioration of the bearing, and practical difficulties encountered in pre- 
venting a creeping ring from spinning in the presence of an unbalanced load component. 

Insufficient clearance or a tight internal fit generally is conducive to heating of the 
bearing in operation, and to rough running. The heavier classes of shaft fit will result in 
normally fitted bearings being internally tight after mounting. However, when a bearing 
is subjected to heavy load, the accompanying deflection at the load-carrying contacts will 
serve to relieve the effect of initial tightness. This principle is involved in the action of 
the so-called preloaded type of bearing, which is particularly useful in meeting exacting 
requirements of precision, and in minimizing displacement of the bearing under load. 
With bearings selected for application to precision machinery, it is desirable to employ 
light press fits in order to avoid disturbing the initial internal fit of the bearing. . 

The procedure to be followed in assembly and disassembly of the machine parts must 
be considered in deciding upon the shaft and housing fits to be used. Ordinarily but one 
bearing on a given shaft should be located axially and all other bearings on the same shaft 
should have endwise float permitting axial adjustment under thrust load and temperature 
gradient. The race, either inner or outer, which provides the float naturally must not be 
the one for which a press fit is required in consideration of the radial load. 

To properly meet the various requirements encountered in practice, it is necessary to 
employ a number of different classes of shaft and housing fit, adapted to the tolerances and 
the internal fit of bearings. This classification should provide a graduated sequence of 
fits, adjusted to give a uniform variation, and permitting machining and grinding toler- 
ances suited to design and manufacturing requirements. Such a schedule developed 
specifically for use with ball and roller bearings is given in Table 8 for shaft fits, and 
Table 9 for housing fits. Table 10 is a metric conversion table for bearing bores and out- 
side diameters. 

General Requirements.—Radial loads acting in a fixed direction, require an inter- 
ference or press fit between shaft and inner race when the shaft rotates, and between the 
housing and outer race when the housing rotates. 


Table 8.—Shaft Fits and Tolerances 


Push Fit Light Press Press Heavy Press | Heavy Press 
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All Dimensions in Ten Thousandths of an Inch (0.0001 in.) 

Nominal Size Bearing Shaft Shaft ! Shaft |: Shaft | ¢ Shaft | 
Bore Seat oe Seat as Seat as Seat ae) Seat ae 
: Nominal Nominal | && Nominal | && Nominal | & ©} Nominal | & £] Nominal ae 
Over| Including Size Size 58 Size ES) Size |S=| Size ESl Size | SS 
mm,|mm.| in. _ Plus Minus} Minus| Minus Zo Plus| Minus Zs Plus] Plus zs Plus Plus| > Plus| Plus 23 
3| 6 | 0.2362) 0 3 2 5 DAs Alaticconts «- ciasud levcbesta cts avails cwzorail cet beaatwe| faeeamar| [cba] feces 
6| 10 | .3937) 0 3 2 6 CW a i] 2 MN retNtieras cee clea evalls ate lessert eee 
10 | 18| .7087) 0 3 2 7 allie 1 DU A) ON ea recrell eerste lecetocet| eterer fpeketotel totes 
18 | 30 | 1.1811} 0 + 3 8 4) 2 Z 7A ee AL oan el ode lake Sell Ildeeot|oao|iacce 
30 | 50 | 1.9685) 0 5 4 10 Bal Z 2 3) 5 TG 8a ANI OR S13) Sze 
50 | 80 | 3.1496) 0 6 4 1 CH Lay 3 3 | Ore Te 7h OA AON PIS oP eS ie 1D) 
80 |120 | 4.7244] 0 8 5 13 5) eee 4 3) 74 Pal SBS 2 SETS SAOu TS 
120 |180 | 7.0866) 0 10 6 15 Galleh dale nsec sere 8.) Ue etOal) TSGNNGalalp a 20 li ez 
180 |250 | 9.8425) 0 12 6 17 Ce ee ee Rea age almeaeliacoc ERNIE Mt VAN aa Pa hie, 
250 |315 |12.4016| 0 14 7 19 Gv han ell) earn ere ora Leeetteltecers et ers 177 |) 82120, 26134) 27: 


een 

* Rotating Housing refers to a loading condition in which the outer race rotates with respect to 

the direction of theload. + Rotating Shaft reters to a loading condition in which the inner race rotates 
with respect to the direction of the load. 
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Radial loads not fixed in direction, but rotating with a moving part, reverse the 
requirements. An interference fit is used with the outer race for a rotating shaft, and for 
the inner race with a rotating housing. : 

A radial load that is the resultant of two components, one fixed in direction and one 
rotating, requires a compromise in the selection of fits. This should favor the predominat- 
ing component. 

\ Rotating loads are induced by mechanical unbalance or may result directly from the 
interaction of machine forces. 

The numerical designation used for describing the fit is the mean value of the clearance 
or interference, measured in units of 0.0001 in. 

The quantitative character of any particular class of fit is best judged from an estimate 
of its average value. The frequency distribution of production parts, both bearings and 
machine elenients, follow characteristic patterns. ‘A negligible percentage of pieces is 


Table 9.—Housing Fits and Tolerances 
Drive Fit Hard Push Fit Push Fit Sliding Fit 


e Fit 


5 
7) 


Low 


Equipment. 


Speed Without Particular Precision 


Requirements 


ing Axial Float on Shaft. Shock Load 
Bearing Subjected to Unbalanced Loads 
Rotating Shaft.+ Bearings on Line-shaft|5' 


and Outer Race Tending to Creep 
ed in High Speed Precision Machinery 


or Heavily Loaded at Low Speed 
in General, Both Automatic and Indus- 


Rotating Housing * and Inner Race Hay- 

Rotating Shaft.+ Bearing Normally Load- 

Rotating Shaft.t Bearing Applications 
trial Equipment 


Automobile Front Wheels and Loose 
Rotating Housing * or Rotating Shaft. 


Pulleys 
Machine Tools, Electric Motors, ete. 


Crank-shafts, Eccentrics, ete. 
and ‘Transmission 


B 


All Dimensions in Ten Thousandths of an Inch (0.0001 i 
i Housing Housing 


») 


Nominal Size Bearing & © 2 2 2 
0. D. Bore tS! Bore | Bore | Bore =| Bore g 

—________} Nominal | Nominal |&8| Nominal |] Nominal | &] Nominal || Nominal |&# 
Over| Including Size Size F<] Size |§ 8] Size |§8! Size |§ 8! Size |§8 
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* Rotating Housing refers to a loading condition in which the outer race rotates with respect to 


the direction of the load. ee: : f ; 
+ Rotating Shaft refers to a loading condition in which the inner race rotates with respect to the 


direction of the load. 
Table 10.— Metric Conversion Table for Bearing Bores and Outside Diameters 


Milli- Milli- Milli- Milli- 
meters meters meters Inches meters Inches meters Inches 
5 24 0. 62 2.4409 140 SSSI NUE) 270 10.6299 
6 25 " 65 2.5591 150 5.9055 280 11.0236 
7 26 1.0236 70 Ee) 160 6.2992 290 11.4173 
8 30 1.1811 72 2.8346 170 6.6929 300 11.8110 
9 32 1.2598 75 2.9528 180 7.0866 310 12.2047 
10 35 1.3780 80 3.1496 190 7.4803 320 12,5984 
11 37 1.4567 85 3.3465 200 7.8740 340 13,3858 
12 40 1.5748 90 3.5433 210 8.2677 360 14,1732 
13 42 1, 6535 95 3.7402 215 8.4646 380 14.9606 
14 45 oy PAWS 100 3.9370 220 8.6614 406 15.7480 
15 47 1.8504 105 4, 1339 225 8. 8583 420 16.5354 
17 50 1.9685 110 4.3307 230 9.0551 440 17,3228 
19 52 2.0472 120 4.7244 240 9.4488 460 18,1102 
20 55 2.1654 125 4.9213 250 9.8425 480 18.8976 
60 Ph, 130 52 260 10. 2362 500 19, 6850 
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found at either limit of the working tolerance and a comparatively large percentage lies 
close to the mean or average value. The result of random assembly will be a large per- 
centage of fits close to the mean, with an inconsequential number approaching either 
extreme value. Accordingly it is erroneous practice to attempt to define a fit: by the 
maximum and minimum values which seldom, if ever, occur. It is desirable to designate a 
class of fit by some appropriate symbol, and to employ this in specifying the use. An 
effective comparison of one class of fit with another is made by referring to their mean or 
average values. A further statistical check will enable a frequency allotment to be made 
showing the percentage of assemblies having a fit within given limits about the mean. 
Experience in the application of ball bearings has shown that approximately 95% of the 
assemblies lie within a range of about one-half that between the extreme limits of the fit. 


8. LUBRICATION OF BALL BEARINGS 


BASIC REQUIREMENTS for lubrication of ball bearings include provision for the 
sliding contact between balls and retainer and the protection of the highly finished sur- 
faces from corrosion. The supporting surfaces of the retainer are essentially plain bear- 
ings and must be lubricated as such by a lubricant film. The surface of the balls and race- 
ways is particularly subject to corrosion, which will accelerate fatigue action and result in 
abrasive wear of the bearing parts. 

A comparatively small quantity of lubricant, either oil or grease, will suffice for the 
requirements of the bearing if it is consistently present and properly distributed to the 
bearing surfaces. An excess quantity of lubricant is undesirable, and will cause the bear- 
ing to run at high temperature and aggravate leakage from the housing. 

OPERATING TEMPERATURE of a bearing is a controlling factor in selecting 
the proper grade of lubricant. Load, speed and surrounding conditions directly affect 
this temperature, as does also the particular type of bearing and the design of the shaft 
enclosures. The viscosity of an oil and the type and consistency of a grease should be 
adapted to the operating temperature. Under normal conditions ball bearings will run 
at a temperature from 10° F. to 60° F. above surroundings. 

TYPE OF LUBRICANT.—Hither grease or oil is successfully used for the lubrica- 
tion of ball bearings over a wide range of speed and operating conditions. The use of 
grease simplifies the design from the point of view of shaft enclosures to prevent leakage, 
but requires care in application to assure the grease gaining access to the bearing and at 
the same time to prevent overloading. Oil lubrication allows the use of a suitable oil level 
indicator as a check on the quantity in the housing. Oil generally is to be preferred for 
speeds above 10,000 r.p.m., and for operating temperatures, above 200° F. 

CONSUMPTION OF OIL OR GREASE in a ball bearing is relatively small, but 
proper provision should be made in the housing design for its periodic renewal. Aside 
from the loss of lubricant, due to evaporation and leakage, both oil and grease are subject 
to progressive deterioration over a period of time. Contamination of the lubricant is the 
cumulative result of dirt, moisture or other foreign material gaining access to the housing. 
Wherever possible, the old lubricant should be removed and the bearing washed out with 
clean, hot oil, before renewal of the lubricant. In general, the lubricant can be applied 
and the housing sealed without subsequent attention for a period ranging from six months 
to two years, according to the severity of operating conditions. The necessity for renewal 
can best be determined, in the absence of definite information, by periodic inspection dur- 
ing the first year or more of service. 

SPECIFICATIONS of physical and chemical properties cannot in themselves ade- 
quately define the qualities of a lubricant. Materials and methods used in refining and 
manufacture have an important influence on the performance of the lubricant in service. 
Many reputable manufacturers have specialized in the development of lubricants suitable 
for use with ball bearings, and this applies particularly to greases. In consideration of 
the fact that anti-friction bearings are susceptible to abrasive and corrosive action, only 
high-grade products should be used for their lubrication, and these should be obtained 
from established sources prepared to accept responsibility for the use of their product. 
Table 11 shows the character of oil reeommended for various conditions of service. 

Greases may be used throughout the range shown in Table 11 provided they are 
selected to meet the operating temperature of the bearing. The heavier oils are used for 
the higher bearing temperatures and suitable greases must have a corresponding tempera- 
ture range. It is suggested that generally a grease with A.S.T.M. penetration 225 to 275 
can be used where a light or medium oil is specified, and a stiffer or high temperature 
grease, A.S.T.M. penetration 150, where heavy and extra heavy oil is called for. See 
A.S.T.M. Specification for Oils and Greases. 

The classification of oils given in Table 11 is arranged according to their viscosities, as 
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Table 11.—Oil Lubrication of Ball Bearings 


Bearing Load,* Revolution per minute 
1 : 100 300 600 1200 1800 3600 
0 light light light light medium i 
100 light light light medium medium ae 
500 light light medium medium medium heavy 
1,000 medium medium medium heavy heavy heavy 
2,000 medium medium heavy heavy extra heavy 
5,000 medium heavy heavy extra heavy |!2s..0-) 0 PU... 
7,500 heavy heavy extra heavyil ma corns tt Nahe okey (Nitsa Oe 
10,000 heavy GXCIE MOA V ys Ibe, 7s AORN PRD MIPS al | cls | ead ceian |e 
15,000 extra heavy | extra heavy shyla Reaanad ¢ hah Tag te a 


* Loads given in the table are radial loads only. For th i 
by 4 and enter the table with this value of load. ry = paid e scctak  echieN chy 


determined by a Saybolt Standard Universal Viscosimeter at 100 deg. F., as follows: 
Extra light, 135-165 sec.; light, 180-220 sec.; medium, 270-330 sec.; heavy, 360-440 sec.; 
extra heavy, 450-550 sec.; steam cylinder and valve oils, 2000-2500 sec. ; 

MAINTENANCE.—When proper judgment is shown in the design of a ball bearing 
application, successful operation depends largely on the degree of care exercised in mainte- 
nance. Mechanical equipment usually deteriorates more rapidly from neglect than from 
normal wear and tear in service. The precision and finish with which a ball bearing is 
manufactured is essential to its best performance, and these qualities will be retained only 
when the bearing is protected from the accumulation of dirt, rusting in the presence of 
water and corrosion from chemical action. Lubrication adequate in quality and quantity 
is necessary, and its provision is a responsibility of the user contributing directly to suc- 
cessful operation. 

Bearings mounted in equipment which will be stored for an indefinite period before 
being placed in service should be protected by use of anti-rust compounds or slushing 
greases. Lubricating greases generally are inadequate for this purpose, and their use is 
productive of trouble due to the tendency to separate and harden when the equipment 
remains idle for protracted periods. 


9. CYLINDRICAL AND. SPHERICAL ROLLER BEARINGS 


The demand made by heavy duty requirements has led to the development of addi- 
tional bearing types that will interchange with ball bearings both in dimensional standards 
and design practice. Cylindrical roller bearings, Figs. 10-12, and spherical roller bear- 
ings, Fig. 9, serve this purpose and find their principal use under service conditions that 
lie beyond the inherent capacity of ball bearings. Cylindrical bearings are used on air- 
craft engine crank-shafts, railway traction motors, machine tool spindles, and in other 

_applications where their load capacity, permissible speed, and precision of manufacture 
are of special advantage. Spherical roller bearings are used under the heaviest load and 
shock conditions, and find extensive application on railway journals, steel mill rolls, 
crusher and pulverizer equipment, and in other heavy duty industrial and production 
machinery. 

STANDARDS.—Cylindrical Roller Bearings manufactured to dimensions and toler- 
ances conforming with the single-row ball bearing, and light, medium and heavy series are 
listed in Table 6. 

Spherical Roller Bearings are made in dimensions and tolerances conforming with the 
Int. Stds. Assoc. wide type, and are listed in Table 7. Other series are available in dimen- 
sions adapted to particular requirements. Information concerning these can be obtained 
from the manufacturer. 

BEARING TYPES.—Cylindrical Bearings take their name from the cylindrical 
shape of the roller and raceways. Guide flanges integral with the inner race, type N, 
Fig. 10, or the outer race type, NU, Fig. 12, serve to constrain the roller and prevent 
skewing. A suitable cage or retainer is used to space the rollers and to retain them when 
the inner and outer races are separated in handling. The NF, Fig. 11, type has a flange 
integral with the outer race, which provides for endwise location and is capable of sup- 
porting a moderate thrust load component. The types shown are those found in general 
use. Modified constructions have been developed to serve special purposes. 

Spherical Roller Bearings, Fig. 9, are named in consideration of the outer race roller 
path, which is a spherical surface having its center at the geometrical center of the bearing. 
The rollers are barrel shaped and have a line contact with the inner race roller path. The 
in-board end of the roller abuts against a guiding surface on the center flange. The cage 
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or retainer is centered on this flange. The bearing is self-aligning and inherently provides 
for equalization of radial load between the two rows of rollers. This type of bearing 
affords a maximum load capacity within given space limitation. Although primarily 
suited for radial load it has a substantial thrust capacity, in both directions, by virtue of 
the angular contact of the rollers with the raceways. 

DESIGN PRACTICE.—Cylindrical Roller Bearings are used in accordance with 
the design principles that apply with ball bearings. They may be operated at essentially 
the same speeds and have corresponding requirements in the matter of lubrication. 

The separable feature of the bearing offers attractive possibilities in assembly proce- 
dure, and permits the use of press fits in mounting both inner and outer race. The heavier 
classes of fit generally should be employed, in view of the inherently greater shock- and 
load-carrying ability of the bearing. Open type bearings N and NU provide a free end- 
wise float within the bearing, and the choice between these two types depends largely on 
assembly requirements. 

The cylindrical bearing is in effect a rigid unit and due consideration should be shown 
for the problem of limiting shaft and housing deflection, and to maintaining correct align- 
ment in assembly of the machine parts. 

Spherical Roller Bearings serve as a self-contained, self-aligning, combined thrust and 
radial load carrier. Operating speeds are limited to lower values than for the cylindrical 
type. The lubricant used must gain access to the bearing and penetrate to the center 
guide flange of the inner race. Both grease and oil are successfully used, but careful 
consideration should be shown in the selection of lubricant to provide properly for the 
operating temperature and conditions affecting the supply of lubricant to the bearing. 
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Fra. 16. Pillow Block with Self-aligning 
Ball Bearing Fie. 17. High-speed Vertical Mounting 


This bearing is used to carry the heaviest loads and shocks, and the shaft and housing 
fits used should be selected accordingly. The aligning feature is of particular value in pro- 
viding for shaft and housing deflection occurring under load, and at the same time allows 
for a reasonable degree of incidental misalignment. 

SELECTION OF BEARING SIZE.—The procedure followed in the selection of 
cylindrical and spherical bearing sizes is precisely the same as that used with ball bearings 
Reference ratings shown in Tables 6 and 7 have been prepared on the same basis and 
equations [1] to [5] relating load and speed to reference rating and design life are directly 
applicable. A graphical solution can be made by means of the chart, Fig. 15, but it should 
be noted that the speed limit line does not apply for the spherical bearingd When loads 
ar reference ratings lie beyond the range of the chart scales, the decimal point can be 
: "7 Heid tai py in both the load and rating, to bring the values within the range of 

In general, cylindrical and spherical bearings are used in the heavier and more com lex 
types of equipment, where experience is of increased importance in design. The pcan 
manufacturer should be consulted in reference to technical problems of spplication sO er 
full advantage can be taken of the experience already gained in highly specialized fields 
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10. TYPICAL APPLICATIONS 


PILLOW BLOCK.—fig. 16 shows a typical pillow block application of a self-align- 
ing ball bearing. The inner ring is a press fit on the shaft seat and the lock-nut clamps 
the ring against the shaft shoulder. It is important that the shaft fillet at the shoulder 
clears the corner of the bearing; suitable fillet radii are tabulated in Tables 1 to 7. 
Manufacturers’ catalog data can be consulted for detailed information as to limiting sizes 
of shaft shoulder, which should provide a flat surface for seating beyond the fillet and at 
the same time permit access to the face of the ring in order to facilitate removal. 

The housing shown is designed for either grease or oil lubrication. Pipe plugs in the 
top section of the end covers provide for replenishment of the lubricant and drain plugs in 
the lower section provide for removal of used lubricant. End covers are designed to afford 
a reservoir capacity for the lubricant. Grooves in the end covers form a shaft enclosure 
that will prevent leakage from the housing under normal conditions. The inboard grooves 
have drain slots at the lowest position, to relieve any accumulation of lubricant. The 
shaft flingers, mounted external of the housing, provide a labyrinth enclosure which is an 
effective protection against entrance of dust, dirt, or water into the housing. The laby- 
rinth seal depends on a close running clearance and is not subject to deterioration in service. 
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Fic. 18. Heavy-duty Gear Reduction Unit 


The alternative designs for free or held bearings allow for axial float or stability. A 
general principle in the application of bearings is that but one bearing on any shaft is to 
be stabilized axially, in order to prevent undue thrust reactions as the result of temperature 
expansion or assembly errors. ; 

VERTICAL MOUNTING.—fFig. 17 illustrates a high-speed vertical mounting on a 
fan, designed for grease lubrication. The lubricant is supplied above the bearing and a 
reservoir space provided below for its accumulation. Pressure-type grease fittings are 
used, but it is imperative in such installations to guard carefully against overcharging 
with grease by indiscriminate application. An internal type of labyrinth seal is provided 
at the lower shaft enclosure of the upper bearing housing to prevent leakage of lubricant. 
The external labyrinth flinger at the upper bearing tends to prevent lubricant leakage as 
the result of air blast induced by the fan element. ; . 

GEAR REDUCTION UNIT.—Fig. 18 shows a heavy-duty gear reduction unit. 
The gear case is split on the horizontal center line to facilitate assembly. Spherical roller 
bearings are used where the loads are heaviest and self-aligning ball bearings to compen- 
sate for shaft deflections under load. The open type NM cylindrical roller bearing used 
on the intermediate shaft provides for free axial float under the relatively heavy load from 
the adjacent pinion. The bearings are lubricated by oil from the gear case which is 
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trapped on the bosses shown, when thrown from the gears, and fed through the drilled 
passages to each of the bearings. Leather cuff- 


I WN Bearing type seals seai the case where the shaft passes 
| Z Stabilized through. . 
(Ir\vyy ADAPTER SLEEVE.—Fig. 19 shows a 

RY 


ie al convenient type of mounting for the inner 
THES Hale race where assembly conditions or service re- 
= quirements preclude a press fit. The ‘‘push 
in’’ adapter sleeve is slotted lengthwise so 
that when it engages the tapered bore of the 
inner ring it will close in and clamp the 
shaft seat with an effect equivalent to that 
poate Che of a press fit. The sleeve is withdrawn 
Oi Cup et feat | ES ‘ a Seca oM a arity ae eee 
Ww Py eating the thread on the shoulder o e sleeve. 
477, Fleatié This construction affords an additional op- 
inZm portunity of controllling internal clearance 
of the bearing to suit particular require- 
Fic, 19, Bearing with Adapter Sleeve ments. 
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ROLLER BEARINGS 


By Robert Thurston Kent 


Roller bearings are of two general types, straight and tapered. The straight bearing 
will sustain radial loads only. The tapered bearing will sustain both radial and thrust 
loads. Straight roller bearings have rollers that are solid steel cylinders, or rollers formed 
of a flat strip of steel wound in a helix. Needle bearings are one form of straight roiler 
bearings. 


1. STRAIGHT ROLLER BEARINGS 


WOUND ROLLERS.—One form of straight roller bearing made by the Hyatt 

Roller Bearing Co. uses a roller formed by helically winding into a hollow cylinder strips 
of alloy steel, which then are heat treated and ground to size. Rollers wound right and 
left hand are assembled alternately in the bearing, and held in proper alignment by a cage 
retainer. Bearings are made with both solid inner and outer races, with solid outer race 
and no inner race, and with a split outer race and no inner race. See Tables 1 and 2 for 
dimensions and capacities. The load ratings in these tables are based on a temperature 
of 350° F. For temperatures above 350°, the ratings should be multiplied by the following 
factors: 
Maximum temp., deg. F....... 350 400 450 500 550 600 
Memipryanctor i) 2, y. ccm eee 1.00 0.87 0.73 0.60 0.47 0.33 
For certain classes of service, depending on load fluctuations, shock, overloads, etc., the 
load ratings should be reduced or increased by multiplying by the following factors: 

Table 1, 0.67-1.0, agricultural equip- 
ment, trailer trucks; 0.80-1.0, hand-oper- 
z--- oe eo ated hoists; 0.80, power-house cranes; 
1.0-1.33, centrifugal extractors, electric 


“ : : aes 

motors, industrial locomotive journals and 
transmissions; 1.33, mining machinery, ex- 
n cept mine cars; 1.33-2.0, air compressors, 


hot-saws, sprayers and dusters; 1.0-2.0, 
; dairy machinery; 2.0, house lighting units; 
5.0, tractor crawler tracks. 
Table 2, 0.25, pintle bearings; 0.4—0.67, 
Fra. 1, Wound Roller Type Roller Bearing with hand trucks; 0.5-0.67, industrial car caster 
Solid Outer Race wheels; 0.80-1.0, hand-operated cranes and 
hoists; 0.67, steel mill cars, charging cars, 
ingot cars; 0.67-1.0, agricultural equipment, gravity conveyors, industrial cars, contractors’ 
cars; 0.80-1.0, hand-operated hoists; 1.33, mining machinery, except cars; 2.0-2.8, belt 
conveyor idlers, rotating shafts; 3.0, soaking pit covers; 3.0-4.0, belt conveyor idlers, 


------B----- 
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stationary shafts, For unusual conditions the manufacturer should be consulted for the 
proper load rating. 

Lubrication of wound roller bearings depends on the speed and temperature. The 
Hyatt Roller Bearing Co. gives a chart showing the range of speeds for various shaft 


Table 1.—Dimensions and Load Capacities of Roller Bearings with Wound Rollers 
With Solid Outer and Inner Races, and Without Inner Race (See Fig. 1) 
(Hyatt Roller Bearing Co., Kearny, N. J.) 


Bearings With or Without 


.7717| 2 8/16| 21/16 | 3.3465|11/g | 20] 3/g |23/y6] 3,090] 2,380] 1,740} 1,050] 660] 500] 395 
.7717} 2.3/16| 21/16 | 3.34651 19/16 | 207 3/g |23/16| 4,890} 3,710) 2,690] 1,630 |1040] 790] 615 


9685) 23/g | 21/4 | 3.5433) 11/4 | 22] 3/g |238/g] 3,880} 3,000} 2,150) 1,300] 820} 610) 475 
50 11.9685] 23/g | 21/4 | 3.5433)138/4 |.22| 3/g |23/g] 6,100} 4,700) 3,325] 2,000 |1260) 945) 740 


55 |2.1654|25/g |21/o | 3.9370/15/1¢ | 21 | 7/ig |25/g | 4,570} 3,500} 2,520) 1,525} 900} 700) 545 
55 12.1654] 25/g |21/g | 3.9370) 118/y6) 21 | 7/16 |25/g | 7,010} 5,400} 3,900} 2,300 |1460)1070} 830 


60 [2.3622] 27/g | 23/4 | 4.3307}17/16 | 20] 1/2 |27/g | 5,650} 4,340) 3,150} 1,875 }1170) 855} 655 
60 |2.3622| 27/g |23/4 | 4.3307) 115/36} 20 | 1/g |27/g | 8,350} 6,300) 4,625] 2,800 |1720)1260) 965 


70 |2.7559| 3 5/16| 33/16 | 4.9213} 15/g | 23 | 1/2 |35/y6) 7,400} 5,650) 4,000} 2,380 |1450)1020} 750 
~ 70 |2.7559| 3 5/16] 33/16 | 4.9213}238/g | 23) 1/g |35/y6| 11,400} 8,700} 6,220] 3,650 }2250)1570)1155 


80 |3.1496| 3 3/4 |35/g | 5.5118} 118/16} 23 | 9/16 | 33/4 | 9,550) 7,200] 5,110] 3,050 |1870}1240) 900 
80 |3. 1496] 3.3/4 }35/g | 5.5118}25/g | 23 | 9/16 |33/4 | 14,900] 11,250} 8,150] 4,800 |2800) 1950/1410 


90 |3.5433| 41/4 |41/16 | 6.2992|21/16 | 22 | 11/16|41/4 | 11,700} 8,800} 6,210) 3,670 |2200/1480).... 
90 |3.5433} 41/4 | 41/46 | 6.2992] 213/y6|] 22 | 11/46} 41/4 | 17,500 | 13,500 | 9,500) 5,600 |3400)2250).... 


100 |3.9370| 4 3/4 |49/16 | 7.0866|25/16 | 22} 3/4 | 43/4 | 14,600] 11,000} 7,850] 4,530 |2660)1760).... 
100 |3.9370] 4 3/4 |49/16 | 7.0866}31/4 | 22 | 3/4 | 43/4 | 22,600 | 17,300} 12,400) 7,000 |4100/2750).... 


~ 110 |4.3307] 5 1/4 |5 7.8740| 29/16 | 21.| 7/g |51/4 | 18,500 | 14,000 | 10,100} 5,700 |3280]2125].... 
110 |4.3307| 51/4 |5 7.8740|31/2 | 21 | 7/g |51/a | 27,600) 21,000| 14,800] 8,500 |4900|3180).... 


120 |4.7244]55/g |58/g | 8.4646/213/6] 21 | 15/16) 55/s | 21,000 | 16,000 | 11,300) 6,400 ]3670/2500). .. . 
120 14.7244] 55/3 153/g | 8.4646/37/g | 21 | 15/36) 55/g | 31,800 | 24,000] 17,100) 9,700 |5500]....|.... 


130 |5.1181| 61/16] 5 18/y6) 9.0551) 31/g | 21 | 1 6 1/16) 27,700 | 20,900 | 14,750 | 7,980 |4410)....]...- 
130 |5. 1181] 61/16} 5 18/16} 9.0551)41/4 | 21 | 1 61/46} 39,800 | 30,000 | 21,200 | 11,450 |6330|....).... 


140 |5.5118] 65/g |65/16 | 9.8425/31/4 | 22 |11/16 |65/g | 28,200 | 22,300 | 15,900} 8,800 |4800)....).... 
140 15.5118] 6 5/g | 65/16 | 9.8425] 43/4 | 22 |11/16 |65/g | 44,000 | 36,000 | 25,500 | 14,400 |7630)....).... 


4001: «silicate» 
150 |5.9055] 71/16] 63/4 |10.6326/31/2 | 21 | 13/16 | 71/16} 32,700 | 26,400 | 18,500 | 10,500 |5 
150 |5.9055| 71/16] 63/4 |10.6326/43/4 | 21 | 13/16 | 74/16) 46,500 | 37,500 | 26,250 | 14,950 |7750)....)..-- 


3 O00 la straints 
160 |6,2992175/g |71/4 |11.4201/37/g | 21 | 11/4 |75/g | 33,600} 28,400) 20,800) 11,300 |5 
160 |6.2992|75/g |71/a |11.4201/47/g | 21 |11/4 |75/g | 48,600 | 39,000 | 27,900 | 15,300 {7900}....|.--- 


Factors for Stationary Shafts, without Inner Races 


Bearings With Inner Races TaneeRSoes Diam. Bearings With or Without Inner Races 
Nom- Nom- aie 
inal | Mini- | inal Be Ss Load Rating, pounds, Based on Rotating Shaft. 
Nominal Out- | mum Out- | Length Rollers ae For Stationary Shafts, with Inner Races, Multi- 
Inside side | Diam. | side of Wi a ply Load Rating by 0.75. For Stationary Shafts 
Diam. of | Diam./of Shaft} Diam. | Bear- t Without Inner Races Multiply Load Rating by 
Inner Race | of | Shoul- of ing, ie Factor F below. Load Ratings Based on Life 
Inner} der, | Outer in. Diam.,| Race | of 5000 hr. 
Race,}| in. Race, No, in. : a ‘ 
mm.| in. in. in. ; Revolutions per minute 
A D F B € ‘ S 50 100 200 500 |1000) 1500/2000 
CAN.) eRSinn eee Ge Pian 1.1875} 1 6 1/4 1/9 585 500 395 265 | 185} 150] 125 
a 24| See eee eee 1.3125) 1 vf 1/4 5/8 680 570 450 290 | 200} 160} 130 
_ eS SSPE 2) ee |e, See ae 1.5625) | 7 5/16 3/4 810 675 520 345 | 240) 190} 155 
_gaSe| SAR Cea) PGCE Rp Ecnae 1.6875) 1 8 5/16 7/3 950 780 595 390 | 265} 205) 170 
a RE S| eo See 2.2500) | 7 1/g |1 1,050 885 690 460 | 310} 240) 200 
ott | Ba, Rl ae 2.3750) | 7 1/2 |11/g 1,080 905 710 475 | 325) 255) 215 _ 
25 |0.9843} 11/4 | 13/16 | 2.4409) 11/g | 11 | 7/16 ]11/4 | 2,080) 1,700] 1,300 840 | 560} 440] 355 
30 }1.1811] 11/2 | 17/16 | 2.4409) 13/16) 17 5/16 | 1 1/9 1,580 | 1,240 900 560 | 370} 280} 230 
30 |1.1811) 1 1/2g | 1 7/1g | 2.4409) 1 1/g 17 5/16 | 11/2 | 2,475] 1,940] 1,430 880 | 580} 445) 365 
35 |1.3780] 1 3/4 | 15/g 2.8346) 15/,6| 17 3/g |13/4 | 2,075} 1,620) 1,215 730 | 480} 380) 295 
35 11.3780) 1 38/4 | 1 5/g 2,8346| 13/16 | 17 3/g |13/4 | 2,950] 2,300] 1,710} 1,050} 680) 530) 420 
40 |1 5748) 2 17/8 3.1496) 1 19 3/g |2 2,520} 1,960} 1,440 880 | 560} 435) 340 
40 |1.5748) 2 17/g 3.1496} 1 3/g 19 3/g |2 3,950 | 3,080} 2,230} 1,360} 890} 670) 525 
1 
1 
I 


Brinell Hardness of Shaft 450 500 2 Bey 
~Rockwell Hardness of Shaft......... C50 C5. i 
TS OUOER Hewes writatela's clean oe attire oh sae 1.47 1.33 ibe 
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Table 2.—Dimensions and Load Capacities of Roller Bearings with Wound Rollers 
With Split Outer Race and No Inner Race (See Fig. 2) 

(Hyatt Roller Bearing Co., Kearny, N. J.) 

Rollers Load Ratings in Pounds 
Based on Rotating Shaft. For 
Stationary Shafts, Multiply Load 

Rating by Factor F Below. Load 
Ratings Based on Life of 5000 hr. 

Revolutions per Minute 
25 100 300 500 1000 


Limits for 
Housing Bore 


. Nominal 
Nonainal Outside 


Diam. 
Seek of Race, 


in. 


Bearing 
Length, 
in, 


A B BAER, Mesh OR fobs 
1/2 1 1/46 1 0. 0. 6 1/4 65 60 50 45 35 
1/p 11/16 2 0. 0: 6 1/4 155 145 125 105 80 
5/8 13/16 1 0. 0. 7 1/4 80 75 60 55 40 
5/8 13/16 2 0. 0. 7 W/4 190 175 150 130 95 
8/4 17/16 1 0.750 | 0.748 | 7 5/16 95 | 85) . 70.) j80) Dod 
3/4 17/16 21g | 0.750 | 0.748 7 5/16 275 | 250), 205 )\ 9173340 
7/3 1 9/46 1 0.875 | 0.873 8 5/16 110 100 80 65 55 
7/8 1 9/16 21/2 0.875 | 0.873 8 5/16 335 305 250 205 170 
1 1 15/16 1 1.000 | 0.997 7 3/g 130 120 105 90 65 
1 1 15/16 2 1.000 | 0.997 7 3/g 350 325 275 240 180 
1 1 15/16 4 1.000 | 0.997 7 3/3 780 730 610 530 400 
11/g 23/16 2 (125 ahel 22 8 7/16 390 365 305 265 200 
11/g 23/16 4 he EZ5a e022 8 7/16 865 810 680 590 440 
11/4 27/16 2 1.250 | 1.247 8 I/g 425 400 330 285 210 
11/4 27/16 4 1.250 | 1.247 8 1/2 950 890 740 635 470 
11/g 2 13/46 2 1.500 | 1.497 8 9/16 505 470 385 330 240 
11/2 2 18/16 3 1.500 | 1.497 8 9/16 820 760 620 530 390 
11/, 2 13/16 5 1.500 | 1.497 8 9/16 1440 | 1340 | 1090 935 690 
13/4 31/16 2 Pez5On) te can 9 9/16 580 535 435 370 265 
13/4 31/16 5 1.750) 0747 9 9/16 1650 | 1515 | 1240 | 1060 765 
2 31/o 3 2.000 | 1.997 9 5/g 1060 980 785 665 475 
Pe 31/2 5 2.000 | 1.997 9 5/g 1870 | 1725 | 1380} 1170 840 
21/4 41/4 3 2250" 20247 8 7/3 1180 | 1090 870 730 515 
21/4 41/4 6 22250) |) 22247 8 7/8 2500 | 2315 | 1850 | 1550 | 1100 
21/2 45/g 3 2.500 | 2.497 8 15/jg | 1300 | 1200 940 780 550 
21/2 4 5/8 5 2.500 | 2.497 8 15/7g | 2290 | 2100 | 1650 | 1380 965 
eh a 7 2.500 | 2.497 8 15/76 | 3280 | 3025 | 2380 | 1980 | 1385 
4 8 4 Dorset +e 9 15/16 1940 | 1775 | 1385 | 1160 790 
23/4 47/8 6 2 50a ceae 9 15/jg | 3000 | 2750 | 2150 | 1890 | 1225 
3 51/4 4 3.000 | 2.996 9 1 2100 | 1915 | 1480 | 1290 
" 845 
3 51/4 yi 3.000 | 2.996 9 1 3840 | 3505 | 2710 | 2260 | 1525 
31/2 61/g 4 3.500 | 3.496 12 11/g 2860 | 2570 | 1980 | 1650 
3 W/o 61/3 7 3.500 | 3.496 | 12 | 11/g | 5240} 4740 | 3630 | 3020 |...... 
4 65/g 4 4.000 | 3.996 | 14 | 11/¢ | 3370} 3040 | 2310 | 1885 |....... 
4 65/3 7 4.000 | 3.996] 14 | 11/3 | 6170 | 5570 | 4225 | 3460 |...... 
41o 73/g 4 4.500 | 4.496| 14 | 11/4 | 3730 | 3300 | 2510 | 2050 |....... 
3 ‘ 2050) |. saree 
41/9 73/3 7 4.500 | 4.496 14 11/4 6800 | 6100 | 4580 | 3740 |...... 
5 7 1/8 4 5.000 | 4.995 15 11/4 3940 | 3520 | 2610 | 2110)... 
5 77/3 7 5.000 | 4.995 | 15 | 11/4 | 7200 | 6400 | 4780 | 3870 |...... 
Factors for Stationary Shafts 
Brinell Hardness of Shaft....... 100 200 300 4 
Rockwell Hardness of Shaft... .. | B60 B94 C31 | cn cn as 
EVR OROP ramtetiey. «koe it oth ORE oe oe 250) 1. 43 1.0 0.715 0.527 0.408 
Table 3.—Specifications for Oil for Wound-roller Roller Bearings 
Neutralization value for all oils, 0.05 Mg. KOH gram, max. 
Speed Speed Speed 
Temp. Hich fedi és Me- S 
Range ig Medium Low High . Low Mle 
; . : dium dium Low 
eg. I. Viscosity, Saybolt Universal, Flash Point, min., 22) T 
seconds at 100° F, deg. F. Bata - 
Below 32| 145-175 | 145-175 | 265-340 | 320 | 320 pw =e 
32-150 | 265-340 | 560-900 | 560-900 | 340 | 385 aes 
150-250 | 500-1000} 500-1000} 500-1000) 425 425 a 
250-500 | 150-190*| 150-190*) 150—-190* 5.400} 54050 |. coe cell 2 sec ite nm | naan RI i ie Den 


* At 210° F. 


\ 
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Table 4.—Specifications for Grease for Wound Roller Roller Bearings 


Speed Speed 
Temp. Medium | Low Medium | Low For All Greases 
oe Viscosity of Mineral 
wD Soap, percent Oil, Saybolt Universal, | Free fatty acids, 0.2%, max. 
seconds Uncombined lime, 0.10%, max. 
Balows32e |h eee 584m 4] Soy. 275-325 | Water, 1.0%, max. 
32-150 5-8 | 9-12 275-325 475-525 Sand, silicate or grit, 0.02% max. 


diameters, by which a bearing can be classed as low, medium or high speed. From this 
chart the following figures are taken: 


Shaftdiam in: Wess... eee Loe Noo) ae Oe OmmS | 10 
Low Speed, max.r.p.m... 865 755 570 420 310 250 200 165 145 120 90 72 
Medium speed, max. r.p.m 3140 2820 2295 1875 1535 1245 1030 785 645 535 380 325 


Tables 3 and 4 give the specifications for oil and grease for these bearings, as recommended 
by the maker. In general, the lightest oil that’ will stay in the housing should be used. 
Lubricants heavier than light liquid grease are inadvisable, but when their use is neces- 
sary, speeds should be under 300 r.p.m., with temperatures between 50 and 100° F. 
SOLID ROLLER BEARINGS.—‘Solid roller bearings com- 
prise a series of solid cylindrical rollers confined between inner ‘1 
and outer raceways, and held in position relative to each other 
by cages or spacers. The inner raceway frequently is grooved 
to prevent endwise movement of the rollers. In some cases 
the inner raceway may be the shaft or spindle itself. The 
outer raceway may be a plain ring. The rollers then are free to 
move endwise across the face of the raceway, thus permitting 
endwise movement of the shaft, or the outer raceway may have Fie. 2. | Wound Roller 
a single lip or two lips, forming a groove in the raceway, thus 7Y Pe le Bearing with 
- ; plit Outer Race 
locating the shaft endwise. The outer raceway may be turned 
to the surface of a-sphere, and enclosed in a ring with a spherical interior surface, 
making a self-aligning bearing. Various forms with their dimensions are shown in 
Table 5. Table 6 gives dimensions and shows the form of lock nut and lock washer 
for fastening the bearings to the shaft. ' 


2. NEEDLE BEARINGS 


NEEDLE OR QUILL BEARINGS.—Needle bearings are straight roller bearings 
in which diameter of roller is not over 1/g X roller length. Separate outer and inner race- 
ways may be used, or the inner raceway may be the shaft and the outer raceway integral 
with the structure. These bearings are used where high load-carrying capacity is required 
in a small space. Load-carrying capacity depends on hardness of the raceways and 
rollers. Bantam Ball Bearing Co. recommends a hardness, Rockwell C scale, of 56 to 60 
for rollers, and of 58 to 60 for raceways. For hardness of less than 58-60 of either race- 
way, the rated load should be multiplied by the following factors: 

Rockwell hardness, C scale.......... 60 58 56 54 sy) 50 
Rated Load PAChORaewaewcl Meberers iellele recs on 1.00 0.96 0.91 0.81 0.70 0.50 

The following formulas may be used in the design of needle bearings: Let L = rated 
safe load on bearing, lb.; D = diam. of shaft or inner raceway, in.; Dp = pitch diam., in.; 
d = diam. of roller, in.; 1 = effective length of roller, in.; C = circumferential clearance on 
pitch diameter; S = speed of bearing, r.p.m.; for oscillating bearings S may be taken as 8; 
K =a constant (Table 7). Then _ 

L=(10000Na/YS. . . (1; N=xD+a/a.... [I 

Dp = Kd -- (C/m) 5 os 6 oo EIR 2a Sree Ped ee 41 

C ranges from a minimum value of 0.0001 in. per roller to values of greater than d. For 

rotation, C should be increased with N by 0.5d when N = 20 to 0.9 d when N = 50. 
For oscillating motion, C may be kept close to minimum values. 

An approximate value of N is found by assuming D and d. The value of K corre- 
sponding to N then is taken from Table 7 and Dy calculated (formula [3]); the maximum 
value of D then is found by formula [4]. Diametral clearance should be subtracted from 
the value of D so found. Bantam Ball Bearing Co. recommends the following 


bgy=—= 


eae a 
\ 


; A 4 or 
(SiNnymObknenyy Wily 4 6 sesame Oo Oooo eooc OU up to 2 2-4 4 
Diametral clearance, in., Min...........--. 0.0005 .0010 suis 
Diametral clearance, in., MaX.......-.+++5 0.0015 .0020 .0025 


(Continued on p. 138-89) 
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LOAD CAPACITIES OF ROLLER BEARINGS 


“Ajao od 44 prvpueyg » 


“as Treas OE Ie pe Ga ea acca oe ae oe AVL au le eee Ol eee a *008'71 |xOZI'9L |x096°L7 «97786 |x811S°S |x0F1 
25 O88 > a +0060 |xOZZ‘EL |xOSP‘EZ |x81 | ¥9T/ct *1950°6 |xlSl1°S | x0€l 
= RE ES EES OES ene ee Wala eed eee “71 g9g%  |OOT'Z) -1x008°02 x8! /t riba be See es 
Bee i el OEE SD 979F'8 | ¥S9'1 | €1 V/¢ wea aoe aN OO ELL 0L7'6 ose‘sl | 81 V/g OrZg°Z | LOEE*y | OLI 
‘moe =| 0c01r 0905 7965 '£ | Lip lL | Sl 8/g Ss iliac achann OG OnS 005‘Z ocs‘ZI | 02 8/g 9980°L | OLE6°E€ | OOL 
“sel gez‘e | 0L0‘r O118°9 | O9Z'L | FL | 9/6 Easel OCLC 0694 016'S OOl‘Ol | 61 9T/6 76679 | E€PS'E | 06 
me OSG. c | Ole 6506'S | ZOl"l | +1 Gare We a AIOE GG 019‘E 05S‘ 06L‘L 81 et B11S'S | 96r1€ | 08 
OZL1 | ozo‘ | oss‘z OGlerG eeCO le kh | Oe We 08a 0L8'7 079'€ 0819 8! OT /y €176'b | 6SSZ£°7 | OL 
06€! | 06S‘1 | 010'7 pyTL y | 96° | SI 8/g OSE! | OFL‘I 061 ‘7 0927 OZLb 81 8/e LOEE'y | ZZ9E'T | 09 
OLTI | OSr‘t | O78‘I LOEE’y | 906° | €1 8/e O0€! | OF9‘L 0L0‘Z 0197 OSt'r Ll 8/g OLE6'€ | PSOL*Z | GS 
Ost! | Ose’! | OOZ‘I OLE6°€ | 998° | ZI 8/g O€ZI | OFS‘I 066'l 0Sr'Z 061 ‘r 91 8/e €ers'€ | $896'1 | 0S 
OSOl | O1Z‘'L | OzS‘I ZOVL € | L78° I 8/g OL0I | OSE‘! 00Z‘I 0517 0L9°E rl 8/e cove € | LILL 1.) Sb 
0€6 | 090'l | OvE'l €ers € | L8L° LI 8/e 0z6 =| O91‘! 09r'l Org‘! Ost'€ ral 8/g 96r1€ | BFLS'1 | OF 
09£ | S98 060'L 96rF1 € | BhL’ 11 | 9F/¢ OLL | SL6 0771 Ors‘! 0F9'7 rl 9T/g LyEs 7 | OSLEl | SE 
599 | S9L 096 ZLL9'T | 60L° | Ol | %/g 099 =| SEs 050'1 0zE'l 0977 ral 9T/q Olpy'Z | LIS 'l | O€ 
Osh | SIS 0s9 Gest Zz | 699° | Ol v/T Shy | S9S OIL 668 0€s‘l ral v/T €LyO'7 | €486" cz 
06€ | Shr 096 9980°Z | 0€9'0 | 6 v/T OLE | OLY 066 Sbl OLT‘I 01 v/T 70581 | PZ8Z° 0Z 
S| OC cad re or lee hens Niet ernaesiaier HOG MOOS, S96 «094 *06L «01 | #9T/e *xOSZE"1 |xS06S° | ¥S1 
AES hes tes aera 5 pe ee ee its poe vores CO [aG€Z +967 xOLE *0€9 «8 x9T/¢ «L181 1 |*Z6€0°0 | x01 
salIEg FqSVT 
SSS EG > a SEE aT GE —s >= epeg'ez [ed08GC 1x0560S [xsl fel Iwlph'@ lx0ll@ 1llaglis6 | OPI 
PNB ta realex peal meauaon |e tewe OR NA er css rita cole ngaor’ Walzer” lel leh. eel w/t 1 lasez’z le9€Z0'Lllel@il'¢ | O€l 
she ee eae acne oi] RO ictal Ie Bee Scag ert al isae tail ne ie v-s-Locrst leoce'ee. (07786 (491 s8/t1 (e691 cz laz9ez‘Ollebozz'> | OZt 
Seereris ooo °F BOE El | OLE'91 | OL98C) ¥OE0 OL) 971 Cc. |.OL 8/t | ee OcsaG il || OOS le (Orr -eSe i FL 8/L1 | 6961 | 88hh'6 | LOEE'y | OLL 
“ss*"! g6c'g | O€8‘Ol | OS9‘EL | OEE'EZ | 1550°6 | 800'Z | Ol [ile meet eameeien el OS9 | Ocome |e0Gc Lc | hk 1 | 0S8'1 | 9F9%"8 | OZE6"E | OOL 
“*"*"1 60'Z | OF6'S | O9Z'II |] O9Z'6I | 17662 | OSB'1 | II oi eaten ey eee a OG LION (OS lee WOW leet | SA 8/1, €69'1 | €08h'L | EErS'€ | 06 
"rss"! gzg'g | ogo'z | 0€6'8 | 097'SI | LyO7 LZ | FIO I | TI Wie | ****} 06r'9 021'8 OoE'Ol | O19'ZI | SI V/¢ GES’ | | 6769'9 | 96rL'€ | 08 
panuyuoj—selleg WNIpa|y 

“q] ‘peo, ‘arg | Ur‘ |-onr a ach “QI ‘POT “ON beat ‘d “Ul ‘ul “ur ocaaed 
000 | o00z | 0001 | oos | oor | “™eIC | ‘TIPIM wid | ooor | oooz | ooo! | oos | ool WG | Og) Wap tiara 

“ur da ‘paadg TR294O [TTP1240 | saazfoxy ‘ur'd'a ‘peedg SOTO. UIPLM | ePIsNO i Aoaiesehs b 


ssuLIveg Juusipy-jjeg puv peddry-z 


sdulveg peddry-| puv prvpuryg 


(uu0g ‘proyureyg “diop sBulveg UeUyOP]-VUIION) 
paenuyuoj—'ssullveg JoyJoOYy piyog jo soljioedeg peo] puv suoisuemiq—g sjquy, 


sedAy, [[y—Ssuoisueultqd 


13-88 


Table 6.—Dimensions of Lock-nuts and Lock Washers, and Shaft Machining Dimensions 
(Norma-Hoffman Bearings Corporation, Stamford, Conn.) 
All dimensions in inches 


BEARINGS 


Nominal i 
Shaft Diam., Threads Keyway 5 g = Lock-nut 
A ae "eA. ie 
69 Qa ae ee a = 
ays al.. |. | SE 184) . | Sales 1s pee 
mm.| in (Eee |S2/2 1/2 |3¢lseld |32|) 812 | 33 
apes a oo |v = 0 = Ss <S yee = Oo 
62 goon | BS ae pee lee pas Lees pe ee 
10 |0.3937| 0.391 | 5/16 11/39| 1/8 1/jg 0.032 | 5/16] 3/4 | V8 Wig | 7/32 32 
15 | .5906] .586] 15/32] 7/16} 1/8 5/64 042) Yeo j1 1/g Wig | 5/16 32 
20 | .7874| .781 2 Wo | 3/ig | 5/64 | .042 | 22/39) 138/g | 3/16 | 3/32 | 3/8 32 
25 | .9843| .969| 17/32] 9/16] 3/16 | 3/32 050 | 7/g | 19/16} 3/16 | 3/32 | 18/32 | 32 
30 |1.1811] 1.172} 17/39 | 9/16 | 3/16 | 3/32 | .050 | 11/16 | 13/4 | 3/16 | 3/32 | 18/32) 18 
35 11.3780] 1.375] 9/16 19/39| 3/yg | 3/32 | .050 |] 11/4 | 21/36] 3/16 | 3/32 | 7/16 18 
40 |1.5748) 1.562] 9/16 5/g | 5/16 | 3/32 | .058 | 115/39) 21/4 | 1/4 3/32 | 7/16 18 
45 |1.7717| 1.766] 9/16 21/39} 5/16 | 3/32 | .058 | 111/j6) 217/39) 1/4 3/32 | 7/16 18 
50 |1.9685| 1.968] 5/g 23/30} 5/16 | 3/32 | .058 | 17/g | 21/46) 1/4 3/32 | We 18 
55 12.1654] 2.156] 5/g 23/39| 5/16 | 3/32 | .0625| 21/6 | 231/32] 1/4 1/g 1/2 18 
60 |2. 3624] 2.359] 21/32 | 3/4 | 5/16 | 3/32 0625] 21/4 | 35/32 | V4 1/3 17/32 | 18 
70 |2.7559| 2.750} 1/i6| 27/32) 5/16 | 3/32 | .0625) 25/g | 35/g | 1/4 I/g 9/16 18 
80 |3. 1496) 3.141] 3/4 7/8 3/8 1/g ye) 45/39 | 3/g V/g 19/39 11 
90 |3.5433) 3.531] 7/g 3/g 1/g .094 | 33/g | 421/39) 3/8 5/32, | (Wig } 11 
100 3.9370} 3.922] 15/36} 11/g | 3/8 1/g .094 | 325/39] 5 3/16 | 3/8 5/32 | 3/4 II 
110 |4.3307| 4.328] 1 13/36 | 3/g 5/39 .125 | 43/16 | 5 28/39] 1/2 3/16 25/39 11 
120 14.7244] 4.719] 11/39 | 17/32 | 3/8 5/so | .125 | 49/16 |.61/g | Ie 3/16 | 18/36 | 11 
130 |5.1181/ 5.109} 13/32 | 15/16 | _ 1/2 5/30 | .125 | 415/16] 63/4 | 5/g 1/4 7/3 1 
Table 7.—Values of K 
N K K N K N K K 
3. 236036 7.661074 11.791250] 51 | 16.243850] 64 | 20.380089 24. 836174 
3.549509 7.978935 12.109316] 52 | 16.561564] 65 | 20. 697669 25. 153708 
3. 863689 8.296583 12.427348] 53 | 16.879250] 66 | 21.015224 25.471218 
4.178586 8.614006 12.745348] 54 | 17.199862] 67 | 21.336424 25.788702 
4.493978 8.931192 13.064441] 55 | 17.517599] 68 | 21.654949 26. 106171 
4.809773 9.248982 13.381251] 56 | 17.835304] 69 | 21.972565 26. 423612 
5.125839 9.566632 13.699154] 57 | 18.152981 | 70 | 22.290153 26.748188 © 
5.442316 9.884511 14.017024}] 58 | 18.470632] 71 | 22.607719 27.065753 
5.758710 10, 202520 14.334862]} 59 | 18.788252] 72 | 22.925264 27. 383306 
6.075626 10.519702 14,660235] 60 | 19.105846] 73 | 23.242782 27.700831 
6.392635 10, 838034 14.972682] 61 | 19.427555] 74 | 23.560273 28.018339 
6.709479 11. 156268 15.290520] 62 | 19.744845] 75 | 23. 883449 28, 335836 
7.026733 11.474469 15, 608326] 63 | 20,062479] 76 | 24.201045 28. 653295 
A. 926103 518626 


Minus 

Max Toler- 
Diam ance 
0.0627 |0.0004 
.0627 | .0004 
0939 | .0004 
0939 | .0003 
.1250 | .0002 


Table 8.—Dimensions of Rollers for Quill Bearings 


0.395 
. 666 
.489 
.975 
.750 


(Bantam Ball Bearing Co., South Bend, Ind.) 
All dimensions in inches 


Minus Minus Minus Minus 
Toler- ae Toler- Max. Toler- Max. Toler- 
ance aa ance Length ance | Diam. | ‘ance 
0.020 70.1582 |0.0002 | 1.015 | 0.015 J0.3125 |0.0002 
.020 1875 | .0002 | 1.000 010 } .3750 | .0002 
.010 2182 | .0002 | 0.755 .020 | .5000 | .0002 
.020 2500 | .0002 | 1.250 .015 | .7500 | .0002 
.020 2502 | .0004 | 1.750 .010 41.0000 | .0002 


Max. 
Length 


2.500 
3.250 
4.500 
6.500 
9.000 


Minus 
Toler- 
ance 


0.020 
. 020 
. 020 
.020 
.020 
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Bore of outer raceway = Dy, + d+ diametral clearance. The manufacturing tolerance 
of the outer raceway should be + 0, — 0.0005 in. 

Table 8 gives standard sizes of rollers for quill bearings. Several rows of rollers may 
be placed in one bearing to obtain the necessary length of roller. The rows should be 
separated by hardened and ground retaining rings. Longitudinal clearances of from 0.010 
to 0.030 in. are required for each set of rollers. 


38. TAPERED ROLLER BEARINGS 


The principle of the tapered roller bearing is essentially a construction of the rolling 
members and raceways on the elements of a cone, so that lines coincident with the work- 
ing surfaces of rollers and races all meet at a common point on the axis of the bearing. 
See Fig. 3. True rolling motion thus is obtained, and the bearing will handle radial or 
thrust loads or any combination of them. The essential parts 
are an inner raceway, or cone, an outer raceway or cup, 
tapered rollers, and a cage or roller retainer, Fig. 4. The 
accompanying tables of dimensions and capacities are selected 
as representing the more generally used bearings. Data regard- 
ing other sizes and types may be obtained from manufacturers. 

THE STANDARD BEARING is made in three basic series, 
namely heavy, medium and light. These are established by 
maintaining fundamental 
relations between the vari- 
ous components of the 
bearing. The standard, or 
heavy series, has wide 
races and long rollers; the 
light series has narrow 
races and short rollers; 
the medium series is an yg 3. Basic Principle of Tapered Fic. 4. Standard Single-row 
approximate mean _ be- Roller Bearing Tapered Roller Bearing 
tween the other two. See 
Table 9. The standard type of bearing is a general service bearing. It is widely used 
in automotive vehicles, machinery, farm implements, mining machinery, etc. 


Table 9.—Dimensions and Load Capacities of Standard Single- 
row Tapered Roller Bearings 


(Timken Roller Bearing Co., Canton, Ohio) 


Heavy Series Medium Series Light Series 
Load rating, Load rating, Load rating, 
Bore Dimensions, in. Ib., at Dimensions, in. lb., at Dimensions, in. lb., at 
500 r.p.m. 500 r.p.m. 500 r.p.m. 
A B (@ Radial| Thrust B C Radial|Thrust| B C | Radial|Thrust 
Oo SV/Ss [RAR < BG Sots alld do.s ens [Beno ces ARPurenserel| ARPS cena Sneaeiceart lessee 1. 259510.394 255 205 
«SLUM | ee pene (eel) Sara raced (Cee | Cenc) (eeeaciciees Inara Lodo 493) 290 255 


.625 | .5625)} 490 300 
.8504) .5662| 580 405 
047 | .591 610 480 
3125) .750 | 1010 650 
7200) 8025) W115 770 
Mle eae S13" 1065 800 
.844 | .8125) 1165 920 
.000 | .8125| 1330 | 1045 
. 1496} .8268) 1720 925 
3464] .8125) 1800 | 1080 
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THE STEEP ANGLE’ BEARING, Fig. 5 is used in power take-offs, ‘worms and 
bevel gear shafts, etc., where the thrust load predominates, although there is an appre- 
ciable radial load. It is similar to the standard bearing except that the angles of both 
the raceway and rollers are quite steep. See Table 10. 

FLANGED CUP BEARINGS, Fig. 6, are used where extreme precision is required 
as on machine tool spindles. The bearing housing is bored straight through, and a seat 
faced at right angles to the bore. This face provides a backing for the flange of the cup. 
This bearing also is used where there is insufficient space for conventional bearing-mounting 
methods, and where the housing is of manganese steel or other material difficult to machine. 
Table 11 gives dimensions and capacities. 

MULTIPLE ROW BEARINGS provide maximum load carrying capacity in small 
space, resist thrust loads from both directions and maintain a precise and rigid mounting 
or a floating assembly as desired. They are made in several types as follows: 

Two-row Double-cup Single-cone Bearings, Fig. 7. Three assemblies are pos- 
sible. 1. A spacer is introduced between the cones to establish the set-up or running 
clearances at the time the bearing is assembled. 2, The cones are butted together, thus 


ee 
! 


e----C----—3 
| €---E---> | 


! 
+ 


Fie. 5. Single-row Steep 
Angle Tapered Roller 
Bearings 


k----B----s! 
! ! 


je - --—=-B--——-- 


Fia.6. Single-row Flanged- 
cup Tapered Roller Bear- 
ings 


Fie. 7. Two-row Double- 
cup Single-cone Tapered 
Roller Bearings 


Fic. 8. Two-row Double- 
cone Single-cup Tapered 


Roller Bearings 


Table 10.—Steep Angle Tapered Roller Bearings—Single Row 
(Timken Roller Bearing Co., Canton, Ohio) 


Dimeieions Saree Load Rating, lb., | Dimensions, in. Gig. 5) Load Rating, lb., 


at 500 r.p.m. at 500 r.p.m. 

A B G Radial | Thrust A B a Thrust 
0.750 2.125 0.875 1020 1185 1,500 3. 4843 1.000 2700 
. 875 2.5625 .875 1125 1635 1.750 3.750 2.2187 3115 
1,000 2.6875 .875 1125 1635 2.000 4.375 1.1875 3980 
e125 2.8593 . 9687 1535 1815 2.500 peas 1.4375 6780 
1,250 B25 1.000 1710 2240 3.000 7.000 2.1875 9770 


Table 11.—Dimensions and Load Capacities of Flanged-cup Roller Bearings 
(Timken Roller Bearing Co., Canton, Ohio) 


Load Rating, lb., 
at 500 r.p.m. 


Dimensions, inches. (Fig. 6) 


A B E Thrust 
3.6250 6.0000 1.1875 6, 4,265 
3.7500 6, 2500 1.1875 6. 5,600 
3.8750 6.3750 1.0313 6. 4,710 
4.0000 7.1250 1.5000 rhs 5,740 
4.0000 7.5000 1.7500 7 6,820 
4.2500 8.3750 2.1250 8. 7,820 
4.5000 7.5000 1.3750 re 6,880 
5.0000 8.5000 1.3750 8. 8,790 
5.0000 9.2500 1.9375 9. 9,670 
5.5000 9.5000 1.7500 Mh 10,375 
5.7500 10.0000 1.8750 11,495 
6.5000 11.3750 1.8750 15,000 
7.5000 12,5000 1.8125 


18,125 
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establishing the proper running clearance. 3. No cone spacer is used and the proper 
clearance is obtained by some form of adjusting device. Types 1 and 2 usually are pre- 
ferred if quick removal and replacement of bearings is necessary, or if operating conditions 
do not necessitate take-up after a long period of service. With this type of bearing, shaft 
expansion is provided for by locking the cone in position and permitting the cup to float in 
the eae, The opposite end of the shaft usually is fixed in 
position, and movement is confined to one end. Both conven- KCWIHAK SHAG 
tional and steep-angle assemblies are possible with this bearing. AW ae) 
See Table 12. " LLL ZZ 
Two-row Double-cone Single-cup Bearings, Fig. 8, are used 
when the capacity of a two-row bearing is required, with a - 
simpler mounting than two standard single-row bearings. They 
also are used on the fixed end of a shaft when allowance must 
be made for shaft expansion. The bearing used on the opposite jj 
end then usually is a floating double-cup unit. See Table 13. 
Four-row Bearings, Fig. 9, are used where maximum PF 
capacity is required in a limited space, as in rolling mills, a TR he 
cement plants, rubber mills and other units which develop 
extreme pressures. It comprises four sets of rollers. The arrangement is similar to two 
double-cone bearings set side by side with a double cup carrying the load from the two 
inner sets of rollers and a single cup carrying the load imposed on the two outer sets of 
rollers. Spacer rings are recommended in all applications. Manufacturers should be 
consulted regarding application of this type of bearing. 


NOLL ZZ 


Table 12.—Dimensions and Load Capacities of Two-row Roller Bearings, Double Cup, 
Single Cones 


(Timken Roller Bearing Co., Canton, Ohio) 


Dimeasions, im. fie 7 ieee: Dissensiods; th: Gig: 7) wee 

A B ¢€ Radial | Thrust vA B C BE Radial | Thrust 
1.2500 | 2.7500| 2.6250 3,430 | 920 | 6.0000\12. 1250| 7.8750|5.7500| 44,920) 14,360 
1.5000 | 3.1510] 1.8125 2,660 | 1,045 | 6.5000/11.3750| 5.6250/4.3750| 32,700| 15,000 
1.7500 | 3.5480] 2.0000 3,600 | 1,080| 7.0000/11.2500| 5.3750|3.6250| 24,720] 10,500 
2.0000 | 3.6718] 2.5625 5,380 | 1.785 | 8.0000/12.5000| 5.00003. 5000] 24,040] 7,390 
2.2500 | 3.9370] 1.9375 3.910 | 1.355 |-9.0000|14.0000| 6.00004. 3750| 40,480| 13,105 
2.5000 | 4.8750] 3.1250 8,280 | 2.815 |10.0000|16.6250| 7.0312|5.5000| 56,380] 18,370 
2.7500 | 5.0000| 3.1875 8,620 | 3.070 ]11.0000| 18. 5000| 7.8750|5.8750| 73,020] 27,035 
3.0000 | 6.0000] 3.7500 111390 | 41545 |12.0000|17.4980| 6.0000|5.0000| 42,660] 15,800 
4.0000 | 7.1250| 4.1250 15,200 | 5.740 ]13.0000| 19.0000 5. 2500/3. 5000] 32,200] 15,815 
4.2500 | 6.2500] 2.1250 5,020 | 2.980 |14.0000|19.0000| 5. 2500/3. 5000| 32,200] 15,815 
4.5000 | 7.5000| 4.1875 16,890 | 6.880 |16.0000|22.6250| 5.9375/3.9375| 50,740] 24,735 
4.7500 | 9.8750| 4.8750 24/860 | 10.330 |18,0000|28.7460|10.0000|7.0000| 58,520] 61,000 
5.0000 | 9.2500| 5.6250 26,700 | 9,670 }20.0000|29. 0000 7.3426/4.5000| 98,900] 45,950 
5.5000 | 9.5000] 5.1875 23,940 | 10,375 


Table 13.—Dimensions and Load Capacities of Two-row Roller Bearings, Double Cone, 
Single Cups 


(Timken Roller Bearing Co., Canton,. Ohio) 


Load Rating, Load Rating, 
Dimension, in. (Fig. 8) lb., Dimension, in. (Fig. 8) lb., 

ot 500 r.p.m. at 500 r.p.m. 
A Ba s- °C: D_ |Radial|Thrust A B Cc D Radial Thrust 
1.4375 | 2.6875)1.4492}1.5000} 2,000 870] 8.0000]12.5000} 5.2500) 5.2500) 35,340 18,125 
Ws 2. 1875|1.3750|1.2500] 2,070) 1,070} 9.0000/14.0000} 4.7500) 4.7500) 40,480 13,105 
76 3.671811. 9690|2.0940] 3,750} 1,245}10.0000) 14.3720) 3.6500) 3.6560; 26,820 9,540 
a 5. 5130/2. 6020/2.5980| 7,990] 6,780}11.0000)18. 5000} 6.6875) 6.5625) 73,020 27,035 
3) 6. 3750/4, 0000/4. 2500] 14,630] 4,890]12.0000)17. 2500} 4.7500) 3.8750} 29,280 12,580 
os 7. 5000) 4. 6250/5. 0000] 20,800] 6,820}13.0000)19.0000; 4.1250) 3.7500 32,200 15,815 
4, 7.5000} 4, 6250/5. 0000] 20,800] 6,820}14.0000)20. 2500} 5.0000) 4.3750 46,360 20,015 
4, 9. 2500/5. 5000/6. 0000] 26,700} 9,670]16,0000)22. 6250) 5.1563) 4, 5000 50,740 24,735 
55 1. 6250|5. 8750/6. 2500] 43,760] 17,080]18. 0000/33. 9960) 14. 5000}14. 5000 309,600 | 109,350 
5. 8. 7500) 2. 3850/2. 1250) 10,430] 4,470}20.0000|33. 0000/10. 5000 10.5000) 207,200 97,410 
6. iy 4, 4 31,910) 10,420}26. 0000] 42.0000) 12. 6563) 12.2812 389,125 | 118,370 
th is 6. 6 32,700) 15,000)30. 0000) 48.0000) 15.6250) 15. 2500} 534,200 | 186,500 
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Table 14.—Variation of Capacity with Speed of Tapered Roller Bearings. 
; (Timken Roller Bearing Co., Canton, Ohio) 


Se ee nr 
R.p.m.| F |R.p.m.| F  |R.p.m. F R.p.m.| F R.p.m.| F R.p.m.| F R.p.m.|) F 

100 | 1,621 1.166} 500 |1.000 900 10.838 | 1300 |0.751 | 2000 |0.660 | 3500 |0.558 
150 | 1.435) 350 |1.113] 600 |0.947]} 1000 | .812] 1400 .734 | 2250 | .637 | 4000 | .536 
200 | 1.317) 400 |1.069} 700 | .904] 1100 | .789 | 1500 .719 | 2500 | .617 | 4500 | .517 
250° 1.231 1.032 869 | 1200 | .769 | 1750 | .687 | 3000 | .584 | 5000 | .501 


Thrust Bearings to withstand thrust loads only 
without radial loads are shown in Fig. 10. 

a SS 4 LOAD FACTORS FOR TAPERED ROLLER 

NS NJ BEARINGS.—The load meee ite tapered ae 

bearings as given in the tables can converted to 

a eee re anos nore at speeds other than 500 r.p.m. by applica- 
tion of the factors given in Table 14. 

Life and Service Factors.—The rating of the bearings given in Tables 9 io 13, are 
based on a life expectancy of 3000 hours of service. For longer life, the loads given in the 
tables must be reduced by an appropriate factor. Also for certain classes of service 
involving shock, inequality of loading, intermittent operation, etc., the load rating must 
be modified by an application factor. The two factors are combined in a service factor 
by which the rated load should be multiplied as follows: 0.8, steel mill machinery; 0.67, 
belt drives, farm tractor transmissions, gas or oil engines for farm use, gear reduction 
drives, I-beam trolleys, railway section cars, shop trucks and trailers; 0.57, automotive 
wheels and differentials; 0.50, dough mixers, elevators, industrial steam engines, fans and 
blowers, farm machinery, except tractor transmissions, garage compressors, glass making 


= ———E—Ee 7 
B 4 


Design No. 3 Design No.4 Design_No.5 


(b) 
Fie, 11. Timken Lock Nuts 


machinery, grain milling machinery, highway trailers, I-beam cranes and hoists, ice- 
making machinery, laundry machinery, leather working machinery, locomotives, mine 
and industrial, logging engines, machine tools, pulverizing and screening equipment, 
pumps, deep-well and fire, railway car drives, road building machinery, saw mill and 
woodworking machinery, stokers, textile machinery; 0.4, special motors and generators; 
0.33, air compressors, clay working machinery, dredge pumps, printing machinery, rubber 
machinery; 0.25, paper mill machinery and pumps. 

METHODS OF MOUNTING TAPERED ROLLER BEARINGS.—Fig. 11 shows 
various methods of mounting tapered roller bearings. Design 1 is for those cases where 
the maximum possible shaft extension diameter is desired. In Design 2 it is possible to 
use a smaller size nut than in Design 1, and yet have the necessary cone backing. Design 3 
uses a single lock-nut and tongued washer to clamp another member through the cones. 
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Table 15.—Shaft Lock-nuts and Washers for Tapered Roller Bearings 


See Fig. 11. Thread tolerances and fitsin accordance with A.S.A. coarse-thread 
series, medium fit, Class 3. 


(Timken Roller Bearing Co., Canton, Ohio) 


Shaft Dimensions, in. 


Length |Width| Depth! Max. 
Thread of Full of of Diam. Lock 


Lock-nut Dimensions, in. 


Outside 


Outside Width, | Threads| Diam. of 
Diam. B C See Taek! Threads, Length, Depth of | Key- | Key- | of Shaft, Washer 
w\ E Keyway,| way, | way, |Extension Thickness, 
vox oun ne 0 ee H a in. 
3/4 7/39 32 0.391 19/39 19/32 | 1/g | 3/32 | 5/16 | 0.04 
2 
7/8 2/16 32 469 25/39 25/32 | Ig 3/39 15) 042 
‘ /16 32 - 586 13/16 18/16 | 1/8 3/39 1/9 058 
\ is 11/39 32 . 664 7/3 7/3 V/g 3/39 9/16 058 
13/g 3/g 32 781 29/39 29/39 | 3/16 | 3/39 23/39 042 
13/16 13/39 32 969 1 1 3/16 | Ig 7/3 062 
13/4 13/39 18 ee Sa (oa 1 Sig alate baiae 062 
21/16 7/16 18 1,376 11/16 11/16 3/16 | 1/8 11/4 058 
21/4 7/16 18 1.563 11/16 11/16 5/16 | 1/8 1 15/39 072 
2 17/39 7/16 18 1.767 11/16 11/16 5/16 | 1/8 1 11/76 072 
211/16 1/9 18 1.968 13/16 13/16 5/16 | 1/8 17/s 072 
2 21/39 1/9 18 SUEY | 13/16 13/16 5/16 | 1/8 21/16 072 
3 5/39 17/39 18 2.360 1 9/39 1 9/39 5/16 | 5/32 21/4 082 
3 3/g 9/16 18 2.548 1 11/39 111/39 | 5/16 | 5/32 27/16 082 
35/8 9/16 18 2.751 1 11/39 111/39 | 5/16 | 5/39 25/3 082 
37/3 19/39 12 2.933 1 13/32 1138/39 | 5/16 | 3/16 2 25/39 095 
45/39 19/39 12 S137, 1 18/39 118/39 | 3/8 3/16 095 
4 13/39 5/3 12 3.340 1 15/39 115/32 | 3/g 3/16 3 3/16 095 
4 21/39 11/16 12 3.527 15/g 15/g 3/8 7/32 3 3/g 125 
415/16 23/39 12 3.730 1 11/y6 1 11/16 3/8 7/39 39/16 125 
53/16 3/4 12 3.918 1 38/4 13/4 3/8 7/32 3 25/32 125 
5 7/16 3/4, 12 4,122 13/4 13/4 3/g | 7/2 | 315/16 125 
5 23/39 25/39 12 4.325 1 13/16 118/jg | 3/g 7/32 43/16 140 
6 1/g 13/16 12 4.716 1 29/39 129/32 | 3/g 1/4 49/16 165 
6 3/4 7/3 12 5.106 21/39 21/32 | We | Ya 415/16 165 
7 3/39 1 3/16 12 5.497 2 21/39 221/39 | 5/8 1/4 5 5/16 165 
71/16 11/4 12 5.888 -| 213/16 2138/16 | 5/8 9/32 5 23/39 203 
8 1/16 1 9/39 8 6.284 27/8 27/8 5/3 5/16 61/16 203 
8 21/39 1 11/39 8 6.659 3 3/4 5/16 67/16 203 
91/16 1 13/39 8 7.066 3 1/g 3V/g 3/4 5/16 67/3 203 
9 15/39 1 13/39 8 7,472 3 1/8 3 1/g 3/4 5/16 71/4 203 
9 27/39 11/9 8 7.847 3 5/16 3 5/16 7/3 5/16 75/3 203 


A small spacer is necessary between the front face of the cone to prevent interference by 
the washer with the bearing cage. The diameter of the spacer must be such as to provide 
cage clearance. In Design 4 the nut should provide sufficient backing to clamp the 
assembly solidly. Design 5 is a typical automotive application. A hardened tongued 
washer is used between the inner nut and cone face. The length of thread and keyway 
must be increased by the thickness of the hardened washer. Table 15 gives dimensions of 
lock-nuts and tongued washers. For data concerning the theory of tapered roller bearings 
and their application to various services consult the Timken Engineering Journal published 
by the Timken Roller Bearing Co., Canton, Ohio. 

LUBRICATION.—Table 16 gives the specifications of lubricants recommended for 
tapered roller bearings by the Timken Roller Bearing Co. In general, bearings less than 
6 in. outside diam., operating at speeds of less than 1000 r.p.m., without unusual conditions 
may be lubricated with a lime or soda base grease of medium consistency. With moisture 
present, only a lime base should be used. For speeds above 1000 r.p.m., oil is more sat- 
isfactory, but grease may be used on the smaller bearings. Grease is recommended for 
bearings over 6 in. outside diam. only up to 500 r.p.m. High-speed bearings are best 
lubricated with light oil and a drop feed or wick system, with provision to drain excess oil 
to avoid heat due to churning. The drain should be so located that the lowest point of 
the bearing is not immersed more than 1/g in. A circulating oil system is recommended 
for conditions of extreme heat. For unusual conditions, advice as to lubrication should 
be obtained from the makers of the bearings. 

For general machinery applications, grease should be compounded from a high grade 
soap and a refined mineral oil, free from acid, alkali, and fillers that would tend to score the 
bearing. A bright copper or steel plate, submerged in the grease for 24 hr. should show 
no discoloration. Ash and moisture should not exceed 2%. Oil from which the grease 
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Table 16,—Lubricants for Tapered Roller Bearings 
Le 


Oil Grease 
F i : Consistency 
3 - Viscosity, Saybolt ’ 
sation Universal fication Base _Karns-Maag Method _ 
No. Seconds Deg. F. No. mm. Deg. F. 
1 75-500 100 10 Lime 20-40 75 
2 100-700 100 11 Lime 15-30 75 
3 60-100 210 12 Lime or Soda 20-50 75 
4 100 & Up 210 13 Lime or Soda 20-40 75 
5 75-300 100 14 Soda 15-30 75 
6* 75-100 210 15 Soda; Short Fiber 30-50 75 
7* 100-175 210 16 Soda 20-40 75 
8* 100-250 210 17* Water Resistant 20-30 75 
Oe 175-250 210 18* Lime or Soda 20-30 75 
ob Rete 19* Water Resistant 15-20 75. 
Smerecgt = apt 20* Lime or Soda 15-25 75 
Wee vee age 21* Lime or Soda 30-45 75 
Oil Lubrication—Recommended Specification 
Bearings up to 6 in. Outside Diam. Bearings Over 6 in. Outside Diam. 
Speed, Maximum Temperature, deg. F. Maximum Temperature, deg. F. 
r.p.m. 32° Ol Pass i" 18d Over 180) 32 | 1255 7] 180 | Over 180 
Recommended Specification No. Recommended Specification No. 
0-5007.......- nae set ee $2 6t 7 8 9 
0-500). eterna 1 2 3 4 It Z 3 4 
500-1000...... i] Z 3 4 1 2 3 4 
Over 1000..... =) 2, 3 4 5 2 3 4 
Grease Lubrication—Recommended Specification 
Moisture Present No Moisture Present 
Bearings up to 6 in. | Bearings over 6 in. | Bearings up to 6 in. | Bearings-over 6 in. 
Anas Outside Diam. Outside Diam. Outside Diam. Outside Diam. 
eget Maximum Temperature, deg. F. Maximum Temperature, deg. F. 
| | Over Over Over Over 
32 | 125| 180] 180 | 32 | 125| 180| 180} 32 | 125} 180] 180 | 32 | 125] 180] 180 
Recommended Specification No. Recommended Specification No. 
O— SOO faytrc e+ cites silts ote | Mes | mca penion 12.) 19a) eee eee ere ae 21] 18 | 20] ** 
0-500. . LOM] UE | Pe TON, La ee eee a eer ee a Shaye ie 
SOO=1000. es occ t POET | eR Pee mee fe ee Sa! ee i sk Th see eee ok 
Over 1000.....]....} 10] 11 ek ee] ee] RE | ee 1 151 16] 14 ** a | oo | ek * 


* Extreme pressure lubricant. t Heavy duty applications. t No moisture present. 
** Not recommended, 


is compounded should have a minimum flash point of 340° F., a minimum fire point of 
380° I, and a Saybolt Universal viscosity of 200 sec. at 100° F. For heavy duty appli- 
cations the greases should follow the same general specifications. The oil from which 
they are compounded should conform to the following: Flash point, min., 375° F.; fire 
aires 425° F'.; min. Saybolt Universal viscosity, 75 sec. at 210° F.; pour test, 
max., S 
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GEARING 


Rewritten by Earle Buckingham 


1. FRICTION GEARING 


FRICTION GEARING.—TIf two cylinders with parallel axes are in contact and one 
of them rotates upon its axis, the friction between the surfaces will drive the other cylinder. 
The driving capacity depends upon the coefficient of friction of the material of the wheels, 
the pressure with which they are held in contact, and the length of the cylinders. In order 
to secure good frictional conditions, one member only of a friction gearing is of iron; the 
other is of a composition giving a high coefficient of friction with iron. The compositian 
wheel is always the driving member, and its slip on the driven tends to distribute the wear 
uniformly over its surface. 
Friction gearing cannot be 
used if positive driving is 
essential, as it is always 
liable to slip. It may be 
used where the power to 
be transmitted is not very 
great; where the speed is 
so high that toothed wheels 
would be noisy; where the 
shafts are frequently to be 
put in and out of gear or 
to have their relative directions of motion reversed; or where the velocity ratio is to be 
changed while the machinery is in motion. 

POWER TRANSMITTED BY FRICTION WHEELS.—tThe tangential force that 
can be transmitted by two friction gears is equal to the product of the total normal pres- 
sure and the coefficient of friction. Thus, in Fig. 1 let P = total normal pressure, lb.; 
and wu = the coefficient of friction; then, F, the resultant tangential force = uP. If 
V = velocity of the surface of the friction wheels, ft. per min., the horsepower transmitted 
is Hp. = »PV/33000. If d = diameter of the driver, in.; 1 = length of the face, in.; 
w = allowable load per inch of face, lb.; N = revolutions per minute, 


Hp. = (uwl X 3.1416 dN) + (12 X 33000) = 0.000008 pwildN. 


In bevel wheels, Fig. 2, the resultant R of the applied force P presses the wheels together, 
and R = P + cos@. The velocity of the mean circumference of the driver may be taken 
as the velocity of transmission. 

WEDGE-FACED OR GROOVED FRICTION WHEELS give greater resistance to 
slipping with a given radial pressure. In Fig. 3, P = the radial force applied to the 
grooved surfaces, lb.; F = the tangential force transmitted, lb.; R/2 = the reaction on 

each face; and 26 = the angle of the groove; 


the wedge is held in equilibrium by the 
force P, the reactions R/2 and the frictional 
resistance uR/2 due to the wedging action. 
Then R= F/p; P= F sin 0/p -- F cos 0; 
F = wP/(sin@+ ucos@). As before, the 
tangential force that can be transmitted 
by the gears is the product of the total 
normal pressure and the coefficient of fric- 
tion. The number of wedges has no influ- 
ence on the power transmitted, but decreases 
the wear by distributing it over several 
surfaces. 

The angle 20 of the grooves varies from 30° to 40°, but to avoid sticking should never 
be less than 30°. (See Kimball & Barr, Machine Design.) 
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Fia. 1, Forces in Plain Friction Fre. 2. Forces in Bevel Friction 
Gearing Gearing 


Fria. 3. Forces in Grooved Friction Wheels 
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POWER TRANSMITTED BY FRICTION DRIVES. (W. F. M. Goss, Trans. 
A.S. M. E., 1907.)—Driving wheels of each of the materials named in Table 1 were tested 
in peripheral contact with driving wheels of iron, aluminum and type metal. All the 
wheels were 16 in. diam.; the face of the driving wheels was 1 3/4 in., and that of the 
Criven wheels 1/2 in. Records were made of the pressure of contact, of the coefficient of 
friction developed, and of the percentage of slip resulting from the development of the 
coefficient of friction. Curves were plotted showing the relation of the coefficient and the 
slip for pressures of 150 and 400 lb. per inch width of face in contact. Another series of 
tests was made in which the slip was maintained constant at 2% and the pressures were 
varied. In most of the combinations it was found that with constant slip the coefficient 
of friction diminished very slightly as the pressure of contact was increased, so that it 
may be considered practically constant for all pressures between 150 and 400 Jb. per sq. in. 

The crushing strength of each material under the conditions of the test was determined 
by running each combination with increasing loads until a load was found under which the 
wheel failed before 15,000 revolutions had been made. The results showed the failure of 
the several fiber wheels under loads per inch of width as follows: Straw fiber, 750 Ib.; 
leather fiber, 1200 lb.; tarred fiber, 1200 lb.; leather, 750 lb.; sulphite fiber, 700 lb. One- 
fifth of these pressures is taken as a safe working load. The coefficient of friction approaches 
its maximum value when the slip between driver and driven wheel is 2%. The safe work- 
ing horsepower of the drive is calculated on the basis of 60% the coefficient developed at 
a pressure of 150 lb. per inch of width, a reduction of 40% being made to cover possible 
decrease of the coefficient in actual service and also to cover loss due to friction of the jour- 
nals. From these data Table 1 is constructed showing the horsepower that may be trans- 
mitted by driving wheels of the several materials named when in frictional contact with 
iron, aluminum and type metal. 

The formula for horsepower is Hp. = (rd/12) X (WPN X 0.6f/33000) = KdWN, 
in which d = diam., in.; W = width of face, in.; P = safe working pressure, lb. per in. 
of width; N = revs. per min.; f = coefficient of friction; 0.6 = a factor for the decrease 
of the coefficient in service and for the loss in journal friction; K = a coefficient including 
P, f and the numerical constants. 


Table 1.—Coefficients of Friction and Horsepower of Friction Drives 


On Iron On Aluminum On Type Metal 
ii K +4 iS J. K 
Straw fiber. csc «cisarceee 0.255 0.00030 0.273 0.00033 0.186 0.00022 
eather tiber. sce. «css « 0.309 0.00059 0.297 0.00057 0.183 0.00035 
Earred: fibers s).ces «ites 0.150 0.00029 0.183 0.00035 0.165 0.00031 
Hulphite Liber 0 .is. ee 0.330 0.00037 0.318 0.00035 0.309 0.00034 
Béathorinsk: sof Asan ods b 0.135 0.00016 0.216 0.00026 0.246 0.00029 


2. TOOTHED WHEEL GEARING 


DEFINITIONS OF TOOTH PARTS. (See Fig. 4.)—Addendum Circle is the circle 
which limits the tops of the teeth. 
Pitch-circle is the trace of the pitch cylinders on which the tooth curves are formed. 
Dedendum or Root Circle is the circle which limits the bottom of the tooth. 
Clearance is the amount by which the tops of 


Addendum, 
Cire 


7 
Pitch Cirg),°%4 


D, 
got ine Depth Olroyy °29 
—x 


Fia, 4, Nomenclature of Gearing 


the teeth of one wheel clear the bottoms of the 
spaces of the other, as they pass the line of centers. 

Working Depth Circle is a circle of radius 
equal to that of the dedendum circle plus the 
clearance. 

Face is that part of the tooth lying between 
the pitch and addendum circles. 

Flank is that part of the tooth lying between 
the pitch and dedendum circles. 

Thickness of the tooth is its width measured 
on the pitch circle. 

Width of Space is the space between the 
teeth measured on the pitch-circle. 

Backlash is the difference between the thick- 
ness of a tooth and the space into which it 
meshes, measured on the pitch-circles. 
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Pitch Diameter is the diameter of the pitch-circle. It is the diameter that is used in 
making all calculations for the size of gears. 

Circular Pitch is the distance in inches between similar points of adjacent teeth, 
measured along the pitch-circle. It is the thickness of 
the tooth plus the width of a space, measured on the #377) 777777 OS Tara ‘ 
pitch-circle. LV t 

Diameiral Pitch is the number of teeth on the gear IN fg \ at 
per inch of diameter of the pitch-circle. NN vale? 

Circular pitch X diametral pitch = 7. 

Diameter Pitch or Module is the distance in inches 
obtained by dividing the diameter of the pitch-circle by 
the number of teeth in the gear. 

Chordal Pitch is the length of a straight line drawn 
from the pitch points of two adjacent teeth. Chordal ines 
pitch = diam. of pitch-circle X sine (180° + No. of teeth). - 
Chordal pitch is used with chain or sprocket wheels, to conform to the pitch of the chain. 

Angles of Action are the angles through which the gears turn while a pair of teeth are 
in action. If the diameters are not alike, these angles will be inversely as the radii of the 
pitch-circles, since the arcs which subtend them are equal. 

Angle of Approach is the angle through which a gear turns from the beginning of 
contact of a pair of teeth until contact reaches the pitch point. 

Angle of Recess is the angle through which a gear turns while the contact point of a 
pair of teeth moves from the pitch point to the point where the teeth pass out of contact. 
Angle of Approach + Angle of Recess = Angle of Action. 

Line of Action is a line normal to the tooth curves at their point of contact. 

Angle of Obliquity is the angle which any line of action makes with the common 
tangent to two pitch-circles. This is constant for the involute system, and is commonly 
called the pressure angle. 

STANDARD PROPORTIONS FOR SPUR GEARS. (Brown & Sharpe Mfg. Co., 
Providence.)—A regular system of proportioning gears must be followed, if the gears are 
to have good proportions, sufficient strength without excessive weight, and uniform 
appearance when the gears are used in sets. The following formulas, and Table 2, refer 
to Fig. 5, and are for gears of from 4 in. diameter, 20 diametral pitch to 72 in. diameter, 
11% diametral pitch. D = pitch diameter, P = diametral pitch, d = dedendum, f = ad- 
dendum, and ¢ = thickness of tooth at pitch line. The significance of the other factors 
in the formulas is shown in Fig. 5. 


Proportions of Spur Gears 


Table 2.—Values of {(0.95/P) + 0.28} for Finding A 


Diametral pitch 1 | 1 1/2 2 | 21/2 3 | CO ee) | 6 | 7 | 8 | 9 
(0.95/P) + 0.28 | 1.23] 0.915| 0.755] 0.660 | 0.597 0.520 | 0.470| 0.44 | 0.42 | 0.40 | 0.39 
Diametral pitch 10 11 12 13 | 14 15 16 17 | 18 | 19 | 20 
(0.95/P) + 0.28 | 0.38 “0.37 | 0.36 | 0.354| 0.352] 0.345] 0.340) 0.337 | 0.334] 0.332] 0,330 
Formulas for Proportions of Spur Gears 
PROPORTIONS OF ARM. PROPORTIONS OF Rim. 
A = 0.138D{(0.95/P) + 0.28} + 0.67. *F = (8/P) + 0.25. 
a = 2/3 A. EH = 1/4, A. 
B= 04A. G = (d+f) +¢t+ 0.06. ; 
b = 0.4aor 2/3B. R = 1/39 in. (to 20 pitch incl.); 3/g4 in. 
Ore 1/4 Ale (to 14 pitch incel.); 1/16 in. (to 8 
Proportions or Hus.* pitch incl.) ; , 3/39 in. (to 4 pitch 
K=15H+1/gin.t DL = 1.50. incl.); 1/g in. (above 4 pitch). 


To Determine Whether Gears Shall Be Solid, Web, or Arm.— Gears to be used to- 
gether should be consistent as to construction. Table 3 shows the maximum diameter 
that should be used in each style of gear. Diameters greater than those shown in the 
“Web” column should be made with 6 arms, of the proportions given by formulas above. 
emeerenrern ys get SPN a re ee 

* Sui i! tice. For light change gears F should be less than given by formula. 
The ee puceeee oonubtions: but can usually be made to agree with one of the following 
foemiules: H = (4/P) + 0.5; = (5/P) + 0.5; = (6/P) + 0.5. 


j Where heavy service is required, or large set-screws or keyways are to be used, make 
K = 1,625H + 1/4 or reinforce hub over keyway or around set-screw. 
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Table 3.—Maximum.Permissible Diameter, In., of Solid and Web Gears 


Diam- Solid Gears Web Gears Diam- Solid Gears Web Gears ' 

tral Combi- Combi- etral Combi- Com i- 
Pitch Change sere Change | pation Pitch Change | pation Change nation 
4 550 6.00 9.00 9.50 10 3.80 3.80 5.80 6.00 
4.80 5.00 7.50 8.00 12 3.67 3.67 567 5.75 

6 4.50 4.75 7.30 7.75 14 Be29 5229 5.30 5.50 

7 4.30 4.57 6.86 7.00 16 Bis Gah ee ars AAS Hale eee 

8 425 4,25 6.75 6.88 18 S00 wh baew es ASD Palit clots 

9 4.00 4.00 6. 67 6.75 20 Popnow Aerde ed 4.40.) gets oe 


For ordinary service, ‘combination’? gears should be used, the ‘‘change”’ gears being 
adapted only for light service. , 
GEAR WHEEL ARMS.—The proportions of sections for gear wheel arms shown in 
Fig. 6 are taken from Leutwiler’s Machine Design. It is also suggested that the section 
modulus of the arm at 
the center of the hub be 
computed by the formula 
I/c = WR/nS, where W 
= load on the gear; R = 
length of arm, or radius 
of the gear, in.; S = 
allowable fiber stress of 
the material; » = num- 
Fic. 6. Forms of Gear Wheel Arms ber of arms in the gear; 
I = moment of inertia 
of section; c = distance of extreme fiber from axis. This formula for the elliptical section 


3 
gives I/c=h V20WR/nS. The dimensions of the arm at the pitch-line can be approxi- 
mately 0.7 of those at the center. 

The number of arms suggested are: 1. For gears up to 16 to 20 in. diameter, 4 or 5 
arms; 2. For gears 20 to 60 in. diameter, 6 arms; 3. For gears 60 to 96 in. diameter, & 
arms; 4. For gears over 96 in. diameter, 10 or 12 arms. For small gears web centers of 
thickness approximately one-half of the circular pitch are recommended. 

WIDTH OF TEETH.—tThe width of the faces of teeth generally is made from 2 to 
3 times the circular pitch, that is, from 6.28 to 9.42 divided by the diametral pitch. There 
is no standard rule for width. 

The following sizes are given in a stock list of cut gears in ‘‘ Grant’s Gears’’: 


Diametral pitch... . 3 4 6 8 12 16 

Face, inches....... 8&4 21/9 13/,&2 %11/4&11/g 3g&1 Ife &5/g 
The Walker Company gives: 

Circular pitch, in. 1/2 5/g 3/4. 7/g od Tajs 22 4/9 3 4 bee 

WOO is ees ate ene 11/4 11/, 13/4 2 21g 44/0 6 Tis GO 125 1620 


3. FORMS OF THE TEETH 


In order that the teeth of gears and pinions may run together smoothly and with a 
constant relative velocity, it is necessary that their working faces shall be formed of 
certain curves called odontoids. The essential property of these curves, of which there is 
an almost infinite variety, is that when two teeth are in contact the common normal to 
the tooth curves at their point of contact must pass through the pitch point, or point of 
contact of the two pitch circles. Any system of such curves can be best defined by the 
shape of the basic rack, 7.e., the rack form that is conjugate to all gears of the system. 
Because of its greater simplicity of production and control, the involute system, whose 
basic rack form comprises straight lines, is the one most widely used for power transmis- 
sion, Other forms are used for special purposes. The cycloidal and pin-tooth forms are 
widely used in watches, clocks, etc. The four following forms have been standardized 
by the American Standards Assoc. 

1. THE 14 1/>-DEGREE COMPOSITE SYSTEM was developed originally by Brown 
& Sharpe Mfg. Co., for use with its formed gear milling cutters, and has been commonly 
known as the Brown & Sharpe 14 1/9-deg. involute system. It has proved to be a very 
satisfactory gear-tooth system for general purposes. Tig. 7 shows the form of the basic 
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‘ rack and the standard tooth proportions. Gears of this system are generally produced by 
formed milling cutters, but hobs made to this basic rack form are sometimes used. 
Formed Milling Cutters for 14 1/-Degree Composite System.— Theoretically, a dif- 
ferent cutter is required for every different diameter of gear, even though the pitch 
remains the same. In practice, however, it has been found that the same cutter can 
__be used for several sizes of gears having the same pitch, without serious error. See 
Table 4. By this plan 8 cutters will cut all gears of 12 teeth and over, of any one 
pitch. Thus, it takes 8 cutters to cut all 4-pitch gears of 12 teeth or more. A No. 8, 


Table 4.—List of Gear Cutters and Number of Teeth Cut 
(Brown and Sharpe Mfg. Co., Providence, R. I.) 


Cutter No. of Cutter No. of Cutter No. of Cutter No. of 
No. Tecth No. Teeth No. Teeth No. Teeth 

i 135-rack 23 35-54 5 21-25 ff 14-16 

2 55-134 4 26-34 6 17-20 8 12-13 


a a ge a ea 
Table 5.—Relation of Dimensions of Parts cf Gears 
(Brown & Sharpe Mfg. Co., Providence, R. I.) 


Notation—P = diametral pitch; p = circular pitch; N = number of teeth; D = 
diameter; d = outside diameter; a = addendum; ¢t = thickness of tooth at pitch-line; r = 
c = clearance; W = working depth; H = whole depth. 

a ee eee Eee 


Diametral Pitch Circular Pitch 
Given | To Find Formula Given | To Find Formula 
p iP P = 3.1416+p P p p = 3.1416 + P 
D, N P P=N+D D,N p p = D + 0.3183 N 
d, N 1) P=(N+2) +d d, N Pp p = d + (0.3183 N + 2) 
N,P D D= +P N,p D D = Np X 0.3183 
N,d D D=dN + (N + 2) N,d D D=dN + (N + 2) 
iar D D) = d —. (2. - P) d,p D D = d — 0.6366 p 
a, N D D=aN a, N D D = aN 
N,P d d= (N+2) +P N,p d d = 0.3183 p(N + 2) 
10% d d= D+ (2 + P) D,p d d= D + 0.6366 p 
D,N d d = (N + 2) + (N + D) N,a d d = a(N + 2) 
N,a d d= (N+ 2)a D,p N N = 3,14146D +p 
DP N N = DP p t t=p+2 
eer N N = dP — 2 7) a a= D =~ WN = 0.3183 p 
P t t= 15708 = P p r r=a+te = 0.3683 p 
12 a = Wee =e p Ww W = 0.6366 p 
Vz r r=a+c= 1.157 +P Pp H H= W+c = 0.6866 p 
P Ww W=2+ p c c= 0.05 p 
12 H H= W+ce= 2.157 +P t c c= 01% 
P. c e= 0.157 +P 
t c c= 01% 


Table 6.—Diameter of Pitch-Line of Wheels from 10 to 100 Teeth of 1 in. 
Circular Pitch 
For diameter of wheels of any other pitch than 1 in., multiply the figures in the table by the 

pitch. Given the diameter and the pitch, to find the number of teeth: Divide the diameter by the 
pitch, look in the table under diameter for the figure nearest to the quotient, and the number of 
teeth will be found opposite. 
i EO 

No. Diam., | No. | Diam., | No. | Diam., | No. | Diam., | No. | Diam., | No. Diam., 
Teeth in. Teeth in. Teeth in. Teeth in. Teeth in. Teeth in. 
183 26 8.276] 41 13.051 56 17.825 f-71 22.600 | 86 ef yes 


639 40 (745 CHEI7 al | BE) 70507 |au7O 22.282) | 85 || 27.056 | 100 31.831 


10 ae 
1] 3.501 27 8.594} 42 13.369 | 57 18.144 | 72 | 22.918] 87 27.693 
12 3.820 28 F913" 43 13.687 | 58 18.462 | 73 | 23.236] 88 28.011 
13 4.138 29 O25 44 14.006] 59 18.781 T4 23.99) | (89 28,329 
14 4.456 30 9.549 | 45 14.324] 60 TOSS 75 25.873 |) 90 28. 648 
15 4.775 31 9.868 | 46 14.642] 61 LOMA Zeer OoeZ4. 192; I) 91 28.966 
16 5.093 32 10.186 | 47 | 14.961 62 Le Soereen 24,500) 92 29, 285 
17 5.411 33 10.504] 48 | 15.279] 63 | 20.054 | 78 | 24.828] 93 29,603 
18 5.730 34 HOPS23e 9 als 597) G4) 20.3720) 79 | 25.146 4 94 29). 21 
19 6.048 25) 11.141 50 150915 1565) 20,690 | 80 |225,.465| 95 30,239 
20 6.366 XS) |) WME ete Pe eey| 16.234] 66 | 21.008 | 81 | 25.783 | 96 30.558 
21 6.685 37 NAAN ey [6e5 52) mOmmeilse7a le SZeiie26..10l 97 30. 876 
22 7.003 38 12.096 | 53 16.870 |] 68 | 21.645 | 83 | 26.419 | 98 31.194 
23 7.321 39 12.414] 54 | 17.189] 69 | 21.963 | 84 | 26.738 | 99 Sao 2 

Hf. 

if 


N 
wn 
so 
Ww 
foe) 


5-pitch cutter cuts only 
5-pitch gears having 
12 or 13 teeth. On 
each cutter is stamped 
the numbers of teeth at 
the limits of its range, 
and the number of the 
cutter. When required, 
the error introduced by 
the use of range cutters 
can be minimized by 
cutting the teeth in mat- 
ing gears to slightly 
different depths. See Chap. IV, Spur Gears, Earle Buckingham. (New York, McGraw- 
Hill Book Co.) 

2. THE 141/5>-DEGREE FULL DEPTH TOOTH INVOLUTE SYSTEM was developed 
for use with gear hobs, for both spur and helical gears. As the useful tooth form cannot 
exist below the base circle of the involute form, this system should not be used for small 
numbers of teeth unless a suit- 
able change is made in the tooth 
proportions of mating gears. 
See Chap. V., Spur Gears, 
Earle Buckingham. (New York, 
McGraw-Hill Book Co.) This 
system has proved to be a satis- 
factory form for general purposes 
for both spur and helical gears. 
The form of the basic rack and 
the standard tooth proportions 
are shown in Fig. 8. The stand- 
ard tooth proportions of this 
system are the same as those for the 14 1/9-deg. composite system, and Tables 5, 6, and 
9 also apply to it. When the number of teeth in any gear of this system is less than 35, 
undercut will be present. When the number of teeth is less than 22, the amount of under- 
cut may be enough to reduce the angle of action appreciably. 

3. THE 20-DEGREE FULL DEPTH TOOTH INVOLUTE SYSTEM was developed 
for use with hobs and also for use with Fellows gear shapers. The increased pressure 


Fic. 7. Basic Rack for 141/9-deg. Composite System 


Fia. 8. Basic Rack for 141/9-deg. Full Depth Involute System 


Table 7.—Tooth Proportions for Spur Gears.* (See Figs. 7, 8, 9 and 10) 
N = Number of Teeth; DP = Diametral Pitch; CP = Circular Pitch 


Basie Rack for 14 1/9°FullDepth Basic Rack for 20° Full Basic Rack for 20° Stub 
Involute, 14 1/2° Composite Depth Involute Tooth Involute 
Part In Terms of | In Terms of | In Terms of | In Terms of | In Terms of In Terms of 
Diametral Circular Diametral Circular Diametral Circular 
Pitch, in. Pitch, in. Pitch, in. Pitch, in. Pitch, in. Pitch, in. 
1. Addendum 1/DP 0.3183 X CP 1/DP 0.3183 X CP 0.8/DP 0.2546 x CP 
2. Minimum 
Dedendum t+ 1.157/DP 0.3683 X CP 1.157/DP 0.3683 X CP 1/DP 0.3183 xX CP 
3. Working Depth 2/DP 0.6366 x CP 2/DP 0.6366 X CP 1.6/DP 0.5092 x CP 
4, Minimum Total 
Depth t¢ 2.157/DP 0.6866 X CP 2.157/DP | 0.6866 X CP 1.8/DP 0.5729 x CP 
5. Pitch Diameter N/DP 0.3183 & NV N/DP 0.3183 x N N/DP 0.3183 & N 
x CP SCR <P 
6. Outside Diameter} (N + 2)/DP 0.3183 X (N + 2)/DP 0.3183 x (N + 16)/DP | (0.3183 & N + 
; (N +2) X CP (N + 2) X CP 0.5092) x CP 
7. Basic Tooth 
Thickness on 
Pitch Line 1,5708/DP 0.5 X CP 1,5708/DP 0.5 xX CP 1.5708/DP 0.5 xX CP 
8. Minimum Clear- 
ance tt 0.157/DP 0.05 X CP 0.157/DP 0.056 CE 0.2/DP 
9. Radius of Fillet 11/3 xX 1l/oxX 1l/oX 
Clearance Clearance Clearance 


* The term Diametral Pitch is used u 
3 in. CP and over. 
minimum recommendations. 
gear tooth and the bottom of the mating gear space, and i 
sary cutter clearance for all methods of producing gears 


cannot be standardized, 


t ip to 1 DP inclusive and the term Circular Pitch i 
+ A suitable working tolerance should be considered re peer ate 


wi in connection with all 
t{ Minimum clearance refers 


to the clearance between the top of the 
8 specified as minimum to allow for neces- 
. At the present time (1936) this value 
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angle results in stronger tooth 
forms, and its use is rapidly in- 
creasing for general industrial 
purposes. It is also widely used 
in automotive construction. The 
form of the basic rack and the 
standard tooth proportions are 
shown in Fig. 9. The standard 
tooth proportions of this system 
are the same as those for the 
14 1/9-deg. composite system, 
and Tables 5, 6, and 9 also apply 
to it. When the number of teeth 
in any gear of this system is less 
than 17, undercut will be present. 
When the numher of teeth is less 
than 14, this undercut may be 
enough to reduce the angle of 
action appreciably. 

4. THE 20-DEGREE STUB 
TOOTH SYSTEM originally was 
developed for heavy duty, gen- Fie, 10. Basic Rack for 20-deg. Stub Involute System 
erally slow speed, machinery 
applications in order to obtain the strongest practical tooth forms. It was later adopted 
for automotive uses where the numbers of teeth were small. Several different stub tooth 
systems, differing but slightly from each other, have been developed. The basic rack 
form and tooth proportions shown in Fig. 10 will interchange and operate with all of the 
20-deg. stub tooth systems in general use, the only difference being in the amount of 
‘clearance. The dimensions of the tooth parts of this system are given in Table 8. 

FELLOWS STUB TOOTH GEAR SYSTEM.—The 20-deg. stub tooth gear system 
developed by the Fellows Gear Shaper Co., has been widely used for automobile trans- 


- Table 8.—Dimensions of Tooth Parts. 20-degree Stub Tooth System 


. - Thickness of Working Depth of Whole 
Diametral Circular Tooth on Addendum Depth of | Space Below Depth of 
a Pitch | Pitch Line Tooth _| Pitch Line | _ Tooth 
1 3.1416 1.5708 0.8000 1.6000 1.0000 1. 8000 
11/4 Z0toS 1.2566 . 6400 1.2800 0.8000 1. 4400 
11/2 2.0944 1.0472 69333 1.0667 . 6667 1, 2000 
13/4 1.7952 0.8976 .4571 0.9143 .5714 1.0285 
2 1,5708 7854 . 4000 . 8000 5000 0.9000 
21/4 1, 3963 . 6981 3556 Salt 4444 . 8000 
21/2 1, 2566 . 6283 . 3200 . 6400 . 4000 .7200 

1,0472 25236 . 2667 +2333 33333 . 6000 

31/2 0.8976 4488 . 2286 4571 . 2857 5143 
4 . 7854 .3927 . 2000 . 4000 . 2500 . 4500 
41/2 . 6981 .3491 .1778 . 3556 . 2222 . 4000 
5 . 6283 3142 . 1600 . 3200 . 2000 . 3600 
6 . 5236 . 2618 11333 . 2667 . 1667 . 3000 
7 4488 . 2244 . 1143 . 2286 . 1429 +2572 
8 ~ 3927 . 1963 . 1000 . 2000 . 1250 . 2250 
9 3491 1745 . 0889 . 1778 SUT . 2000 
10 3142 5 SA . 0800 . 1600 . 1000 . 1800 
12 . 2618 . 1309 . 0667 . 1333 . 0833 . 1500 
14 2244 Buz! . 9571 . 1143 0714 . 1286 
16 . 1963 0982 . 0500 . 1000 . 0625 21125 
18 .1745 . 0873 . 0444 . 0889 . 0556 . 1000 
20 yal .0785 . 0400 . 0800 . 0500 . 0900 
24 . 1309 0654 . 0333 . 0667 .0417 .0750 
28 Ein 22 . 0561 . 0286 .0571 OBIS) . 0643 
32 . 0982 0491 .0250 . 0500 ~ 0313 0563 
36 . 0873 . 0436 .0222 0444 .0278 . 0500 
40 .0785 . 0393 . 0200 . 0400 .0250 . 0450 
48 0654 . 0327 .0167 . 0333 . 0208 . 0375 
56 0561 . 0280 . 0143 . 0286 .0179 . 0322 
64 0491 . 0245 .0125 .0250 0156 .0281 
72 0436 0218 O11] .0222 ,0139 .0250 
: 0196 0100 . 0200 .0125 0225 


80 . 0393 : é 
a a a a ae 
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Table 9.—Dimensions of Tooth Parts* 


(Brown & Sharpe Mfg. Co., Providence, R. I.) 


Se TS 
Depth of 


; G Thickness Addendum Working Whole 
Diametral aia of Tooth on and Depth BRS Depth 
Pitch Ete Pitch Line Module of Tooth ethan tae of Tooth 
P Dp t a Ww at+e H 
1/2 6.2832 3.1416 2.0000 4.0000 2.3142 4.3142 
8/4 4.1888 2.0944 Wace eS) 2.6666 1.5428 2.8761 
] 3.1416 1.5708 1.0000 2.0000 L157] 2 ASTI 
1 1/4 Dee |ee) 1. 2566 0.8000 1.6000 0.9257 C7257 
1 1/2 2.0944 1.0472 . 6666 WEE ES: .7714 1.4381 
1 3/4 1.7952 0.8976 sol t4 1.1429 . 6612 1. 2326 
2 1.5708 . 7854 .5090 1.0000 5785 1.0785 
21/4 1.3963 6981 4444 0.8888 5143 0.9587 
21/2 1. 2566 . 6283 . 4000 . 8000 - 4628 . 8628 
23/4 1.1424 ol tz . 3636 ahitS 4208 . 7844 
1.0472 . 5236 “BESS . 6666 3857 .7190 
31/2 0.8976 .4488 . 2857 .5714 . 3306 . 6163 
4 . 7854 3927 . 2500 .5000 . 2893 25393) 
5 . 6283 3142 . 2000 . 4000 .2314 4314 
6 .5236 . 2618 . 1666 33333 . 1928 .3595 
7 - 4488 2244 . 1429 . 2857 . 1653 .3081 
8 22927 . 1963 . 1250 . 2500 . 1446 . 2696 
9 .3491 .1745 shit ay. . 1286 . 2397 
10 3142 , 1571 . 1000 . 2000 sUtSz PGA ey | 
11 . 2856 . 1428 .0909 . 1818 . 1052 . 1961 
12 . 2618 . 1309 . 0833 . 1666 .0964 .1798 
13 . 2417 . 1208 .0769 . 1538 . 0890 1659 
14 .2244 Shi22 .0714 . 1429 . 0826 . 1541 
15 . 2094 . 1047 . 0666 <1333 .0771 . 1438 
16 1963 0982 0625 . 1250 0723 . 1348 
17 . 1848 0924 0588 . 1176 0681 . 1269 
18 .1745 . 0873 0555 1111 0643 SEAS 
19 . 1653 . 0827 .0526 . 1053 . 0609 21135 
20 whoa 0785 .0500 . 1000 0579 . 1079 
22 1428 .0714 0455 0909 0526 . 0980 
24 EN, 0654 0417 . 0833 0482 0898 
26 . 1208 . 0604 . 0385 .0769 .0445 . 0829 
28 .1122 .0561 .0357 .0714 .0413 .0770 
30 . 1047 0524 . 0333 0666 . 0386 0719 
32 0982 0491 IER 4 0625 . 0362 . 0674 
34 0924 0462 0294 0588 . 0340 . 0634 
36 . 0873 . 0436 0278 0555 . 0321 0599 
38 0827 0413 . 0263 0526 . 0304 0568 
40 0785 0393 0250 . 0500 . 0289 0539 
42 .0748 . 0374 0238 0476 0275 0514 
44 0714 . 0357 .0227 0455 . 0263 . 0490 
46 . 0683 . 0341 0217 0435 0252 . 0469 
48 0654 . 0327 .0208 0417 0241 0449 
50 . 0628 0314 .0200 . 0400 - 0231 . 0431 
56 0561 .0280 0178 .0357 0207 . 0385 
60 0524 0262 0166 . 0333 0193 . 0360 


* To obtain thgsize of any part of a diametral pitch not given in the table, divide the corre- 
sponding part of 1 uiametral pitch by the pitch required. 


Table 10.—Fellows Stub Tooth System 


r Thickness Working Depth of Whole 
ora of Tooth, ae Depth, Space Below Clearance, Depth of 
in, : in. Pitch Line, in, ARs Tooth, in. 
4/5, 0.3927 0.2000 0. 4000 0.2500 0.0500 0.4500 
5/7 3142 . 1429 . 2858 . 1786 . 0357 3214 
6/8 . 2618 . 1250 . 2500 . 1562 0312 . 2812 
7/9 . 2244 Seu eee) . 1389 . 0278 . 2500 
8/10 . 1963 . 1000 . 2000 . 1250 .0250 . 2250 
9/11 .1745 .0909 . 1818 . 1136 .0227 . 2045 
10/19 1571 . 0833 . 1667 . 1041 . 0208 . 1875 
12/14 . 1309 0714 . 1429 . 0893 .0179 . 1607 
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missions. The proportions of the teeth are based on two diametral pitches, one of which 
is used to obtain the dimensions of the addendum and dedendum, while the other is used 
for the dimensions of the pitch circle and tooth-thickness. These gears are designated by a 
fraction as 4/5, 10/12 pitch, ete. The numerator designates the pitch determining the 
number of teeth and tooth thickness. The denominator designates the pitch determining 
the height of the teeth. The clearance is (0.25/diametral pitch). Table 10 gives dimen- 
sions of Fellows stub tooth gears. 


4. RULES FOR CALCULATING THE SPEED OF GEARS 


The relations of the size and speed of driving and driven gear-wheels are the same 
as those of belt pulleys. In calculating for gears, multiply or divide by the diameter of 
the pitch-circle or by the number of teeth. 

If D = diam. of driving wheel, d = diam. of driven, R = rev. per minute of driver, 
r = rev. per min. of driven, RD = rd; 

R=rd+D; r=RD+d; D=dr+R; d=DR+r. 

If N = No. of teeth of driver and n = No. of teeth of driven, NR = nr; 

N=nr+R;n=NR+r; R=rn+N;r=RN ~+n. 

To find the number of revolutions of the last wheel at the end of a train of spur-wheels, 
all of which are in a line and mesh into one another, when the revolutions of the first 
wheel and the number of teeth or the diameter of the first and last are given: Multiply 
the revolutions of the first wheel by its number of teeth or its diameter, and divide the 
product by the number of teeth or the diameter of the last wheel. 

To find the number of teeth in each wheel for a train of spur-wheels, each to have a 
given velocity: Multiply the number of revolutions of the driving wheel by its number 
of teeth, and divide the product by the number of revolutions each wheel is to make. 

To find the number of revolutions of the last wheel in a train of wheels and pinicns, 
when the revolutions of the first or driver, and the diameter, the teeth, or the circumference 
of all the drivers and pinions are given: Multiply the diameter, the circumference, or the 
number of teeth of all the driving wheels together, and this continued product by the 
number of revolutions of the first wheel, and divide this product by the continued product 
' of the diameter, the circumference, or the number of teeth of all the driven wheels, and 
the quotient will be the number of revolutions of the last wheel. 

Exampie.—l. A train of wheels consists of four wheels each 12 in. diameter of pitch-circle, 
and three pinions 4, 4, and 3 in. diameter. The large wheels are the drivers, and the first makes 
36 revs. per min. Required the speed of the last wheel. 

306 12 Xde xX 12 
4X 4X3 

2. What is the speed of the first large wheel if the pinions are the drivers, the 3-in. pinion being 
the first driver and making 36 revs. per min.? 
386xXx3x4x4 
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5. ELLIPTICAL GEARS 


Elliptical gears give a variable velocity ratio throughout the 
revolution. They represent a cheap way of obtaining a quick-return 
motion, and are so used on planers, shapers, slotters and similar 
cutting tools, and also on pumps, shears, punches and other machines 
which do their work mostly on the forward stroke of a reciprocat-. 
ing member. To determine the pitch ellipses for any given set of 
conditions, let c; c2, Fig. 11, be the given distance between shaft cen- 
ters. Divide c: c2 at p so that c; p/pc. equals the extreme velocity 
ratio. Lay off pa = pc; for the other focus of the lower ellipse. As 
the ellipses must be equal, lay off c, b = ca, and b is the other 
focus of the upper ellipse. The extremity f of the minor axis is 
found by making af = fez = 1/2 cc2; any other point on the ellipse, 
such as d, is found by making ad + dcez = c, 2. The two free foci 
a and b remain at a constant distance apart during rotation, and 
are sometimes connected by a link. If V = R?/r?, A = 1/2 major 
axis of the ellipse and B = 1/5 the minor axis, then an equation Ha. WC. Laying Out 
which gives the ratio of the semi-major and semi-minor axes for a pitch Eilipses of Ellip- 
given range of velocity ratio is ‘ tical Gears 
B/A =2VV + 4+v9¥). 


See Unwin, Machine Design, and Logue, American Machinist Gear Book. 


Solution: = 1296 r.p.m. 


Solution: =) tl sejopron 
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6. .EPICYCLIC GEAR TRAINS 


Epicyclic Gear Trains may be defined as trains of wheels in which some or all of the 
wheels have a motion compounded of a rotation about an axis and a revolution, or trans~- 
lation, of that axis. (Schwamb, Merrill & James, Elements of Mechanism.) They are 
used to produce high velocity ratios with few parts. The link is usually called the train 
arm; it often rotates upon the axis of the first wheel of the train. The last wheel of the 
train may or may not be placed upon this axis. The name epicyclic has no connection 
with the form of the gear teeth which may be of the cycloidal, involute or any other system. 

METHODS OF SOLUTION OF GEAR TRAINS.—These trains may be solved by 
two methods: 1. By resolving the resuitant motion into its components and then 
allowing these to take place in succession, the motion of the arm being considered first. 
For example: If in Fig. 12, A has 100 teeth and B has 
50; and if A makes +5 turns about the fixed axis a while 
the arm D makes —6 turns, the number of turns of B is 
found as follows: 

Suppose the mechanism locked so that the wheels cannot turn 
in relation to the arm, and then turn the whole —6 turns about a, 
the number of turns which the arm is to make. Next consider 
the train unlocked, and put the wheel for which the motion is 
given, in this case A, where it should be. A is to make +5 
turns, but it has been turned —6 turns with the arm when the 
train was locked; it must now be turned +11 in order that its 


Fia. 12 resultant turns shall be +5. This will cause B to make —22 
turns, since the value of the train (turns B)/(turns A) =— 2. 
Next, take the algebraic sum of the above component motions. Thus: 
Ay eters Arm 
i Mil rainMlocweds soc. oaee sles cacti — 6 — 6 —6 
2. ‘Frain unlocked, arm fixed. ...02...0...0<- +11 —22 0 
3. Resultant OUP siete «aise Cinta =vala"s a's e feteetcteta « + 5 —28 —6 


If in the same train it were required to find the number of turns which the arm must make 
in order that B shall make —28 turns, while A makes +5, let z be the number of turns of the arm 
and proceed as above. 

1. With the train locked, turn the whole x turns. 

2. With the train unlocked, and arm fixed, turn A through (— 2 + 5) turns, which will cause 
B to turn (—2) (5 — 2). 

3. Add these component motions and equate the turns of B thus found with the given number 
of turns, whence z may be found. Thus: 


A B Arm 
dap Eran Woclced:.: cate aerate ort new didleles wn wakeneelene x x x 
20, Train unlocked; anm/ fixed). v<cs.0.ceccee cece ueeeee —-2+5 (— 2) (5 — 2) oO 
oO dtestltant turmas ss ctmcs cae terete metre ee ene + 5 (— 2) (5-—2)+ 2 Fe 
But turns of B =— 28 = (— 2) (5 — xz) + 2 and  =— 6G = turns of arm. 


The second method of solving these trains is by means of a general equation which applies to 
any epicyclic train. 


Turns of B relative to arm _ absolute turns of B — turns of arm 


Turns of A relative toarm absolute turns of A — turns of arm’ 
In this equation it will be seen that the first term can always be expressed in terms of the num- 
ber of teeth on the gears, as it is simply the value of the train assuming the arm fixed, It is abso- 
lutely essential that this value of the train be expressed as + or —, depending on whether the gears 


considered turn in the same or in opposite directions relative to the arm. Thus in the previous 
problem, 


Relative turns B Peery absolute turns B — turns arm _ B— (— 6) 
Relative turns A absolute turns A — turmsarm 5 — (= 6)’ 
where B in the last term represents the absolute turns of B; hence 
B+ 6 
-—2= or =— 2 . 
er 8 turns. 


With the data as in the second case of the first method, where x represents the turns of the arm; 
and B and A the absolute turns of B and A, respectively, 


2 _B-—arm —28—2 


1 A—arm 5-2 ’ 


— 10+ 22 =— 28—2, and zs =— 6 turns. ; 

FORMULAS FOR DETERMINING THE ACTION OF EPICYCLIC TRAINS. 
(F. J. Bostock, Am. Mach., May 16, 1907.) —See Fig. 13. Notation.— R = driving gear 
or arm; r = number of teeth in driving gear; N = driven gear or arm; nm = number of 
teeth in driven gear or arm; J, 8, M = intermediate gears; 2%, s, m = number of teeth 


in intermediate gears; F = fixed gears; f = number of teeth in the fixed gears;, 
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“i 


Fic. 13. Epicyclic Trains 


Vn, = angular velocity of driven gear; V, = angular velocity of driving gear. 
- cross-hatching denotes that part of the apparatus that is fixed. 
Formuuas.—(The Roman numerals refer to the illustrations, Fig. 13.) 


I. Vn=— Vr X (r/n); II. Vn = Vr X (r/n); 

Ne Vin t= Ver Clty nm) VI. Vn = Vr X 1 —F/n); 

VII. Vn = Vr X 1 —fF/n); VIII. Vn = Vr X (1 +f/n); 

IDS WA Nr Sa Sas X. Vn = Vr X (rm © an); 

XII. Vn = Vr X {1 — Gm = sn)}; XIV. Vn = Vr X {1+ Um + sn)}; 
XV.. Va = V7 X {1 — (fm + sn)}; 
XVII. V, = Vr X {(r'n — rf) + nr’ +f}. 

Exampues.—In Fig. 13 (III), let f = 30, n = 25; then in one revolution of R, N will make 

(1+ f/n) = 1+ 30/25 = 21/5 revolutions. 

In Fig. 13 (VID), let f = 60, n = 65: 
Velocity of N _ 1—f/n _ Pole 5 jal: 
"Clie a ar 

In Fig. 13 (XII), let f = 61, n = 60, s = 40, m = 41: 


Velocity of N be 1 — (fm/sn) ee 1 — (61 X 41) + (40 X 60) i ts (2501/2400) ee n approx. 


' Velocity of R 1 1 1 
Note that the motion of N is in a negative direction. 


LTT—20 


The 
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7. INTERNAL GEAR DRIVES 


An internal gear is one with the teeth cut into the bore instead of outside of the rim, 
as is the case with a spur gear. The internal gear possesses several advantages when 
properly applied, and is frequently used for reduction gear and planetary gear combina- 
tions. In many respects, it can be treated as a spur gear. The same basic rack forms can 
be used, and the mating pinion is a spur gear. The center distance on an internal gear 
drive is equal to the difference between the pitch radius of the internal gear and the pitch 
radius of the mating pinion. With an internal gear drive, both members rotate in the 
same direction. With its shorter center distance, the internal gear is more compact than 
the corresponding spur gear combination. Also, the tooth action is inherently smoother 
than that of a spur gear drive. The tooth forms of the internal gear are stronger than 
those of the corresponding spur gear; they are stronger than the basic rack tooth form. 
For convenience in computing their beam strength, however, it is satisfactory to use the 
rack tooth form factor. 

When the internal gear drive is used as a reduction drive, employing 2 small pinion and 
a large internal gear, the question of design as regards the tooth shape and action does not 
require special consideration. It is only when the number of teeth in the pinion closely 
approaches the number of teeth in the gear that it is necessary to lay out the teeth to see 
that proper tooth action is present without interference as the teeth come out of engage- 
ment. As a general rule, the smallest permissible difference between the number of teeth 
in the pinion and internal gear, to avoid this interference, is 7 teeth for the stub tooth 
form and 12 teeth for the full depth tooth forms. Smaller differences may sometimes be 
used, but this requires special design of tooth forms and proportions. 

Internal gears may be cut with special formed milling cutters and the use of an internal 
milling cutter attachment or they may be generated on a Fellows gear shaper. Such gen- 
erated gears may have straight or helical teeth. See The Internal Gear, published by the 
Fellows Gear Shaper Company, Springfield, Vt. 


8. STRENGTH OF SPUR GEARS 


LOAD CARRYING ABILITY OF SPUR GEARS.—With all gear drives, there are 
three possible limiting factors, any one or more of which may limit the capacity of the 
drive. These factors are: heat of operation, beam strength of the gear teeth and surface 
failure, or wear of the tooth surfaces. With spur gears, heat of operation is seldom the 
limiting factor except when the speeds are very high or the amount of lubrication is 
excessive. The rate at which the heat will be dissipated from the surface of the gear case 
is a somewhat uncertain factor, depending largely upon the conditions of air circulation 
around the gear case. Under the most favorable conditions, where there is free circula- 
tion of air around the exposed surface of the case, Q = L/35 A, where Q = difference 
between room temperature and temperature of the gear case, deg. F., L = power loss in 
ft.-lb. per min., A = area of exposed surface of gear case, sq. ft. If the gear case is set 
in a pocket with poor circulation of air about it, then Q = L/24 A. If the rise in tem- 
meee is excessive, suitable oil-cooling systems or other means of cooling should be 
provided. 

STRENGTH OF SPUR GEARS.—The load carrying ability of a pair of spur gears 
may be limited by either the beam strength of the tooth or the surface endurance limits 
of the materials. The lower of these two values should be used to establish the load- 
carrying ability of any given drive. W = 33,000 Hp. /V, where W = transmitted pitch- 
line load, lb., V = pitch-line velocity, ft. per min., Hp. = horsepower. 

The dynamic load is the maximum momentary load set up by the operating or dynamic 
conditions. 


Dynamic load, Wa = [0.05 ViFC + W)/(0.05V+VFC+ W)]+W, 


where Wa = total dynamic tooth load, lb., F = width of face, in., C = deformation 
constant from Table 11. 

In order to use the foregoing formula, it is necessary to have some measure of the 
error in action of the gears. From tests of gears made in many plants, it appears that 
this error on well-cut industrial gears ranges from about 0.002 in. on gears of 6-diametral 
pitch and finer, to about 0.004 in. on gears of 2-diametral pitch. On gears cut with 
particular care, these errors are reduced by about one-half the above. On ground gears 
made with extreme care, and on cut gears where every effort is made to secure accuracy 
these errors are reduced to even smaller amounts. The foregoing conditions of error axe 
tabulated in Table 12, and classified as Class 1, Class 2, Class 3, respectively. 
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Table 11.—Values of C* 


Materials Tooth Error in Action of Gears, in. 

Form 0.0005 0.001 0.002 0.003 0.004 0.005 
Cast iron and cast iron..,.... 14 1/9° 400 800 1600 2400 3200 | 4000 
Cast iron and steel.......... 14 1/9° 550 1100 2200 3300 4400 5500 
Steel and steel. 2... ......... 14 1/2° 800 1600 3200 4800 6400 8000 
Cast iron and cast iron....... 20> fidiry 415 830 1660 2490 3320 4150 
Cast iron and steel.......... 202 Fd) 570 1140 2280 3420 4560 5700 
Bteel and ‘steel... .... 0.000. s 20° f.d. 830 1660 3320 4980 6640 8300 
Cast iron and cast iron....... 20° sb.t 430 860 1720 2580 3440 4300 
Cast iron and steel.......... 20° sb. 590 1180 2360 3540 4720 5900 
Steel ‘and steel oy oS 20° sb. 860 1720, 3440 5160 6880 8600 


* The values given for cast iron also are used for the ordinary semi-steels and bronze, since the 
ore ng elasticity of all of these materials is practically the same. ff.d. = full depth. 
sb. = stub. : ' 


Table 12.—Maximum Error in’ Action Between Gears 


Diametral Diametral 
Pieh | Class | Class 2 Class 3 aia Class 1 Class 2 Class 3 
1 0.0048 in.| 0.0024in.| 0.0012in} 4 0.0026in.} 0.0013in.|} 0.0007 in. 
2 .0040 .0020 0010 5 0022 0011 . 0006 
S . 0032 0016 . 0008 6 and finer .0020 .0010 0005 


As a matter of fact, noise of operation is usually a very good test of the accuracy of 
gears. For example, gears to run at pitch-line velocities of 5000 ft. per min. and over 
cannot have errors much greater than about 0.0005 in., else the noise of operation will 
render them unsatisfactory. Table 13 gives some measure of the accuracy required at 
the different velocities. This table is a guide for the selection of the proper class of gear 
for specific speed conditions. For extreme quietness of operation, a higher order of 
accuracy than shown is necessary, even at the lower speeds. The values given should 
keep the noise of operation and the dynamic load within reasonable limits. 


Table 13.—Maximum Permissible Error in Action Between Gears 


Velocity, ft. per min.| Error, in. | Velocity,4t. per min. | Error, in. | Velocity, ft. per min. | Error, in. 


250 0.0037 1750 0.0017 3250 0.0009 
500 .0032 2000 -0015 3500 .0008 
750 .0028 2250 .0014 4000 . 0007 
1000 .0024 2500 0012 4500 . 0006 
1250 .0021 2750 0011 5000 and over .0005 
1500 .0019 3000 MOOD” flltes ceten taprenrete 4 ile eiMiewers 


BEAM STRENGTH OF TEETH.—tThe Lewis equation is used to determine the 


_-beam strength of the tooth. The safe static strength should not be less than the dynamic 


load. A margin of safety of from two to four times the applied load is desirable. Let 
W; = safe static load on gear teeth, lb., p = circular pitch, in., #” = face width, in., 
S = flexural endurance limit (stress range from zero to maximum), lb. per sq. in., y = tooth 
form factor from Table 14. Then 
W; = SpFy. 
It would appear that the flexural endurance limit of the material would be a satisfac- 


~ tory value to use for the limiting stress for determining the safe static load. Endurance 


Table 14.—Values of y in Lewis Formula 


ee ey EEEEEET;EEEEE GENCY. 

=; i 0° 20° No. of é 20 20 

rent 141/2° | pull Depth|. Stub Teeth 141/2° |Pull Depth | Stub 
12 0.067 0.078 0.099 27 0.100 0.111 0.136 
13 ‘070 083 “103 30 "102 “114 139 
14 (072 ‘088 108 34 104 “118 "142 
15 ‘075 "092 “1 38 "107 "122 145 
16 .077 094 ALS 43 110 F126 147 
17 “080 "096 iy 50 “f12 130 mibd 
18 083 “098 "120 60 114 "134 “154 
19 087 "100 ee 75 "116 "138 “158 
090 102 125 100 118 142 161 
- "092 104 5127 150 120 146 165 
23 “094 "106 ‘130 300 122 150 "170 
25 "097 108 133 Rack 7124 154 tas 


Lee ———_ nw 
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tests on steel indicate that this limit value follows quite closely the Brinell hardness num- 
ber up to a stress of about 100,000 lb. per sq. in., although the structure of the material 
also plays an essential part. Table 15 gives suggested values to use for S. 


Table 15.—Values of S in Lewis Formula 


inell Hard , Brinell Hardness 
Material = fs pote S Material No! S 
1s serra Ts OSE eS Fe TERS Cs ae eee 
Gray iron.......-- 160 12,000 | Steel........----- 280 70,000 
Semi-steel.......++- 200 18,000 | Steel........----- 320 80,000 
Phosphor-bronze.. - 100 24,000 | Steel.........---- 360 90,000 
titel oe. CORED Ox 200 50,000 | Steel.........---- 400 and over | 100,000 


Steele vet os sate. 240 60,000 


LIMIT LOAD FOR WEAR.—The limit load for wear on properly lubricated gears 
depends upon the surface endurance limits of the materials, the radii of curvature of the 
mating profiles, as well as on the hardness and structure of the surfaces of the mating 
teeth. A harder material in the pinion will cold-work the surfaces of a softer and malle- 
able material of the mating gear, and thus increase its surface endurance limit materially. 
If Wy» = limiting tooth load for wear, lb. (not to be less than the dynamic load for con- 
tinuous service without appreciable wear), D = pitch diameter of pinion, in., n = number 
of teeth in pinion, N = number of teeth in gear, a = pressure angle of gears, F = face 
width of gears, in., Q = ratio factor, K = load-stress factor, £1, Hz = moduli of elasticity 
of materials, S, = surface endurance limit of material, lb. per sq. in., then 


Q = 2N/(N + n) for spur gears; 
Q = 2N/(N — n) (for internal gears) ; 
Sp? sna 1 LN 
140 \Ei Sy : 
Wy = DFKQ. 


The value of S, for steel appears to vary quite consistently with its Brinell hardness 
numbers. The results of tests to date (1936) give, for steel, the values in Table 16. 


K= 


Table 16.—Values of S,, for Steel 
ne Sal EES nas P | el 


Brinell Brinell Brinell Brinell 
Hardness Sw Hardness Sw Hardness Sw Hardness Sw 
No. No. No. No. 
150 50,009 300 110,000 450 170,000 550 210,000 
200 70,000 350 130,000 500 190,000 600 230,000 
250 90,000 400 150,000 


eee ee 

Table 17 gives values of K for various combinations of materials for 14 1/2° and 20° 
gears, taking into consideration the cold-working received in operation. ‘ Cast iron os 
also includes the ordinary semi-steels. Some of the high-test semi-steels and other special 
alloys of cast iron have a greater modulus of elasticity than cast iron, and the value of K 
for such materials must be calculated directly from their own specific properties. 


References: Dynamic Loads on Gear Teeth, A.S.M.E. Research Publication, 1932. Am. Gear 
Mfrs, Assoc. Recommended Practice for Computing the Allowable Tooth Loads of Metal Spur 
Gears, 1932. Spur Gear Tooth Forms, B-6b-1932, Am. Stds. Assoc. 


TYPES OF PHYSICAL WEAR.—Tests on gears and the analysis of gears badly 
worn in service have made apparent five distinct types of physical wear, as follows: 

Pitting, evidenced by particles or flakes of material sheared out of the surface of the 
material. It is a fatigue phenomenon, and is caused by loads or pressures exceeding the 
surface endurance limit of the metal. The static stress conditions can be determined 
quite closely by the use of the Hertz equations (see p. 7-49). In operation, this problem 
is complicated by the tendency to plastic flow of the material. The Hertz equations for 
the limit load for wear apply to this type of wear only. 

Abrasion, evidenced by the scratching or lapping of the surface of the material. It is 
caused by the presence of foreign matter in the lubricant, which may consist of particles 
of the material which have been sheared out by the pitting, or of grit picked up by the 
lubricant. 

Scoring, evidenced by grooves or cuts in the surface of the material. It is caused by 
the projecting edges or corners of improperly finished surfaces which break through the 
film of lubricant and cut or score the mating surface. 

Failure of the lubricant is not responsible for any of the three foregoing types of wear. 
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Table 17.—Values of K 


Pinion Gear 
F Brinell ‘ Brinell Ss K, 141/2° ie Ole 
Material Hardness No. Material Hardness No. ve : a mare 
Steel 150 Steel 150 50,000 30 

4] 

Steel 200 Steel 150 60,000 43 58 
Steel 250 Steel 150 70,000 58 79 
Steel 200 Steel 200 70,000 58 79 
Steel 250 Steel 200 80,000 76 103 
Steel 300 Steel 200 90,000 96 131 
Steel 250 Steel 250 90,000 96 131 
Steel 300 Steel 250 100,000 119 162 
Steel 350 Steel 250 110,000 144 oo 
Steel 300 Steel 300 110,000 144 196 
Steel 350 Steel 300 120,000 171 233 
Steel 400 Steel 300 125,000 186 254 
Steel 350 Steel 350 130,000 201 275 
Steel 400 Steel 350 140,000 233 318 
Steel 450 Steel 350 145,000 250 342 
Steel 400 Steel 400 150,000 268 366 
Steel 500 Steel 400 155,000 286 391 
Steel 600 Steel 400 160,000 305 417 
Steel 450 Steel 450 170,000 344 470 
Steel 600 Steel 450 175,000 364 497 
Steel 500 Steel 500 190,000 430 588 
Steel 600 Steel 600 230,000 630 861 
Steel 150 Cast iron nto 50,000 44 60 
. Steel 200 Cast iron Stats 70,000 87 119 
Steel 250 and higher} Cast iron Stare 90,000 144 196 
Steel 150 Ph. bronze ail 50,000 46 62 
Steel 200 Ph. bronze ahs 70,000 87 119 
Steel 250 and higher} Ph. bronze ook 85,000 135 204 
Cast iron be Cast iron. ie 90,000 193 284 


Scuffing, or Galling, evidenced by dragging of the surface of the material. It is caused 
by the plastic flow of the surface of the material because of the failure of lubrication. 
This is responsible for the ridges and hollows found at the pitch line of the teeth of badly 
worn gears made of malleable materials, as the sliding action is towards the pitch line on 
the driven gear and away from it on the driving pinion. 

Seizing, evidenced by the actual sticking together of two surfaces or the presence of 

_ small particles of material which have been brazed or welded to the surface. It is caused 
by failure of lubrication accompanied by high local heating. The action of sulphur, 
chlorine, etc., compounded with oils to prevent seizing is primarily that of an anti-flux to 
prevent this welding. The successful use of sulphur in cutting compounds is primarily 
due to its action as an anti-flux which prevents the building-up or welding of the material 


to the edge of the tool. 
9. NON-METALLIC GEARS 


In order to reduce noise and vibration in high-speed gears, one gear of the pair is often 
made of some non-metallic material, as rawhide, fiber or phenolic materials under various 
trade names, as Bakelite, Micarta, Formica, Textolite, etc. 

RAWHIDE PINIONS.—Pinions of rawhide are in common use for gearing shafts 
driven by electric motors to other shafts which carry machine cut gears of cast iron or 
steel. 
FIBER GEARS are used for light loads and high speeds. Fiber is comparatively 
inexpensive, can be purchased in convenient stock sizes, but is usually difficult to machine, 
In milling or cutting the teeth, better results will be secured by reversing the ordinary di- 
rection of rotation of the cutting tool. 

PHENOLIC LAMINATED GEARS are made of a non-metallic material developed 
for gear requirements. It is a product of special heavy duck of uniform weave, thickness 
and tensile strength, bonded together with a phenolic compound by heating under pres- 
sure. This material is self-supporting and does not require metal flanges. It is also 
water-, moisture-, steam-, acid-, and alkali-proof. 
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The physical characteristics of these non-metallic materials are so different from those 
of metals that they should be considered in a class apart by themselves. Due to their 
low modulus of elasticity, most of the effects of errors are absorbed at the surface of the 
gear teeth and have little effect on the strength of the gears. On the other hand, the 
deformation under load is relatively so great that the useful load they can safely carry 
is limited by the tendency of the corner of the metal mating gear tooth to score the flank 
of the non-metallic pinion tooth because of its displacement from its theoretical position 
by this deformation. This scoring can be minimized by making the tooth of the non- 
metallic pinion all-addendum, while the tooth of the metal driving gear is all-dedendum. 
In such a case, about double the loads can be safely carried as compared with the safe 
loads on gear teeth of conventional design. The 20° stub tooth system appears to be the 
most effective form for use with spur gears made of these non-metallic materials, for the 
transmission of power. If S = safe static strength of material, lb. per sq. in., s = safe 
operating strength of material, lb. per sq. in., p = circular pitch, in., y = tooth-form factor 
(Table 14), V = pitch-line velocity, ft. per min., W = safe working tooth load, lb., 
F = face width, in., 


s = [{150/(200 + V)} + 0.25]S, and W = spFy. 
The safe static strength of the phenolic laminated materials is generally taken as 
6000 lb. per sq. in. Walues of the safe working stresses of these materials at different pitch- 


line velocities, V, are tabulated in Table 18. These values apply to gears of conventional 
design. 


Table 18.—Safe Working Stress for Phenolic Laminated Materials 


V s V s ¥ s 
600 2625 1800 1950 4000 1714 
700 2500 2000 1909 4500 1691 
800 2400 2200 1875 5000 1673 
900 2318 2400 1846 5500 1658 
1000 2250 2600 1821 6000 1645 
1200 2143 2800 1800 6500 1634 
1400 2063 3000 1781 7000 1622 
1600 2000 3500 1743 7500 1617 


pe 


The most effective use of these materials is for high-speed duty. At low speeds, 
where the starting torque may be high or where the load may fluctuate widely, or when 
high shock loads may be encountered, the non-metallic materials do not always prove 
satisfactory. Hardened steel appears to be the best material to run with the phenolic 
laminated materials. A good second choice is cast iron or semi-steel. The use of soft 
steel, brass or bronze is questionable because of the tendency to excessive abrasion. 


10. EFFICIENCY OF SPUR GEARS 


In 1886, Wilfred Lewis reported the results of an extensive series of tests of the effi- 
ciency of the common types of gearing, namely, worm, spiral, and spur. In these tests, 
which were largely confined to worm gearing, the attempt was made to measure the 
efficiency of spur gears, but the apparatus was not sensitive enough for the purpose, and 
the errors thus introduced were relatively large. The results obtained indicated a range 
in efficiency of from 86 to 99% for a pair of large, carefully-cut spur gears under average 
conditions. 

Later tests indicate that the efficiency of a pair of cut gears under average conditions 
is in the neighborhood of 99%, and this value proves quite satisfactory for use when 
computing the temperature rise of operation, ete. Recent tests indicate that the efficiency 
is highest with the finer pitch gears. Also, that it varies with different materials, etc. As 
the friction loss is so small, however, the use of the value of 1% as the power loss at the 
tooth-mesh proves generally satisfactory for most practical purposes, 


11. HELICAL GEARS 


Helical gears are gears whose teeth are twisted uniformly throughout the length or 
face of the gear. The angle, at the pitch line of the helix, of the tooth with the center-line 
of the gear is called the helix angle. This angle represents the angle of departure of the 
helix from a spur gear. The complement of this angle, or the angle between the helix 
and any plane of rotation of the gear, is called the lead angle. The lead of the helix is 
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eee i distance the helix advances to make one complete revolution about the pitch 
cylinder. 

The same basic rack forms used for spur gears are often used on helical gears. In 
addition, many special forms and proportions are used to meet specific conditions. 

Although the conjugate action between the tooth profiles in the plane of rotation is 
identical to that on spur gears, there is in addition a tendency for continuous action along 
the helices of mating teeth. In order to obtain the full advantage of this helical action, 
the advance of the tooth across the face of the gear must be equal to the angular distance 
of one tooth-interval or more. The greater the number of teeth in helical contact across 
the face, the smoother will be the action because 
of the averaging effect of the multiple-tooth contact 
on the errors, etc. > 

Gears of this type are made with helix angles 
up to 45°. The larger the helix angle, the greater 
the number of teeth in helical contact across the 
face of any given gear. On the other hand, the 
larger the helix angle, the greater the end-thrust 
of the gears. The final solution in any particular 
case is a compromise between these conflicting 
factors, depending upon the nature of the drive, 
the facilities available for resisting end-thrust, etc. 
The end-thrust on the bearings may be avoided 
by combining two pairs of helical gears, one gear 
with a left-hand lead of helix and the other gear 
on the same shaft with a right-hand lead of helix. 
When the two gears are made integral from a single Fia. 14 
blank, they are called herringbone gears. 

MILLED HELICAL GEARS.—Helical gears may be produced by milling on a milling 
machine with the same formed milling cutters as are used for spur gears. The general 
formulas required for such helical gears are shown in Table 19. 
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Table 19.—General Formulas for Helical Gearing 
(Adapted from Brown & Sharpe Mfg. Co., Providence, R. I.) 


To Find Symbol Formulas. See Fig. 14 
Number of teeth in gears *........... Na, Nb | N = DPn cos a. 
MUON Cer IS ANCG cs sis biel sictels oye tvereitilaie sb Cc € = 1/o(Dqg + Db) = (Na + Nd) + 2Pn cos a. 
Circular pitch (circumferential)....... Pp p = 3.1416 D/N = py/cos a, 
Normal.circular PibCh. .)c.6r00 «ove wieverese(s:s Pn Pn = pcosa. 
ES PANTLSt EAL RIED OLN Pore atlas ‘oles alieie\aue oe @ eo: P 
Normal diametral pitch.............. Pn Py = 3.1416/py-(pitch of cutter). 
PAILONe CUSINGGEL < cclersra'c ic clcic’s euvwle.els.c ees D D = DN + 3.1416 = pn N/3.1416 cos @ 
= Nd + (N + 2 cos a). 
B'@uteide diameter..2..:scclecessevee- d d= D+ 2a = D + (2/Pn). 
Angie of teeth with axis. wc. <ice ve sic ciss a cos a = N + (Pn D). 
PRICK TINS, Of LOOtI co sieeve © avs © t t = pn/2. 
Addendum or module..............2- a a = pn/3.1416 = 1/Pn = IWo(d — D). 
Whole depth of tooth......s0..se5-0.8 H a ecaetenO ite 
No. of teeth marked on cutter when 
teeth are to be cut in milling machine f aT T = (N/cos? a) + (pn X De X tan? a) ¢ 
Lead (exact) of spiral on pitch surface. . Ty Li = Np/tan a = N X 3.1416/P tan a. 


Lead (approx.) of spiral on pitch surface Le Lz = 10WG, + SG4.§ 


* The subscripts a and b appearing in notations refer to gears a and b. 

+ Cutters of composite system. See Table 4, p. 14-08. 

+ D- = diameter of milling cutter to middle of tooth profile. 

§ W = number of teeth on gear on worm, Gj, Gp, teeth in first and second gears on stud, respec- 
tively, S = teeth in gear on screw, on spiral heads of Brown & Sharpe milling machines. The 
formula may not apply to spiral heads of different construction. 


HOBBED HELICAL GEARS.—Helical gears may be hobbed, using the same hobs 
as are used for hobbing spur gears. There is no theoretical reason why a right-hand 
helical gear should not be hobbed with a left-hand hob. The use of a hob of opposite 
hand to that of the helical gear being cut requires the least travel of the hob into and out 
of the gear blank at the beginning and end of the cut. Hence if the production is large, 
and separate hobs are to be used for each gear of the pair, cutting time is saved by using 
hobs of opposite hand to the helix of the gear. For general purposes on small quantities, 

- however, the same hob can be used for both right- and left-hand helical gears. The general 
formulas for these helical gears are as follows: Let Na, Np» = number of teeth in gears; 
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C = center distance, in.; p = circular pitch in plane of rotation, in.; pn = normal cir- 
cular pitch, in.; P = diametral pitch in plane of rotation; P, = diametral pitch, normal; 
D = pitch diameter, in.; d = outside diameter, in.; a = helix angle; a = addendum, in.; 
L = lead of helix, in. Then 

D=N/Ppcosa; d=D+2a; C= (Na+ No)/Pncosa; 

L = Np/tan a; p = pr/cosa; P = P,y/cosa. 

LOAD CARRYING ABILITY OF HELICAL GEARS.—All other factors being equal, 
helical gears appear to operate more smoothly and quietly than spur gears. This would 
indicate that the intensity of the dynamic load is less on helical gears than on spur gears. 
The greater possibility of multiple-tooth contact across the face of a helical gear, as com- 
pared with the contact conditions on a spur gear, undoubtedly has a large influence. 
The exact nature of the distribution of the load among the several teeth in simultaneous 
contact is still unsolved. With perfect gears and no deformation under load, it would be 
shared equally by all teeth in contact. With errors present, the deformation on the highest 
tooth must be equal to the error before another tooth can share the load. The formulas 
and values below appear to check conservatively with a large quantity of service data, and 
have been used successfully for several years. 

STRENGTH OF HELICAL GEAR TEETH.—As with all other types of gears, the 
load-carrying ability of helical gears may be limited by the heat of operation, the beam 
strength of the teeth or the surface endurance limits of the materials. The dynamic 
load is the maximum momentary load set up by the operating or dynamic conditions. 
Where W = transmitted load at pitch line, lb.; V = pitch-line velocity, ft. per min.; 
Wa = dynamic tooth load, lb.; F = width of active face, in.; C = deformation constant 
from Table 11; a = helix angle of gears, 


Wa = [0.05V(W + FC cos? a) cos a/(0.05V + VW + FC cos* a] + W. 


Helical and herringbone gears often are made with much wider faces than those com- 
monly used on spur gears. With such wide-face gears, the load across the face is not 
uniform because of the torsional deformation. The following approximation will give 
some measure of the intensity of this load concentration at one end of the face: When 
Wm = maximum unit dynamic load, lb. per in. of face, and D = pitch diameter of 


pinion, in., _ Wa F 


For herringbone gears, the value of F in the above equation should be taken as the 
width of face of either half of the herringbone pinion because of the centering influence of 
the herringbone design. If the torsional deflection were uniform across the face, then the 
load would vary uniformly across the face, the load being greatest where the torsional 
deflection is least. In such a case, the average unit load would exist at the middle of the 
face, with a maximum and minimum unit load at opposite ends, each varying the same 
amount from the average. This probably is a condition that never exists because the 
varying load will introduce a varying torsional deflection angle. For the sake of sim- 
eeaiek the foregoing approximation is based on uniform torsional deflection across the 
ace. 

BEAM STRENGTH OF HELICAL GEAR TEETH.—The same equations and tables 
as are used for calculating the beam strength of spur gears may also be used for helical 
gears. See pp. 14-14 to 14-17. The load conditions on helical gears are different in many 
respects from those on spur gears, but any error thus introduced will be on the safe side. 
The normal basic rack form would be used in selecting the value of y from Table 14. 
The beam strength should be larger than the dynamic load, thus including a suitable 
margin of safety. 

LIMIT LOAD FOR WEAR.—Let D = pitch diameter of pinion, in.; F = width 
of active face, in.; K = load-stress factor (same as for spur gears, Table 17), Q = ratio 
factor (same as for spur gears), a = helix angle, Wy» = limiting load for wear, lb. Then 


Ww = DFKQ/cos? a. 


The limiting load for wear should not be less than the dynamic load for continuous 
service without appreciable wear. The types of physical wear on helical gears are identical 
to those on spur gears. 

NON-METALLIC HELICAL GEARS.—The information given for spur gears of 
non-metallic materials may also be used for helical gears. 

EFFICIENCY OF HELICAL GEARS.—There is some question as to the efficiency 
of helical gears us compared with herringbone and spur gears. Some authorities claim 
that herringbone gears are more efficient than spur gears, and also that herringbone gears 
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are more efficient than helical gears because of the elimination of the end thrust on the 


bearings. 
of the thrust bearings. 


The amount of power loss due to end-thrust depends largely upon the efficiency 
As the power loss is so small, however, the use of the value of 1% 


as the power loss at the tooth-mesh proves generally satisfactory for most practical pur- 
poses. For single helical gears, the power loss due to end-thrust on the bearings should be 


considered separately. 


12. BEVEL GEARING 


Bevel Gearing is used for connecting intersecting shafts. 


The teeth of bevel-gears 


are formed about the frustums of cones whose common vertex is the point where the shafts 


would meet if prolonged. These cones 
are called pitch-cones, since they roll 
upon each other and on them the teeth 
are pitched. When bevel-gears are 
the same size and the shafts are at 
angle of 90°, they are called miter 
gears. A crown gear is one in which 
the sides of the pitch-cone make 
an angle of 180° with each other. 
That is, the pitch-cone has no altitude 
and is therefore a flat surface. 
TEETH OF BEVEL-WHEELS. 
(Rankine’s Machinery and Millwork.) 
—The teeth of a bevel-wheel have 
acting surfaces of the conical kind, 
generated by the motion of a line 
traversing the apex of the conical 
pitch-surface, while a point in it is 
carried round the traces of the teeth 
upon a spherical surface described 
about that apex. 

The operations of drawing the 
traces of the teeth of bevel-wheels 
exactly, whether by involutes or by 
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Fic. 15.—Bevel Gear Notation 


rolling curves, are in every respect analogous to those for drawing the traces of the 
teeth of spur-wheels; except that in the case of bevel-wheels all those operations are to 
be performed on the surface of a sphere described about the apex, instead of on a plane, 


substituting poles for centers and great circles for straight lines. 


In consideration of the 


practical difficulty, especially in the case of large wheels, of obtaining an accurate spherical 
surface, and of drawing upon it when obtained, the following approximate method, 
proposed originally by Tredgold, is generally used: 

Let O, Fig. 16, be the common apex of the pitch-cones, OBI, OB’I, of a pair of bevel- 


wheels; OC, OC’, the axes of those cones; OI their line of contact. 


Perpendicular to OL 


draw AIA’, cutting the axes in A, A’; make the outer 


fe) 


At 


Nt 


8 rims of the patterns and of the wheels portions of the 
cones ABI, A’B’I, of which the narrow zones occupied 
by the teeth will be sufficiently near for practical pur- 
poses to a spherical surface described about O. As the 

es cones ABI, A’B’I cut the pitch-cones at right angles 

| in the outer pitch-circles JB, IB’, they may be called 

: the normal cones. 

D 


To find the traces of the teeth upon 


the normal cones, draw on a flat surface circular arcs, 
ID, ID’, with the radii AI, A’I; these arcs will be the 
development of arcs of the pitch-circles 7B, IB’ when 
the conical surfaces ABI, A’B’I are spread out flat. 
Describe the traces of teeth for the developed arcs as 
for a pair of spur-wheels, then wrap the developed arcs 


on the normal cones, so as to make them coincide with the pitch-circles, and trace the 


teeth on the conical surfaces. 


For formulas and instructions for designing bevel-gears, see Practical Treatise on Gearing, and 
Formulas in Gearing, published by Brown & Sharpe Mfg. Co.; and Teeth of Gears, by George B. 
Grant. See also Rankine’s Machinery and Millwork, Reuleaux’s Constructor, Unwin’s Elements 
of Machine Design, and Logue’s American Machinist’s Gear Book. 
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FORMULAS FOR BEVEL AND ANGULAR GEARS.—The Gleason Works, 
Rochester, N. Y., has published a series of rules for calculating the proportions of the 


various parts of bevel and angular gears. 
have been derived. 


From these rules the formulas in Table 20 


RECOMMENDED PRACTICE FOR BEVEL GEARING.—(Amer. Gear Mfrs. 


Assoc., Oct., 1919.) 


Length of Face.—The maximum length of the face of bevel gears 


Table 20.—Formulas for Calculating Bevel and Angular Gears 


Fia. 17 
To Find | Symbol | Formulas 
Bevel Gears 
Diametral pitch. ........ssseseeceee Ee P= WN + D = 3.1416 + p. 
Ciraular pitely.. rite eteetsir caw eis = Glee p p = 3.1416 + P = 3.14146D + N. 
Piteh diameters 4. sei. sacle ses eo ee sia D D= N + P= Np + 3.1416 = Np X 0.3183. 
Pitch depth (addendum)...........-- a a= 1 P= 'p XK 0351s: 
Wromicing cleptiner tates te cisistcle eo os 6 <intels Ww W = 2a; W = dgear + Gpinion (special). 
H = 2a + 0.05 p (standard); 
Buitdepth ie 3¢ fe: - Geassns seme ear Be ~ (es ete 
TRACION Cetin els aie eiacelelecs fe clario stnjevereretn oie sty Vv V=N=n. 
Noslof teeth gear a.'-.<i.)\. site a stele ss N Wt, 2 ; 
No. of teeth: in pinion. js 6.6 a0i «ne n n } oe kore TATED Be 
Diameter increment.............--.- M M = 2a-X cos a@ or 2a X cos B. 
Outside! diameter. ooo. cies ale wie meter ere ore d d=D+M. 
Pitoh angle, Pal kc cscitacaacese oC ews @ tana = N+n. 
PitcGh angele, PINION. «c.g we 412 cfelel= esi B tanB=n+N=90-—e 
Cone distance at pitch-line........... Cc C= 1/2D + sina. 
Cone distance at root angle........ Pos c c= C + cos ¢ 
Back cone distance. .......-.+--2.+-- K K = C tan a. 
Inside back cone distance. ........... k k=C—Ftanae 
aCOia cc coiecal craie wi eunib ie ean) arate) etaiaersiete ars F 
Addendum: angle.) incr edn ew o sale aie is C] tan@=a+C. 
Block or dedendum angle............ ? tang=L+C. 
Blank Gepthiccy © scfeiet ceteeiieis toe eis L 
RUCe ANGIE. ys Wiel ace eceiesasulele oe ciate kar eral vy yY=a-+t é 
HUGOU ANI. he aoa eo al ste isiorelamtelvartemiets p p=a-— ¢. 
Distance crown to pitch-line.......... x X =asina. 
Pitch ati insides: 2... esa. ghteniom ee ete ashe ae Pitch at outside: Pitch at inside ::C:C — F. 
Circular thickness of teeth........... t (Standard) t = 1/g p. 
Circular thickness, gear tooth......... Tg (Special) see Fig, 20. 
Circular thickness, pinion tooth. ...... Tp Tp = p — Tg. 
Chordal thickness of standard and spe- 
GIBIECEELI 1 chs euthae ate mnveke mearenerece aes S See Fig. 21. 
Corrected pitch depth... ......s.eee0s A See Fig. 22. 
POGsMeN Ele. sft, Tie LOSE aie ee snl sik nN tan \ = (I/ot + L tan y4) + C. 
Pressure Bngle. ii. aiwils Mod Wee ae eee Y 
Radius 14 1/9° base circle...........-. R R = back cone radius X cos 14 1/9°. 
Radius 20° base circle..............-. r r = back cone radius X cos 20°. 
Angular Gears 
Casn Il. See Fig. 17 i 
Pitch angle of gear, a tanlot= sin Z 
[Angle of shafts (Z) < 90°] (n/N) + cos Z 
Casr II.* See Fig. 18 
Pitch angle of gear, « Ranta te sin (180° — Z) 
[Angle of shafts (Z) > 90°] (n/N) — cos (180° — Z) 
Case III.* See Fig. 19 
Pitch angle of gear, a sin (180° — Z) 
[Angle of shafts (Z) > 90°] tana = cos (180° — Z) — (n/N) 
Cases I, II and III. 
Pitch angle of pision..« onsale seer tise B B=Z—a. 


*To determine whether a given example belongs to Case II or Case III. 


use Case II; if N sin (Z — 90°) > n, use Case III. 


If Nsin (Z — 90°) <n, 
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should not be over 1/3 the cone distance for gears up to 3 in. pitch diameter and not over 
1/4 the cone distance for gears from 3 to 20 in. pitch diameter, assuming that the pitch 
always is in proper proportion to the size of the gears. A safe rule is to make the face 
from 11/2 to 2 1/2 times the circular pitch. 

Length of Bearing.—The minimum length of bearing along the face is to be at least 
1/9 the length of the face when the gears are held in correct alignment. Gear users should 
test the strength of the gear housings as follows: Block the driven gear shaft and then 
apply a lever to the shaft of the driving gear and measure the displacement of both gears 
when a dead load is applied through the lever. -This measurement can be made by insert- 
ing shims on the driving side of both ends of the teeth before and after the load is applied. 

Shape of Teeth for Bevel Gears.—Bevel gears with generated involute teeth of stand- 
ard addendum, having a pressure angle of 14 1/9 deg. may be used according to the following 
rule: 


ASSETS CORSA ere Teton 11/2 to 1 2 tol 3 to 1 and over 
Minimum No. of Teeth...... 14 18 19 21 


The recommended practice rules as given are confined mainly to gears up to 20 in. 
pitch diameter as distinguished from larger gears. They also apply to average machine 
design as distinguished from gears for automobiles. 

SPIRAL BEVEL GEARS, extensively used for driving the rear axles of automobiles, 
_ have teeth that are curved on the arc of a circle if produced by the Gleason spiral bevel- 
gear generator, or they are helical if produced on a generating-gear planer. 

The following terms are used in 
referring to spiral bevel gears: Angle 
of spiral defines the angle that the 
line AB (Fig. 23), drawn tangent to 
the tooth at the center of the gear 
face, makes with the element OA 
of the pitch-cone. The direction of 
spiral refers to the direction of the 
spiral pinion; thus, a left-hand 
spiral is left-hand on the pinion and 
right-hand on the gear. Lead is the 
distance that the spiral advances 

within the face of the gear. 
; For automobile practice the 
Gleason Works recommends gears of 
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4 to 5 diametral pitch and an angle of about 30°. It says that for a finer pitch, an angle 
of 25° to 30° will be sufficient. Although gears have been cut as low as 20° and as high 
as 35°, it is not advisable to go above 35°. 

To obtain a sufficient lead and still keep the angle of spiral around 30°, the face may 
be lengthened, or, if the load is not too great, a finer pitch can be used. Either of these 
methods increases the amount of lead with relation to the pitch. 

The teeth of spiral bevel gears wear no more than those of straight-tooth bevel gears. 
Due to their curvature, the teeth of spirals engage gradually and their operation is quiet. 
Spiral bevel pinions also permit of greater endwise adjustment than do straight-tooth 
bevels, and they are better adapted to high gear ratios. The load-carrying capacity of 
spiral-tooth bevel gears is about the same as straight-tooth bevel gears. 

END THRUST OF SPIRAL BEVEL GEARS.—The chief disadvantage in using 
spiral bevel gears is the necessity of taking care of an additional end thrust on the bearings, 
which also may reduce the efficiency of the spiral bevel gear to slightly below that of the 
straight-tooth bevel gear. If the gears reverse, the thrust must be provided for in both 
directions. The amount of the thrust depends on several varying conditions—horsepower 
transmitted, pitch diameter and pitch angle of the pinion, revolutions per minute of the 
pinion, pressure angle and the angle of the spiral. 

Where the transmitted tooth load (torque) is known, the Gleason Works gives the 
following approximate method for figuring the thrust: Thrust of pinion = transmitted 
tooth load (torque) X C, where C is a constant, whose value is given below. 

The values given for C are average results from ratios between 3 to 1 and 7 to 1, and 
are for a pinion turning clockwise on the forward drive when viewed from the motor. 


VALUES OF C. 


ATIGIO OL Spine amen eer teeters eieniete 20° 25° 80° 35° 

Right-hand spiral—forward..... C =— 0.29 —0.44 —0.56 —0.69 
Right-hand spiral—reverse...... C=+ 0.41 +0.59 +0.72 +0.85 
Left-hand spiral—forward....... C=+ 0.41 +0.59 +0.72 +0.85 
Left-hand spiral—reverse....... C =— 0.29 —0.44 —0.56 —0.69 


Values with negative sign indicate pull in a direction toward the cone center; those 
with positive sign indicate a thrust away from the gear. The value used for transmitted 
tooth load or torque is to be calculated for the full pitch diameter of the pinion, not the 
mean diameter. The values of C as given are corrected for this purpose. 


Exampiy.—Assume 25 horsepower transmitted, 500 r.p.m. of pinion of 15 teeth, 5 diametral 
pitch, 3 in. pitch diameter, and 30° angle of spiral. 
Transmitted tooth load = (25 X 33,000) + x X 3/19 X 500 = 2100 lb. 


Thrust = — 0.56 X 2100 =— 1176 Ib. for right-hand spiral forward drive, and left-hand spiral 
reverse. 
=+ 0.72 X 2100 =+ 1512 lb. for left-hand spiral forward drive, and right-hand spiral 
reverse. 


LOAD CARRYING ABILITY OF BEVEL GEARS.—In some re- 
spects, the dynamic conditions on bevel gears are similar to those on 
spur gears. Because of the conical form, however, bevel gears have 
also many individual characteristics of their own. An axial displace- 
ment of either member of a pair from its correct position will change 
the contact conditions materially. Also, as the pinion usually is over- 
hung from its bearing, bending of the pinion shaft will tend to change 
the contact. Bevel gears, when first set up and operated under load, 
seldom have complete contact across their entire face, so that the 
exact load conditions always are somewhat uncertain. The formulas 
below appear to give a reasonably close measure of the average conditions. 

STRENGTH OF BEVEL GEAR TEETH.—The dynamic load is the maximum 
momentary load set up by the operating or dynamic conditions. When W = transmitted 
load at pitch line, calculated from the pitch line velocity at the large end, lb., V = pitch 
line velocity at large end, ft. per min., Wq = dynamic tooth load, lb., F = width of 
face, in., C = deformation constant from Table 11, then, 


For straight bevel gears, Wq [0.05 V(W + FC)/(0.05 V+ VW + FC)|+ W; 
For spiral bevel gears, where a = angle of spiral, i 
Wa = [0.05 V(W + FC cos* a) cosa/(0.05 V + VW + FC cos? a)] + W. 
BEAM STRENGTH OF TEETH.—Ffor bevel wheels Wilfred Lewis gives the follow- 


ing: Referring to Fig. 24, D = large diameter of bevel; d = small diameter of bevel: 
p = pitch at large diameter; » = actual number of teeth; F = face of bevel; N = forma- 
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tive number of teeth = n X secant a, or the number corresponding to radius R; y = factor 

depending upon shape of teeth and formative number VN; W = safe load on teeth, assumed 

to be applied at the large end of the bevel-gear on the pitch-line S = flexural endurance 
limit, lb. per sq. in. 

joe — GE 

W = SpFy ——————_; 

e 2 SDD a) 


which gives almost identical results when d is not less than 2/3.D, as is the case in good 
practice. It must be borne in mind, however, that in the case of machines which consume 
power intermittently, such as punching and shearing machines, the gearing should be 
designed with reference to the maximum load W, which can be brought upon the teeth 
at any time, and not upon the average horsepower transmitted. 

Table 15 also can be used for the flexural endurance limit stresses of materials for bevel 
gears. The beam strength of the tooth should be enough larger than the dynamic load 
to give a suitable margin of safety, as in the case with spur gears. 

LIMIT LOADS FOR WEAR.—Let Wy = limiting load for wear, lb., D = pitch 
diameter of pinion at large end, in., F = face width of gear, in., K = load-stress factor, 
Table 17, Q = ratio factor, a = pitch angle, gear, 8 = pitch angle, pinion, N = number 
of teeth in gear, n = number of teeth in pinion. Then Q = 2N cos B/(n cosa + N cos 8). 
For straight bevel gears, Ww = DFKQ/cos B 


For spiral bevel gears, where A = spiral angle, 
Ww = DFKQ/cos 8 cos? A. 

The types of physical wear on bevel gears are identical to those on spur gears. 

EFFICIENCY OF BEVEL GEARS.—Tests on bevel gears indicate that the efficiency 
of well-cut and properly lubricated bevel gears ranges from about 95 to 99%. The power 
losses measured in these tests included the losses caused by the end thrusts, so that the 
design of the thrust bearings plavs an important part. It is probable that the losses at 
-the tooth-mesh alone are practically the same as for spur gears. 


or, more simply, W = SpF ys : 


13. SCREW GEARING 


Screw gearing includes those types of gears used to drive non-intersecting and non- 
parallel shafts, where the teeth of one or both members of the pair are of general screw 
form, and where the driving takes place by means of a screwing action, the sliding of 
the contacting tooth surfaces against each other being the predominating action. Screw 
gearing is of three general types: 1. Spiral gear drives; 2. Worm gear drives; 3. Hour- 
glass or globoid worm drives. There is a fundamental difference in the nature of the 
geometrical cor.struction, nature of the action and character of pitch surfaces between the 
three types. 

SPIRAL GEAR DRIVES.— Helical 
gears used to drive non-parallel shafts 
commonly are known as spiral gears. In 
this case, both members of the pair have 


Pitch Cylinder, 
Follower 


Pitch Cylinder, 
Driver 


a uniform helical lead of tooth along their 

axes; each member has two pitch surfaces 

and also two circular pitches. One pitch 

surface is a cylinder; the other is a plane. \ 

The circular pitch on its pitch cylinder is Pitch Plane, : Pitch Plane, 
the same as the circular pitch of the mat- Driver : 2 Follower 

ing gear on its pitch plane. The circular SS 
the circular pitch on the pitch plane is 

equal to its axial pitch. Such pitch surfaces 

are shown in Fig. 25. The nature of the Fic. 25. Pitch Surfaces of Spiral Gears, Pitch 


pitch on its pitch plane equals the projec- 
tion of its axial pitch along a line repre- 
contact between such gears is point con- Planes Coinciding 
tact. 


senting the direction of the plane of rota- 
tion of the mating gear. Thus when the 
two shafts are at right-angles to each other, 

WORM GEAR DRIVES.—A common conception of a worm gear drive is that of a 
screw-thread driving a circular nut. A better mental image is obtained by picturing such 
a drive as the development of a spiral gear drive where one member has been made to 


14-26 GEARING 


envelop the other in order to obtain line contact instead of point contact. Hither member 
may be made to envelop the other. For expediency, the more common practice has been 
to make the larger member envelop the smaller. Until recently, the use of a smaller 
member enveloping the larger one has been exceptional, and such a construction has been 
erroneously called an hour-glass or globoid worm drive. A worm gear drive has one 
member with a uniform helical lead of tooth along its axis, while the mating member is 
made to envelop it. The enveloping member retains its cylindrical pitch surface, but loses 
its pitch plane with the loss of its uniform helical lead of tooth along its axis. The heli- 
coidal member retains its pitch plane but loses its pitch cylinder because the mating pitch 
plane has been eliminated. Thus the pitch surfaces of a worm drive consist of a pitch 
cylinder on the enveloping member and a pitch plane on the helicoidal member, and there 
is but one common circular pitch for both members. There can be no circular pitch in the 
plane of rotation of the helicoidal member unless there is a mating pitch plane with a 
constant axial pitch on the contacting member. The contact between the teeth of a worm 
gear drive is line contact. 

HOUR-GLASS OR GLOBOID WORM DRIVES.—In an hour-glass or globoid worm 
drive, neither member of the pair has a uniform helical lead of tooth along its axis. One 
or both members may be made to envelop the other. The contact is line contact, and the 
pitch surfaces are indeterminate. No fixed pitch point exists. Each different design 
must be analyzed individually to establish the nature of the action and position of the 
contact. The motion is primarily that of a barrel cam operating against a series of cam 
followers free to rotate about an axis. 


14. SPIRAL GEAR DRIVES 


For light loads within their load-carrying capacity, spiral gears are the most satisfac- 
tory type of screw gearing. When made 
Pitch Cylinder, | With reasonable accuracy, they transmit mo- 
Follower tion smoothly and quietly. This is the result 
of several unique characteristics of such 
i Plane, drives. Theoretically, it is impossible to 
ollower i . 
spoil the nature of the action by mislocation 
or misalignment. As ordinarily designed, 
the pitch planes of mating gears coincide 
but travel in different directions (see Fig. 
25), depending on the direction of the planes 
of rotation of the two helical gears. If the 
axes of the gears are moved farther apart, 
the sizes of the pitch cylinders will remain 
unchanged, the corresponding pitch planes 
will remain tangent to their respective pitch 
cylinders, and will not coincide. (See Fig. 
26.) The conjugate action between the tooth 
profiles, however, would remain theoretically 
correct. The gears could be so designed that 
the axes would be shifted to bring the 
entire tooth profiles between the two pitch 
planes, the only result being a relatively 
Fra. 26, Pitch Surface of Spiral Gears, Pitch S™all reduction in the duration of contact. 
Planes Separated A similar shifting of the pitch surfaces 
will occur if the angular setting of the axes of 
the gears be changed. The circular pitches on the pitch planes then would change, as 
these pitches depend on the direction of the plane of rotation of the mating gear in relation 
to their axial position, and this also would cause the size of the mating pitch cylinder to 
change accordingly. The results of these characteristics are that errors in the position 
or alignment of involute helical gears used as a spiral gear drive have no effect on the 
correctness of tooth action. 

Generally, the helix angles on a pair of spiral gears are of the same hand. If the 
angle between shafts is small, however, the helix angles may be of opposite hand. Except 
when both helix angles are the same, there is no direct solution for the helix angles and 
pitch diameters of spiral gears, unless the center distance may be varied to suit the par- 
ticular combination of helix angles which are selected arbitrarily. The final result in all 
other cases must be found by trial. When spiral gears have helix angles of the same hand, 


Pitch Plane, 
Driver 


Separation of 
Pitch Planes 


Pitch Cylinder, 
Driver 
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the one with the greater helix, or lesser lead, angle always should be the driver. Except 
with gears of the same helix angle, the diameters of spiral gears are not directly proportional 
to the numbers of teeth. The speed ratio is established by the numbers of teeth and not 
from the diameters. Also the terms driver and follower are commonly used for spiral gears 
in place of the terms pinion and gear. 

Let) = center-distance, in Pn = normal diametral pitch (or diametral pitch of basic 
rack), n= number of teeth in driver, N = number of teeth in follower, a = helix angle of 
driver, B = helix angle of follower, y = angle of axes, d = pitch diameter of driver, in., 
I) = pitch diameter of follower, in. Then d = n/P, cosa, and D = N /Px cos B. 

When the two pitch planes coincide, 2C = d + D. 

When both helix angles are of the same hand, y = a + 8. 

When the helix angles are of opposite hand, y = difference between a and B. 

When JL, = lead of driver, in., and L2 = lead of' follower, in., L; = 3.1416 d/tan a; 
Ly = 3.1416 D/tan B. 

The foregoing equations give all of the basic 
relationships required to solve any spiral gear , 
problem. As noted before, in many cases the 
mathematical solution is indeterminate and 
must be solved by trial. The following simple 
graphical solution has been devised by J. K. 
Olsen, chief-draftsman of the Stewart-Warner 
Speedometer Corp.: 

Referring to Fig. 27, the number of teeth and 
normal diametral pitch are selected arbitrarily. 
Circles are drawn representing the pitch diame- 
ters of the corresponding spur gears at the re- 
quired center-distance. Two intersecting straight 
lines are drawn on tracing paper, the angle be- 
“tween them corresponding to the angle between 
the shafts. This tracing is then placed over the 
two drawn circles and adjusted until both lines 
are tangent to their respective circles. Their intersection is on the common center line of the 
two circles. The respective distances from the centers of the driver and follower to the 
intersection of the two lines on the common center line are the pitch radii of driver and 
follower. The angle between the vertical center line of each circle and the line tangent to 
that circle is the helix angle of that member. The values of the helix angle and pitch radii 
would be measured from the layout, and should be checked by the above equations. 
If the sum of the two pitch diameters so calculated is less than twice the specified center- 
distance by not more than the depth of the tooth, no further refinement is necessary. 
The leads should be calculated from the formulas, using the measured values of the helix 
angles and the calculated values of the pitch diameters. The outside diameters of the 

* gear blanks then would be so chosen that their sum equals twice the center-distance plus 
twice the working depth of the tooth of the gear system used. The teeth would be cut 
to the standard depth in these blanks. The exact position of the tooth form in relation to 
the pitch cylinders is of little importance. 

Fig. 27 applies to the conditions when the two 
helix angles are of the same hand. In most cases, 
two points will be found on the common center 
line which meet the foregoing requirements. The “* 7 
point which gives the larger pitch radius and helix 
angle to the driver should be used. Sometimes = 
the initial selection of tooth-numbers and pitch V_¥_ 
results either in a condition where the intersection : 
of the two lines on the tracing paper cannot touch Sea, 
the common center line, or the diameters so iS 
obtained are not satisfactory. In the first case, a 
new selection should be made which will reduce Fra. 28 
the size of the original circles. In the second case, t ; 

a new selection should be made in which the size of the circles will be increased. y 

When the angle between the shafts is small, and the helix angles are to be of opposite 
hand, the procedure is as indicated in Fig. 28. The procedure is the same as before, except 
that one line must be tangent to one circle above the common center line, while the other 
line must be tangent to the second circle below the common center line. ‘ 

TOOTH FORMS FOR SPIRAL GEARS.—Hither the 14 1/2-deg. composite system 
for milled gears, or the 14 1/s-deg. full depth involute system for generated gears, give the 
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most satisfactory tooth forms for spiral gear drives. The selection of the proper milling 
cutter, etc., for milled spiral gears is identical to that for helical gears as shown in Table 19. 

LOAD CARRYING ABILITY OF SPIRAL GEARS.—The nature of the contact 
between spiral gears is point contact. Because of this point contact, relatively light tooth 
loads set up very high compressive stresses in the material at the point of contact. With 
spiral gears, excessive wear due to pitting or abrasion is usually the most critical condition 
to be avoided, as the teeth will wear excessively under much smaller loads than those 
required to break the teeth. 

Practically no reliable information is available as to the safe loads for wear on spiral 
gears. The limit load for wear on such gears is very uncertain. If the gears are operated 
in their actual working position under a light load for a period of time until a thin polished 
line or band appears on the teeth where contact occurs, they can then carry appreciably 
greater loads without excessive wear than they could if assembled and operated under full 
load without the preliminary polishing run. Again, if the gears are carefully run in under 
increasing loads until a polished band of appreciable width appears on the surfaces of the 
gear teeth where contact takes place, they can then carry very much higher loads without 
excessive wear than they can carry after only a short polishing run. In fact, the longer a 
pair of spiral gears run without abrasive wear on the tooth surfaces, the greater will be 
the loads that they can carry without excessive wear. It should be apparent, therefore, 
that load factors given for spiral gears depend on the care with which they have been run in 
after their installation. With proper care, a load that would cause excessive wear on the 
gears when first assembled may often be increased to several times the original limit load, 
because of the influence of careful running in, without resulting in appreciable wear. On 
the other hand, when excessive abrasive wear has once started, it is almost impossible to 
stop it without shifting the position of the gears and thus bringing a new part of the tooth 
surface into contact. 

The following formulas and load factors have proved to be reasonably reliable in 
practice. These are based on initial running in as indicated. The relationship of the 
dynamic load to the transmitted load is still an open question. In general, because of the 
screwing action of spiral gear teeth, their operation is much smoother than that of spur 
or bevel gears. In the absence of definite information, the following relationship may be 
used: Let W = transmitted tooth load, lb., Wq = dynamic tooth load, lb., V = pitch 
line velocity of follower in plane of rotation, ft. per min., d = pitch diameter of driver, 
in., D = pitch diameter of follower, in., K = load factor, Table 21, Q = ratio factor. 


Ag 
— Wa = {(1200 + V)/1200} W; Q = {2X D)/@+D)}? 
Ww = @KQ, where Wy = limit load for wear, lb. 
Table 21.—Values of K for Spiral Gears 


After Short After Careful 
Polishing Run | Polishing Run 


Materials in Gears 


Steel and steel (250. Brimell)c. cx se eee teeiereee imieie crete ercreatenne 2 5 
Steel'(250 Brinell) and bronzes... ao os ows Oe asc ecwiels vers eels oh 4 12 
Steel(500 Brinell)and bronzes. sGact seen oe eee ne ranean 5 20 
Steel. (500 Brinell) and cast ironed... sa. ve oe coe cateeineiee eee ee 6 20 
Steel (500 Brinell) and steel (500 Brinell).....................- 7 15 
Cast iromland "opast. Iron. . sich «des so sa ooh s SE eee § 20 
Non-moetallio.and steel or oastiron. .. 00k «+ seule ce eee werern 10 25 


In general, to avoid sparking, bronze or non-metallic materials or hardened steel 
should be used when the pitch line velocity of either member in their plane of rotation 
is much in excess of 1000 ft. per min. Bronze never should be used in combination with 
the non-metallic materials for spiral gears, because of the excessive abrasion or lapping 
that takes place on the bronze member. In Table 21, semi-steel may be substituted for 
cast iron when desired. 


15. WORM GEAR DRIVES 


A worm gear drive consists of two members: 1. A helicoidal member with a uniform 
axial lead; | 2. A member partially enveloping the helicoidal member. That is, a worm 
gear drive is a development of the spiral gear drive, where one member has been made to 
envelop the other to obtain line, instead of point, contact between the mating tooth 
surfaces. In most cases, worm drives are used to drive shafts at 90° to each other. They 


enh substituted, however, for any spiral gear drive, regardless of the angle between the 
shafts. 
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The pitch surfaces consist of a pitch plane on the helicoidal member and a pitch 
cylinder on the enveloping member. The conjugate tooth action best can be studied as a 
special case of a rack and a gear. The same conjugate tooth action exists when the heli- 
coidal member is moved, without revolving, in an axial direction as exists when the heli- 
coidal member revolves. The rack form, however, is not constant across the face of the 
enveloping member, but is of changing form. (See Fig. 29.) The amount of change in 
form depends upon the 
thread angle in the axial Section AA ecuBlon Ee 


section, the lead of the kaN : 


helicoid and its diame- 
Fic. 29. Worm Gear 


ter, and the distance of 
the particular section 
from the axial plane. 
Because of these con- 
ditions, higher thread 
angles are required for 
effective tooth action as 
the lead angle is increased. Narrower faces for the enveloping member are sometimes 
desirable for the higher lead angles, particularly if the thread angle in the axial section is 
relatively small. Thus a 141/9-deg. thread angle should not be used for lead angles 
greater than about 15 deg.; a 20-deg. thread angle should not be used for lead 
angles greater than about 25-deg.; a 25-deg. thread angle should not be used for 
lead angles greater than about 35 deg.; while a 30-deg. thread angle is desirable for lead 
angles up to 45 deg. 

Many types of helicoids are used for worms. Where the lead angle is small, the actual 
forms produced by different methods of cutting the thread are similar, although they are 
different types of helicoids. As the lead angles increase, however, marked differences 
become apparent. For example, the axial form of the thread profile produced by a 
* straight-sided lathe tool, tipped to the lead angle, is concave. That produced by a 
straight-sided milling cutter set to the lead angle generally is convex; although in extreme 
cases where the diameter of the cutter is small in relation to the depth of the thread and 
the lead angle is large, the axial form may be of double curvature, convex near the root 
and concave near the outside or tip of the thread. The larger the diameter of the cutter, 
the greater the amount of curvature in the axial profile of the thread, because of the side- 
cutting action of the cutter. If the milling cutter axis is parallel to the axis of the helicoid 
or worm, a condition that exists when hobbing a thread with an annular cutter, the form 
produced is that of an 


involute helicoid which Inyolute Helicoid 
is that of an involute ten Disa Wiheel 
helical gear. This same 4-in. Diam. Cutter 


involute helicoid also is Lathe Tool 
produced when the flat 
side of a cutter or grind- 
ing wheel, set to both 
the thread angle and 
lead angle, is used. Fig. 
30 shows the differences 
in axial profile produced 
on a worm with a lead 
angle of nearly 45 deg. ———— 

by different tools of the are Coes 

same form of cutting . 
edge. These tools in- Fic. 30. Axial Sections of Milled and Chased Worms 


clude a_ straight-sided 4 dy: ; ; 
threading tool set to the lead angle, a 4-in. diameter milling cutter, a 12-in. diameter 


grinding wheel, and the involute helicoid which would be produced by the flat side of a 
milling cutter or grinding wheel. 

All of these forms of helicoids have been commonly used as thread forms for worms. 
As far as theoretical conditions are involved, one type does not appear to have any great 
inherent advantage over another. The major consideration is that the same form of 
helicoid as is used for the worm should be reproduced on the cutting tool which is to be 
used to generate the enveloping member. In general, the best form to use is largely a 
matter of expediency, controlled by the type of equipment available to produce the heli- 
coidal member. Hence the tool-maker must know the method to be used to produce the 
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helicoidal member in order to*make correctly the cutting tool which is to be used to gen- 
erate the enveloping member. 

For many practical reasons, the involute helicoid would appear to be the best form to 
use where the design is not restricted by existing equipment. With this helicoid, the 
same hob or generating cutter which is used to generate the enveloping member also may 
be used to generate the worm or helicoidal member. Again, with this helicoid, the heli- 
coidal members would be involute helical gears, and the same hob or other generating 
cutter could be used to generate all worms of the same normal diametral pitch of all tooth- 
numbers. Under such conditions, the practice and technique already developed in the 
making of tools for helical and spur gears could be applied directly to the making of tools 
for worms and worm gears. Furthermore, this involute helicoidal form, where ground 
worms are required, is the simplest one to grind and control, the size of the wheel has no 
influence on the form produced, and several different grinding methods are available. 

In the further discussion, the angle of the thread form will refer to the tangent to the 
thread profile at or near the middle of the working depth, regardless of the type of helicoid 
involved. 


| Direction of Rotation Tangent Line between Pitch 
Plane and Pitch Cylinder~ 
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Projection of Field of Contact 


Fic. 31. Contact Lines and Field of Contact 


CONTACT ON WORM GEAR DRIVES.—The analysis of worm drives is a very 
complex operation. In the majority of cases, where such analyses have been made, only 
the conjugate action between parallel sections of the worm, treating them as rack sec- 
tions, meshing with the enveloping member or gear, have been considered. In addition 
it is necessary to have some measure of the nature and position of the actual contact baer 
between mating teeth, duration and field of contact between them, in order to determine 
even approximately the intensity of the stresses and probable load-carrying capacities of 
such drives. Fortunately all types of helicoids follow certain general laws so that work- 
able approximations are possible in all except the extremely critical conditions. 

Considerable uncertainty exists as to the most effective position of the pitch plane in 
relation to the tooth on the worm. The conventional design places it at the middle of the 
working depth of the tooth or thread on the worm. The practice in some plants is to 
place it nearer the root of the thread. On all types of helicoids, the tendency of the con- 
tact lines is to converge towards the pitch line on the leaving side of the worm. (See 
Fig. 31.) This shows a 6-thread worm with straight sides of thread in an axial section 
meshing with a 40-tooth gear. The heavy outline on the plan view of the worm shows ipa 
projection of the field of contact. In the relative position of the two members as shown 
contact exists on three threads of the worm as shown by heavy lines A, B, and C. j 

Using this same worm, when the pitch line is dropped to the outside diameter of the 
gear, by simply closing in the center distance the amount that the pitch plane is moved 
the contact conditions are as shown in Fig. 32. Here the contact lines tend more to swee : 
from the bottom to the top of the worm thread. This change in position of the caer 
lines causes much lower stresses to be set up in the materials by the same applied load, as 
compared with the conditions in Fig. 31. Because of the relative curvature conditions 
at the contact lines the drive, Fig. 32, can safely carry about double the loads that the 
drive, Fig. 31, can carry, even with a portion of the gear face undercut as shown. With 
lower lead angles, the change is less with a change in the position of the pitch ane 

In the design of a worm drive, the center distance can be varied a limited amount, and 
the pitch plane may be placed anywhere between the middle of the working depth Gf the 
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thread on the worm and the outside diameter of the gear to suit other conditions, such 
as a prefixed center distance. On the other hand, the lower the pitch plane is plated 
on the worm thread, the greater will be its load-carrying capacity and the smoother 
the action. 

DESIGN OF WORMS.—Considerable difference of opinion exists as to whether the 
form of the thread in the axial section or that in the so-called ‘ normal section ”’ should 
be specified. As a matter of fact, there is no ‘‘ normal section”’ as generally implied on any 
helicoid. As noted before, the essential information is best specified by stating the shape, 
type and size of the tool to be used to finish the worm. The Am. Gear Mfrs. Assoc. 
recommends that the thread form to be regarded as standard will be the form produced 
by a straight-sided milling cutter having a diameter not less than the outside diameter, 
hor greater than 11/4 times the outside diameter, of the worm; also, that the following 
linear pitches be regarded as standard: 1/4, 5/16, 3/3, 1/2, 5/g, 3/4, 1, 1 1/4, 1 1/o, 1 3/4, 2 in. 

Since the pitch surface of the worm or helicoidal member is a plane, and since the pitch 
on such a plane is constant at all distances from the axis, the term pitch diameter of a worm 
is misleading. Considering it as on a screw-thread, where the same term is used to define 
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that diameter where the thread thickness is equal to the width of space, or where both 
distances are equal to one-half the pitch, it might best be called the nominal pitch diam- 
eter, or better, the effective diameter. 

The Am. Gear Mfrs. Assoc. also recommends that the top edge of the worm thread 
should always be rounded to avoid cutting, and that the amount of this rounding be made 
equivalent to 0.05 linear pitch. When the pitch plane of the worm is dropped to about its 
root diameter or lower, and the worm is the driving member, the conjugate tooth action 
at this edge always is recess action and under such conditions this rounding is not neces- 
sary. 
The Am. Gear Mfrs. Assoc. recommends the use of a 14 1/2-deg. and a 20-deg. thread 
angle for worms from single to quadruple threads. As noted before, the lead angle and 
not the number of threads is the major factor that should determine the selection of the 
thread angle. To these two angles could be added a 25-deg. and a 30-deg. thread angle 
to cover all lead angles up to 45 deg. or higher. If a single thread angle is to be used, the 
830-deg. thread angle can be effectively used on the lower lead angles, and several manu- 
facturers of worm gears have adopted this angle as standard for all worms, with very 
satisfactory results. 

MILLED AND CHASED WORMS.—For milled and chased worms, where definite 
axial pitches are maintained, a choice between two procedures is necessary: 1. If fixed 
tooth heights are used for the same pitch, regardless of the lead angle, a different cutter 
will be required for each different lead angle. 2. If the same milling cutter or chasing 
tool is to be used for all worms of the same axial pitch, regardless of the lead angle, a 
different tooth height must be calculated for each lead angle. In general, as regards the 
standardization of gears, greatest benefits and economies will be secured by standardizing 
the tools used to produce them, together with the reduction of variety as far as possible. 
The use of a single cutter for all worms of a given pitch evidently would be the most 
economical procedure. In such a case, let p = axial pitch of worm, in., a = half included 
angle of cutter, 8 = lead angle of worm, L = lead of worm, in., f = width of flat at tip of 
cutter, in., c = clearance, in., D = nominal pitch diameter of worm, in., a = nominal 
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addendum, in., W = working depth of thread, in., H = whole depth of thread, in., d = 
outside diameter of worm, in., r = root diameter of worm, in. 
Then, when c = a/6, 


W = {3/(7 X tan a)}(p cos B — 2f);a = W/2 = {3/(14 tan a) } (p cos B — 2f); 
H=W+c=13W/12. 


Fig. 33 and Table 22 show satisfactory forms for 
threading cutters of the several thread angles. 

For worms which are to be made integral with 
the shaft, for lead angles less than 45 deg., and where 
a shank hob is used to generate the gear, the formula, 
D = 2p+ 0.5, may be used. The Am. Gear Mfrs. 
Assoc. recommends for worms which are to be 
mounted on the shaft, D = 2.4p-+ 1.1. In both cases, 
d=D+4+W; tanB = L/3.1416 D; r = d — 2H. 

HOBBED WORMS.—With the increasing use of 
multiple-threaded worms, where the number of threads 
on the worm may be 24 or more, the hobbing of worms 
is growing in favor. In this case, there is no reason 
why the standard spur and helical gear hobs should 
not be used to produce such worms, where lead angles 

Cutting Edge of are low. For higher lead angles, involute gear hobs 

Threading Tool for Worms with a pressure angle of 30 deg. would prove effective. 

Fic. 33. Forms of Threading Cutters The form of the basic rack could be the same as shown 

for the form of the 30-deg. threading tool in Fig. 33. 

The sizes of such worms would be computed exactly the same as for helical gears, and 
the generating tool for the worm gear should be made to suit the worm thread form. 
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pitch diameter of the worm gear depends on 
the number of teeth in the gear and the axial 
pitch of the worm. Let Dg = pitch diameter 


of worm gear, in.; N = number of teeth in =) Ween 
gear; p = circular pitch (axial pitch of worm), +2 !) | N i! 
in. Then Dg = pN/3.1416. All other dimen- |e pesecn 1) ie 
sions of the worm gear depend primarily !'& 1; ; Whole Depth of Worm Thread ue 
upon the size of the worm and the center dis- P We era Throat-Diam-——————— a3 
tance. Referring to Fig. 34, when D = nomi- 8 (*—— Quist dhe Diet 


nal pitch diameter of worm, in.; r = root Fira. 34. 
diameter of worm, in.; c = clearance, in.; 
W = working depth of worm thread, in.; C = center distance, in., 


Worm Gear 


Throat diameter = 2C — (r + 2c); 
Throat radius = (r/2) + ¢; 
Outside diameter = throat diameter + (W/2). 


Face width varies from 0.70 D to 0.50 D, depending on the rubbing speed of the worm. 
With increasing rubbing speeds, the face diameter should be reduced. The pitch diameter 
of the worm gear should lie between the diameter equal to (2C — D) and the outside 
diameter of the worm gear. As noted before, the lower the pitch plane is placed on the 
worm thread, the greater is the load-carrying capacity and the smoothness of the action. 


Table 22.—Dimensions of Threading Cutters (See Fig. 33). 


Thread Angle, a 14 1/9° 250 
MT suis Gis epsta wie daisies afew CA elarattiny ss 0s. ote io iaere ts 0. 25862 0.36397 0. 46631 0.57735 
Maximum whole depth...........+..... 0.6897p 0. 6897p 0. 6897p 0.6897p 
Maximum lead angle, B............... fi52 2S 35" 45° 
Widthiiol fat; Stes cc ein creer ss olere arte 0. 3079p 0.2297p 0.1537p 0.0712p 
) aE. i Sn eR tt Rea oo: OER 0.6158p 0.4594p 0.3074p 0.1424p 
B/C 14 teamiec) i dcitis «cris het themes tate oi 0.82857 0.58875 0.45953 ONSTIS 


In general, the pitches commonly used on worm drives are much coarser than are 
required. The multiple threaded and finer pitch worms are more efficient and run more 
smoothly than coarser pitch worms. To obtain the most effective worm drive, the pitch 
should be as fine as the strength of the gear teeth permit. Tor effective tooth action and 
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full contact across the face of the worm gear, the sum of the number of teeth in the worm 
and worm gear should be not less than about forty. 

HOBS FOR WORM GEARS.—The hob for a worm gear should be substantially a 
duplicate of the mating worm, but two precautions must be observed: 1. The nominal 
pitch diameter of the hob never must be less than that of the mating worm. If the hob 
is smaller, contact will be concentrated on the edges of the face of the worm gear, with 
attendant cutting or scoring and rapid wear. The amount which the hob can be made 
oversize depends largely on the lead angle of the worm. With low lead angles, it can be 
made appreciably larger, but with the high lead angles, it can be made only a very small 
amount oversize, unless the axis of the hob is to be twisted slightly in relation to the 
normal position of the axis of the worm. Such twisting will throw the initial contact 
towards the center of the worm face. 2. The length of the hob never should be less than 
the length of the mating worm in order to fully generate the contacting surfaces. This 
applies particularly to cases where relatively short worms are used. In general, a hob 
whose length is equal to 6 or 7 times the axial pitch of the worm will be sufficiently long for 
all purposes. If shorter hobs are used, the worm should be made somewhat shorter than 
the hob. If a differential feed of the hob across the periphery of the worm gear is used, 
shorter hobs are satisfactory, and such hobs often are made as tapered hobs, thus combin- 
ing the roughing and finishing operation. In such cases, the length of the full diameter 
of the hob plus the distance of differential feed should be slightly greater than the length 
of the mating worm. 

LOAD-CARRYING CAPACITY OF WORM DRIVES.—As with all other types of 
gearing, there are three limiting factors, any one or more of which may limit the capacity 
of the drive. These factors are: heat of operation, beam strength of teeth, and surface 
endurance limits of materials. With worm drives, heat of operation and the surface 
endurance limits of the materials are the principal limiting factors. 

On worm drives, rubbing velocity and pitch line velocity must be considered. For 
simplicity, consider rubbing velocity to be equal to peripheral velocity at the nominal 
~ pitch diameter of the worm, although it varies at different points and may be greater or 
less than that used, depending upon the nature of the contact. Whence, 


Rubbing velocity in ft. per min. = 0.2618 D X r.p.m., 


where D = nominal pitch diameter of worm, in., r.p.m. = rev. per min. of worm. 
V = (ZX r.p.m.)/12, 
where V = pitch line velocity of worm gear, ft. per min., and L = lead of worm, in. 


The actual intensity of the dynamic load on worm gear teeth is an open question. 
In the absence of more definite information, the following relation may be used: W = trans- 
qitted tooth load, lb., Wg = dynamic tooth load, lb. Then 


Wa = W{(1200 + V)/1200} for metal gears 
W{(200 + V)/(200 + 0.25 V)}, for phenolic laminated material. 


BEAM STRENGTH OF WORM GEAR TEETH.—The Lewis equation may be used 
to determine the beam strength of worm gear teeth. The safe static strength should be 
not less than the dynamic load. Let Ws; = safe static tooth load, lb., p = axial pitch of 
-worm, in., / = face width of worm gear, in., S = flexural endurance limit of material, lb. 
per sq. in., y = tooth-form factor; then 


Ws a SpFy. 


For steady loads W, should be about 1.25 Wa; for shock loads, Ws should be about 1.50 Was 

With the changing forms and heights of the worm gear teeth across the face, an exact 
tooth-form factor is a difficult value to obtain. For all practical purposes, where the sum 
of the number of teeth in the worm and worm gear is not less than 40, a constant value 
of y for each thread angle can be used, as follows: 


Thread angle = 14 1/9 deg. 20 deg. 25 deg. 30 deg. 
a =) 0.200 0.125 0.150 0). 175 


‘A hobbed worm gear never is generated completely. Its final finishing is obtained by 
its actual operation in position with its mating worm. For this reason, the materials used 
for worm gears should be such that they will conform to the worm without galling or 
excessive abrasion. Furthermore, the material of the worm should be smooth and hard 
enough to retain its form through such running-in or burnishing. Therefore, a steel worm 
to transmit power should have a Brinell hardness of not less than 250, and be as much 


harder as practicable. 
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Cast iron and semi-steel, manganese-, phosphor-, and some nickel-bronzes, and several 
of the aluminum alloys have proved to be satisfactory materials for worm gears, while the 
phenolic laminated materials prove very effective for the smaller gears and high-speed 
applications. Cast iron or semi-steel should not be used for rubbing velocities greater 
than about 1000 ft. per min. because of the danger of sparking. High-grade bronzes and 
aluminum alloys are essential for satisfactory results. A poorly alloyed material is prac- 
tically worthless for a worm gear material. Values for S are given in Table 23. 


Table 23.—Values of S for Worm Gears 


S Material 
12,000 Manganese-bronze.....---++---- 


Gray iron. ....-.e+sseersersceere 
RIOWNASTCEL nye lom oe inks tasi el lane leun 18a 8s 18,000 Phosphor-bronze.....----++++-+- 24,000 
Phenolic laminated material....... 6,000 © 


Values for nickel-bronze and for the various alloys of aluminum suitable for worm 
gear materials should be obtained from the manufacturers of the materials. See also 
pp. 4-19 to 4-33. It should be appreciated that increased physical strength obtained at the 
expense of lesser ductility of the material is of questionable advantage in materials to be 
used for worm gears. Also, the physical properties and structure of these materials 
depend more on the care and skill with which they have been alloyed, poured and heat 
treated than upon the chemical analysis alone. Alloys of the same chemical analysis may 
have strength and wear values varying as much as two to one because of the difference in 
making and the difference in the resulting structure. ; 

LIMIT LOADS FOR WEAR.— Let Ww = limiting load for wear, lb.; Dg = pitch 
diameter of worm gear, in.; F = face width of worm gear, in.; K = load-stress value, 
Table 24; then, 

Ww = D, FK. 
The values of W,, should not be less than the dynamic load. 


Table 24.—Values of K for Worm Gears 
Running with steel worms of 250 Brinell or higher 


Material in Worm Gear K Material in Worm Gear K 
Cast iron or semi-steel..........-- 50 Phosphor-bronze.......-.-.+--- 100 
Manganese-bronze.............--- 80 Phenolic laminated material. .... 125 


EFFICIENCY OF WORM GEAR DRIVES depends on several factors, viz., the lead 
angle of the worm, the nature of the contact, intensity of the load, speed of rubbing, etc. 
When E = efficiency; 8 = lead angle of worm; f = coefficient of friction, 


E = {tan A(1 — f tan 6)}/(tan B +f). 


This applies to the efficiency at the tooth mesh only. The overall efficiency of a 
complete drive also must include the power losses of the thrust and radial bearings of both 
members of the drive. 

The coefficient of friction will vary with the rubbing speed and with the load, and fol- 
lows closely the conditions existing on plain cylindrical bearings, except that the unit 
loads on worm gear drives are much greater than those on plain bearings. The values in 
Table 25 represent average conditions. Table 26 shows the pronounced influence of the 
lead angle of the worm on the efficiency of the drive. These values are calculated from 
the foregoing equation, using the values of f given in Table 25. 


Table 25.—Values of the Coefficient of Friction f in Worm Drives 


Rubbing Speed, Rubbing Speed, 
ft. per min. ft. per min. 


Rubbing Speed, 
ft. per min. 


5 150 1000 0.041 
10 200 1250 . 046 
20 300 1500 .050 
40 400 1750 .054 
80 500 2000 

100 750 2500 


A worm with a lead angle of 30 deg. is practically as efficient as one with 45 deg. 
Lead angles less than 10 deg. are very inefficient. f 

The heat of operation of worm gear drives would be estimated in the same manner as 
shown for spur gears, by determining values for the power loss in ft.-lb. per min., and the 
exposed area of the case in sq. ft. 
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Table 26.—Relation of Lead Angle, Speed, and Efficiency of Worm Gear Drives 


Rubbing Lead Angle of Worm Rubbing Lead Angle of Worm 

Veloctoys sli: mImLO onl ap Zeb 3> ale4ocua Velocity, 05> al 10 15° (ESSE nee 
ft. per min, Efficiency ft. per min, h Veeaod. , Eficloncy oct. ee 
5 0.37 |0.53 [0.62 |0.71 |0.74 |0.75 400 0.71 |0.82 |0.87 |0.91 |0.93 |0.93 

10 ha | BSN | ACR el | el ty he ES 500 SAN tll BEEF SUP | SCE} Ilo! 

20 AauienOoah . 73.0 «60! | 83) 383. 750 SAL OZ 28 Zeb. Ol) Osan oS 

40 oes esO Os |) 86 | or 1000 68" ] 80.1 66) 90ile 92) (po 

80 SOME fon G2 |", OF || ..89 I) 90 1250 2Ot| eso t.O4 | Oot sol Weeon 
100 OOe frase €500. fe c80' |. 90) 1.90 1500 DOM Rodd WetSo! hac1S00 |i. 90 Mle OO 
150 BOGE Maho eGo) t89 FO oe 91 1750 - Giies 767) 1825) 871". 89018590 
200 Oden enOOa le Oot 90) 1 Ott 2.92. 2000 60 | . 7416. 81 786 jes 88 10589 
300 TOSS pasoal) 6Gnec90?| 692092 2500. sod eA 2 ed Die 85M eS Ze 288 


HOUR-GLASS WORM DRIVES.—Hour-glass or globoid worm drives are those 
where neither member of the pair has a uniform helical lead along its axis. The earliest 
type of such a drive is the Hindley worm. Many other drives of this type since have 
been designed. Each different drive of this type has so many individual features that they 
require individual analyses to determine the exact nature of the contact, etc. Also their 
production requires special manufacturing facilities. In all cases, however, the maximum 
theoretical contact that can be obtained is line contact. ' 
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MATERIAL FOR BRASS AND BRONZE GEARS.—(Recommended Practice of the 
Amer. Gear Mfrs. Assoc., 1933.)—Spur and Bevel Gears.— Hard cast bronze, S.A.E. 
Specification No. 62 is recommended. The following are the limits of composition: 

3 Copper, 86 to 89%; tin, 11 to 9%; zinc, 3 to 1%; lead, max., 0.20%; iron, max., 0.06%. 

Castings from this bronze should have the following minimum physical properties: Ulti- 
mate strength, 30,000 lb. per sq. in.; yield point, 15,000 lb. per sq. in.; elongation in 2 in., 
14%. 

Bronze Worm Gears.—S.A.E. phosphor bronze, No. 65 and §.A.E. leaded gun metal, 
No. 63, may be used. The limits of composition and physical properties are: Copper, 
88 to 90%; tin, 12 to 10%; phosphorus, 0.1 to 0.3%; lead, zine and impurities, max., 0.5%. 
Ultimate strength, 35,000 lb. per sq. in.; yield point, 20,000 lb. per sq. in.; elongation in 
2 in., 10%. 

Table 27.—Composition of Steel for Gears 
(Recommended Practice of Am. Gear Mfrs. Assoc., 1933) 


ae ne Cc Mn P max. |S max. Ni Cr Vn Mo 
Forged or Rolled Carbon Steel 
Case Hard- 
ened..... 0. 15-0.25| 0.40-0.70 0.045 OROS5I cote lereteds' stall cretchcteretauststes| ccotctratts.okere|fercteltiatecarais 
Untreated. .| 0.25-0.50| 0.50-0.80 0.045 O55 leave vavetetn sift latetarsveretovcieialcesay evenerete ell aya\e.a.cdevetere 
Hardened or 
untreated.| 0.40-0.50| 0.40-0.70 0.045 OOS src. cutee terial ltemteere a syaeuel iene. av ear erg illoeveyeuet oie vere 
Forged and Rolled Alloy Steel : 
2315 0.10—0.20| 0.30—0.60 0.04 ORCS |S 25—35,7 5) leera we cia = FT| ie|isoogoosne 
2350 0.45-0.55 | 0.50-0.80 0.04 OF053 [832 :25—3), 79 illcereteh ovate ster BASES Tyatall evcveteres orate 
2512 0.17 max. | 0.30-0.60 0.04 O805) 14. 75S P25 iercte savers 2.0.0 Per erahlings tajiatacdisteserscnce 
3115 0.10-0. 20} 0.30—0.60 0.04 OSO5 OCH 17-5 0045-02750 | <2) onaillars ars\llovaie s1¢ srorsre 
3215 0. 10-0. 20 | 0.30—0.60 0.04 OF 0451 150527 00) OPI Te 25 ior ole we «'|\s core» «ore 
3250 0.45-0.55 | 0.30-0.60 0.04 ORO 4550-2 00M Oe ORT 22>) lercre «lle <iei sil alerel sieneresele 
3312 0.17 max. | 0.30-0.60 0.04 ONO4S SSS e725 ZO: ace oills, aicisll's sous oot 
3340 0.35-0.45 | 0.30—-0.60 0.04 QHO4a el 5—S oul ead Olio evaccllimes \|ioe's avelnolare 
6120 0. 15-0. 25 | 0.30-0.60 0.04 WRK ES ot oo gionne ONSO— OHO MSO). US letectereteete 
6150 0.45-0.55] 0.50-0.80 0.04 O30 4'5 pararuertete ays ONSO= Te ON OF TS)OL TS ie «cette 
4615 0. 10-0. 20 | 0.30—-0.60 0.04 OROSO0 a0 = 200i hive rerecccuctes.. Hee lene a Os202030 


Steel Castings 
IIE EEE Eee 
At | B§ 


Case Hard- 
ened..... 0. 15—0.25 | 0.40-0.60 | 0.06] 0.05} 0.06 |.........nJenennccees[ececeecelecercseve 


Untreated or 
Hardened.| 0.30-0.40 } 0. 40-0.60| 0.06] 0.05] 0.06 |..........|...- 00. ee efi ee eee lee ets 


* Minimum. ¢ Desired. tA= Acid. § B = Basic. 
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The following are the limits of composition of the gun metal: Copper, 86 to 89%; tin, 
11 to 9%; lead, 2.5 to 1%; phosphorus, max., 0.25% ; zine and impurities, max., 0.50%. 
The expected physical characteristics of good castings are: Ultimate strength, 30,000 
lb. per sq. in.; yield point, 12,000 lb. per sq. in.; elongation in 2 in., 10%. These alloys, 
especially No. 65, are adapted to chilling for hardness and refinement of grain. No. 65 
is preferred for worms of great hardness and fine accuracy. No. 63 is preferred for 
unhardened worms. 

Bronze Bushings for Gears.—S.A.E. No. 64 is recommended, of the following analysis: 
Copper, 78.5 to 81.5%; tin, 9 to 11%; lead, 9 to 11%; phosphorus, 0.05 to 0.25%; zine 
(max.), 0.75%; other impurities (max.), 0.25%. Minimum physical characteristics of 
castings are: Ultimate strength, 25,000 Ib. per sq. in.; yield point, 12,000 lb. per sq. in.; 
elongation in 2 in., 8%. 

Brass Flanges for Composition Pinions.—A.S.T.M. B 30-32T, and S.A.E. No. 40 are 
recommended. Composition is as follows: Copper, 83 to 86%; tin, 4.5 to 5.5%; lead, 
4.5 to 5.5%; zine, 4.5 to 5.5%; iron (max.), 0.35%; antimony (max.), 0.25%; aluminum, 
none. Minimum physical characteristics of the castings are: Ultimate strength, 27,000 
Ib. per sq. in.; yield point, 12,000 Ib. per sq. in.; elongation in 2 in., 16%. 


Table 28.—Limits and Tolerances for Holes in Gears 
(Recommended Practice of Am. Gear Mfrs. Assoc., 1933) 


Precision Gears, Aircraft, Automobiles, Machine Standard Jobbing 
Diam Printing Machines, etc. Tools, ete. Gears 
in. Peat d — Limit,| Toler- Epona — Limit,| Toler- iors — Limit,| Toler- 
uaa» “apn Not “an 
Go”? Go ance Go” Go ance Go” Go ance 
0-1/9) 0.000 0.00025 | 0.00025 | 0.00025 | 0.00025 | 0 0005 | 0.0005 | 0.0005 | 0.001 
1/o-1 0.000 0.0005 0.0005 0.0005 0.0005 0.001 0.00075) 0.00075) 0.0015 
1-2 0.000 0.00075 | 0.00075 | 0.00075 | 0.00075 | 0.0015 | 0.001 0.001 0.002 
2-3 0.00025} 0.00075 | 0.001 0.001 0.001 0.002 0.00125) 0.00125) 0.0025 
3-4 0.0005 | 0.00075 | 0.00125 | 0.00125 | 0.001 0.00225} 0.0015 | 0.0015 | 0.003 
4-5 0.0005 | 0.001 0.0015 0.0013 0.0012 0.0025 | 0.00175} 0.00175) 0.0035 
5-6 0.0005 | 0.001 0.0015 0.00175 | 0.00125 | 0.0003 | 0.002 0.002 0.004 
8-9 0.00075} 0.001 0.00175 | 0.002 0.002 0.004 0.003 0.003 0.006 
11-12! 0.001 0.001 0.002 0.0025 0.0025 0.005 0.004 0.004 0.008 
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Miteref*, Principles underlying Rational Solution of Automatic-Control Problems, Trans. A.S.M.E., 
FSP57-9, p. 159-163, 1935. ; 

7 fea section deals with fundamentals only; a complete treatise would fill a good-sized 
OOK, 


1. PRINCIPLES 


The words governing, regulation, and control have the same general meaning. Each 
Means adjusting the supply (of power, heat, fluid, etc.) to the demand, or vice versa, 
thereby keeping constant one factor (speed, temperature, pressure, etc.) which is called 
the controlled quantity. Although the word controlling should be applicable to keeping 
any quantity constant, usage has made it impossible to adopt this term as a standard. 
We still say: Turbine speed is governed, water level in a boiler is regulated, temperature 
in a furnace is controlled. 

, All controlled equipment has self-regulating properties which limit the variation of 

that quantity which should remain constant, but the variations within the self-regulating 
range are, as a rule, too great to be allowed in practice. For example, an impulse turbine 
may reach nearly twice its normal speed if all of the load is removed. Any automatic- 
control installation consists of: 1. The controlled system; 2. The automatic-control appa- 
ratus proper. Through the controled system there is a flow (of fluid or energy). Nor- 
mally, a, inflow or supply and, b, outflow or demand are equal, and a factor or quantity, 
c, which is a function of the flowing medium, is kept practically constant (controlled, 
governed, regulated). Between inflow and outflow there is, in general, d, a storage 
eapacity (tank, flywheel) which keeps down the suddenness of variations of controlled 
quantity c, if either inflow a or outflow bis changed. The automatic control apparatus 
consists of a measuring instrument, e, (also called primary element), which measures or 
at least detects (responds to) variations of the controlled factor c; an operating element, 
f, which adjusts in some cases the inflow and in others the outflow, if a disturbance occurs 
in either; and finally an operative connection, g, between the measuring (detecting) instru- 
ment e and the regulating or operating element f. In some cases, two of the elements 
are combined into one. 

GENERAL PRINCIPLE.—A force is derived from the controlled quantity or variable, 
which latter may be speed, temperature, pressure, rate of flow, voltage, etc., and is bal- 
anced by an external, known force, i.e., weight, spring, fluid pressure, etc., called the bal- 
ancing force. Any change in the controlled quantity unbalances the measuring system; 
the unbalanced force, if sufficient to overcome friction, acts to re-balance the supply 
(inflow) and demand (outflow), and to bring the controlled quantity back to its normal 
value. The apparent defect that the supposedly constant quantity must change before 
the control apparatus can act, is almost overcome by making the necessary change exceed- 
ingly small, and by the advantage that governing is accomplished no matter whether the 
disturbance arises in the inflow (supply) or outflow (demand). Mathematically, the laws 
of governing, regulation, and control are locked up in differential equations; see the refer- 


ences cited. 
Definitions 


Direct-acting Governor, Self-operating Controller.—If after a disturbance the unbal~ 
anced force moves, directly, the mechanism which adjusts the flow of power, fluid, heat, 
etc., the governor (on an engine or turbine) is called a direct-acting governor, and the 
controller (for pressure, temperature, etc.) is called a self-operating controller, or self- 
operating regulator. 
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Relay Control—If the unbalanced force releases and controls a larger auxiliary force, 
which, in turn, adjusts the mechanism to restore equilibrium between inflow (supply) and 
outflow (demand), the controller is said to be of the relay type, or is called a pilot controller. 
The amplified force may be derived from a solenoid, an electric motor, from fluid pressure, 
or from motion of a prime mover. 

The Application.—Control equipment now is manufactured in regular production, and 
is applied to many different controlled systems. Any one of these systems, consisting of 
inflow (supply), storage (capacity), and outflow (demand), is generally called the applica- 
tion by the manufacturers of automatic control apparatus. 

Modes of Control.—After a disturbance, that is to say after a deviation of the con- 
trolled quantity from normal, the quantity may settle down to new equilibrium and remain 
quiescent until the next disturbance occurs. This is known as stable, steady or non- 
oscillatory control. For certain applications, as turbine speed governing, stability of 
regulation without oscillations is positively required. If the controlled variable oscillates 
continually about the normal value, the control is of the hunting type. For some indus- 
trial applications, as furnace temperature control, hunting within narrow limits is con- 
sidered permissible. Control may be of the on-and-off or intermittent type, or it may be 
floating, in which case the regulating process (adaptation of supply to demand) is con- 
tinuous. The on-and-off type necessarily hunts, but the floating type also may hunt. 

Regulation has several meanings. In speed control, according to the A.S.M.E. Power 
Test Code, it is the ratio [difference between the maximum (ma) and minimum (mi) values 
of the controlled quantity] + [arithmetical mean of these extreme values], or 


(ma — mi)/{1/2 (ma + mi)} 
for stable or steady regulation and for the full scale of the measuring element. This 
ratio also is known as static fluctuation, speed variation or speed droop. In temperature 


‘Equilibrium speed ae 
with initial load, m atts leah oh 
(1)Load changes Time, Toad. 


re} 
o 


Engine Speed, R.P.M: 
3 


Fic. 1. Tachograph Record 


control, as well as in close control of pressures near the atmosphere, division by the 
absolute temperature or pressure is inconvenient. In such cases the absolute change 
of the controlled quantity which is necessary to move the final or operating element from 
one extreme to the other sometimes is called regulation; more often it is known as the 
throttling range, or better, the operating range. ‘These terms apply to slow changes of sup- 
ply or demand. In some cases, regulation means that difference between the maximum 
and minimum values of the controlled quantity, either absolute, or expressed in terms of 
the average value, which occurs when the controller functions after a severe disturbance. 
If this difference be great, the regulation is poor. In this sense, regulation is synonymous 
with dynamic fluctuation, which latter always exceeds the static fluctuation (throttling 
range, regulating range). In Fig. 1, which is a chart drawn by a tachograph and which 
shows the change of speed of a steam engine after a sudden change to full load from no 
load, the static fluctuation (speed droop) is proportional to the vertical distance from 
1 to 3, while the dynamic fluctuation is proportional to the vertical distance from 1 to 2. 

Sensitivity and Sensitiveness often are used indiscriminately and, unfortunately 
express several different concepts. Sensitiveness, as used in speed governing, is inversely 
proportional to the minimum change in speed which will cause the governor to move, and 
depends on the friction and lost motion in the governor or linkage. The term also in 
accordance with older practice, is used to mean the travel of the governor for 1% change 
in speed. In the automatic control of quantities other than speed, the terms ultimate 
sensitivity, dead range (dead space, dead zone), or sticking (stiction, hysteresis) are used 
and are synonymous with sensitivity. The ultimate sensitivity of an instrument is 
inversely proportional to, and is measured by, the amount which the measured quantity 
may vary without moving the measuring element; this is indicated in Fig. 2, which illus- 
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aa i bers ger es the terms sensitivity or sensitiveness. A low ultimate 
sensitivity usually is caused by friction, but part of this effect is, in certai i 
to lost motion in the apparatus. oe Ata ae 
Sensitivity of a controller generally refers to the extent of movement of the pointer 
lever, or other position-changing element of 
the measuring instrument, required to cause 
the valve or other operating element to travel 
a definite but more or less arbitrary extent. 
Sensitivity in this sense is said to be high when 
the movement of the sensitive or primary 


High nee wel bolatatic 


element required to cause a given valve move- Low sensitivity ) 4uctuation 
ment is small; that is, when the characteristic 

curves in Fig. 2 have steep slope. The wnit - 
sensitivity of the automatic controller some- 

times refers to the value of the change in ae wl a 
the measured quantity which is required to wen 

cause full valve travel. In that sense it is eee? 


synonymous with the throttling range. 

Set Point (Setting Point, Normality) —The 
value at which the controlled quantity is to be 
maintained often is indicated by the position 
of a pointer on the controlling instrument. 
This is called the set point, and represents Fie. 2. Variations in Sensitivity 
the value at which the controller attempts to 
find equilibrium after each disturbance or load change. In simple devices, as reducing 
valves or direct-control governors, set pointers as a rule are not provided, but the adjust- 
ing screw or equivalent is the means by which the set point is changed. 

Control Point is the particular value of the controlled quantity at which the controller 
~ comes to equilibrium after a disturbance. In simple controllers, having a static fluctua- 

tion or droop, the control point will, at times, differ from the set point, depending on the 
load. In more complex types of instruments, the controller maintains the control point 
at the set point regardless of the load, except immediately after a disturbance. 

Time Lags, 7.e., lapse of time between cause and effect, occur in both the controller 
and the controlled system (the apptication). 

Lag in the controller is due to mechanical or thermal inertia, to capacity (storage), 
to lost motion, friction, damping, or to limitations of the supply of actuating energy. It 
exists in both the measuring and the operating element; a further lag exists in the con- 
nection between these elements, but its effects usually are negligible. 

In the controlled system (the application), different time lags may exist separately or 
jointly. There may be a specific elapsed time, due to difference in location of the measur- 
ing and the operating elements, before the measured quantity is affected by the change 

~ jn the supply or demand; this delay may be called the distance lag. There is also a delay 
due to the capacity of the controlled system; it is referred to as the capacity lag. The 
impulse transfer lag in the measuring instrument is the time required for transmitting a 
change in the immediate vicinity of the sensitive element to that element. The sum of 
these three lags is the application lag. Ina few cases, the lag is increased still more by the 
difficulty that the measuring element (for example, a thermocouple) cannot be located at 
the place where the controlled quantity is to be kept constant, but ahead of it in the flow 
system. A beyond-control lag thereby 
Sensitive element in is introduced, which likewise is part 

Thick metallic tube heayy protecting tube of the application lag. 

Any lag or delay in the controlled 
system which reduces the suddenness 
of the change in the controlled quan- 
tity helps regulation, while any lag 
which results in lapse of time between 
change in controlled quantity and ad- 

Fie. 3. justing action of the controller makes 
accurate regulation more difficult. 

Fig. 3 illustrates the various lags in the controlled system. If the valve at the right is 
opened or closed, the temperature of the medium flowing past the heater is changed. 
1. Time elapses while the fluid with changed temperature flows from the heater to the 
sensitive element; 2. Time elapses while the fluid exchanges heat with the surrounding 
metallic tube; 3. Time also elapses before the changed temperature of the fluid near the 
sensitive element can penetrate the protecting tube; 4. If the controlled quantity is to be 


Controlled 
<— quantity —> 


Displacement of position-changing element 
(such as governor collar, or.leyer of instrument) 


(friction) and 


Say sensitivity } due to sticking, 
lost motion 


High sensitivity 


Heater 
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kept constant at some distance to the right, ¢.g., at point A, Fig. 3, of the measuring 
instrument, time elapses while the controlled quantity reaches its normal value at the 
location of the measuring instrument and at the desired location. In speed control, 
energy which has flowed beyond the throttle persists for a while in changing the speed of 
the engine or turbine. The second time lag mentioned is beneficial, the other three are 
harmful to regulation. : f ; 

Speed of Response (promptness) as contrasted with sluggishness, is a measure of the 
rate at which the measuring instrument follows a sudden variation of the measured 
(and controlled) quantity. In addition to sticking, lost 
a motion, inertia (mass action), damping, and impulse trans- 

[8 fer lag make a primary element sluggish. Speed of response 
can be measured by the traversing time. The latter is the 
time during which either a self-operating controller, or the 
primary element of a relay control, travels from one end of 
the control range to the other, when actuated and accel- 
erated only by the external balancing force. Example: 
The centrifugal weights of a non-rotating speed governor 
are pulled apart to the outer stop, and released. The 
time required to reach the inner stop is the traversing 
time. For the average spring-loaded speed governor, the 
traversing time ranges from 0.04 to 0.06 second; for 
weight-loaded governors, from 0.10 to 0.20 second. In 

pressure control, if the bell of the apparatus shown in Fig. 4 is raised to the top of its 
‘travel, is released, and falls (due to its own weight) to the bottom of the regulating travel, 
the time of falling is the traversing time. In many cases of automatic control, changes 
are so slow that speed of response is no object. This also applies to speed control. 

Speed of Controlling is measured by the time required for the equilibrium-restoring 
element (control unit) to move from one extreme position to the other, through the throt- 
tling range, under the action of the wide-open primary element. In self-operating con- 
trols, it is inversely proportional to the traversing time. In relay controls it is inversely 
proportional to the traversing time of the relay alone. 

Strength is that force, exerted at the control point, which the balancing force of the 
instrument exerts when the external balancing force alone, unhindered by friction, acts. 
Knowledge of the strength is important for self-operating control equipment, such as 
direct-control governors and reducing valves, because the ratio (frictional resisting force 
of control mechanism) ~+ (strength) determines the relative or percentage variation of the 
regulated quantity which must be incurred fer overcoming the frictional resistance of the 
control mechanism. In relay control, strength is generally of less importance. 

Regulating Force is that fractional part of the strength which is available for over- 
coming resistance in the control mechanism or in the relay mechanism. In centrifugal 
speed governors, the regulating force for P percent change of speed equals 2P percent of 
the strength, if friction in the governor is eliminated. In pressure governors, for P per- 
cent change of regulated quantity, the regulating force is P percent of the strength; in 
temperature control with radiation pyrometers, itis4P percent. Since only small changes 
of the regulated quantity are allowed in practice, the regulating force never can be more 
than a small fraction of the strength. 

‘Work Capacity of the primary element is of importance for self-operating controls only. 
It is the product of (average strength X distance through which it moves for the useful 
range of the control instrument). Only a very small fraction of the work capacity is 
available for doing work in overcoming resistance offered by the equilibrium-restoring 
mechanism. The work capacity of a relay is the product of (average static force X 
maximum travel of relay). 

Temporary Stability Control with an absolutely constant value of the regulated quan- 
tity (except with a short deviation following a disturbance) is possible, if a change of con- 
trolled quantity, as a function of the load, is permitted during a disturbance and is, later 
on, automatically wiped out either by leaky gag-pots floating between springs or by a 
double response. (See below.) 

Asymptotic Regulation in controllers with temporary stability is that type in which 
the rate of change of controlled quantity decreases as the control point is approached. 

Isoposic* Regulation is that type in which the control mechanism comes to rest with 
the same value of the quantity to be controlled for all positions of the control mechanism 
(if the load changes very slowly); or in which the long-time static fluctuation, or droop, is 
zero. The term describes performance only, which may be obtained by different mechan- 
isms. Regulators for pressure, rate of flow, or temperature, having this characteristic, 

* From Greek “Iso,” the same, ‘‘Posos,”’ quantity. 


Regulating travel 


Fia, 4. 


~ in which a considerable force can be derived from the controlled 
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sometimes are called non-corresponding, while speed governors of this type are called 
isochronous governors. The strictly isochronous governor, unaided by tangential inertia 
or by temporary stability, cannot be used, because by its dynamic interaction with the 
prime mover, it produces excessive and incessant fluctuations of speed. 


2. RELATION BETWEEN CONTROL INSTRUMENT AND 
APPLICATION 


In the use of control apparatus, the latter may be built especially to be an integral part 
of the application, as for instance a shaft governor on a steam engine, of which it is a part. 
In the great majority of cases, a commercial control apparatus is purchased separately 
and applied to the controlled system (the application). The commercial controller, in 
this very common case, must have enough adaptability and adjustments to fit many dif- 
ferent systems. The purchased control apparatus has'no influence on 
factors affecting controller performance which are inherent in the appli- 
cation, as: 1. Lag due to storage of fluid, or enegry, beyond the control 
of the regulating element; for example, steam stored in multi-stage 
engine when load changes. 2. Impulse transfer lag to the measuring 
instrument, or primary element; for example, the thickness and material 
of the protecting tube of a thermocouple frequently are prescribed by 
the owner of the controlled system. 3. Suddenness and amount of dis- Fie, 5. Simple 
turbance; for example, power demand suddenly removed by kicking Speed Governor 
open of a circuit breaker. 5 

If great time-lags (p. 15-05) are coupled with very sudden or very great disturbances, 
the very best control apparatus cannot produce close regulation. Lack of understanding 
of this situation has caused much quarreling between purchaser and seller of automatic 
control equipment, and keeps prices of control equipment high, because the cost of difficult 
installations, which require many trips of service men in the attempt to make them work 
satisfactorily, must in the long run be distributed over all, and even the simplest, control 
“equipment and installations. Sufficiently early contemplation of control equipment in the 
design of systems would overcome many of these troubles. 


3. TYPES OF CONTROL EQUIPMENT 


The multiplicity of types is so great that only the most important ones can be men- 
tioned here. 

SELF-OPERATING CONTROL APPARATUS.—This type is exemplified by engine 
governors, by fioat control of water level in tanks, water fc 
closets, or sometimes in steam boilers, and by reducing valves. : 
Of necessity, regulation is continuous or floating. For stability 
of regulation, without hunting, and also for parallel operation, 
a static fluctuation or regulation of low sensitivity is required, 
_ at least during a disturbance. Its use is limited to those cases 


quantity, and in which the frictional resistance of the equi- 
librium-restoring operating mechanism either is small or can 
be made small by vibration. Small mass of parts in measuring 
instruments is desirable, to prevent hunting. Self-operating 
controllers are subject to upsetting influences from unbalanced 
valves or valve gears; in particular, butterfly valves. Examples 
of self-operating regulators are shown in Figs. 5 to 10. Fig. 5 ree Mneney ee 
shows diagrammatically a simple form of speed governor. 

Fig. 6 shows a highly-developed spring-loaded speed governor of the Jahns type (Massey 
Machine Co.); its properties are given in Table 1. Fig. 7 shows a simple form of spring- 


Table 1—Data of Spring-loaded Governors (Fig. 6) 
(Massey Machine Co., Watertown, N. Y.) 


Mip-sTROKE OF GOVERNOR 


Rey. per minute (standard)... 490 
Highest possible r.p.m......... 560 
Lowest possible r.p.m........- 260 
Shiecl:@ale bn etanaa +, 4.00 ge Soo 63/64 
Av STaNDARD SPEED 
Sfrengihs Moen acjeictomutetn feels «1eiers 132 
Total work capacity, in.-lb.... 130 
Weight, boxed, Jb... ..).....% - rie) 


Overall diameter, in........... 10 1/4 
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loaded governor (Pickering) for throttling control; the sizes in which this governor is made 
are shown in Table 2. In Fig. 8 appears a spring-loaded pressure regulator of the reducing 
valve type (Foster), data concerning which are given in Table 3. Fig. 9 shows a feed- 
water regulator for controlling the level of the water in a boiler; the feed valve is opened 
or closed by contraction or expansion of the inclined metallic tube, caused by the change 
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Fie. 7. Pickering Governor Fia. 8. Pressure-reducing Valve 


Table 2.—Sizes and Properties of Pickering Governor (Fig. 7) 


Size of 


5 Great- Great- 
Gov} Ex: | est | 8&4 | piam. | wiath | Sv | Ex. wt Speed | Diam. | Width 
(Size of| trem? Bxpanel). Gov ae of | (Size of| treme | Expan-| oy. | _ of of 
rian ight,| sion Btnor, ulley, Belt, Height,| sion nae Pulley,| Belt, 
Bina) in. |of Balls, r.p.m. in. in. in.  |of Balls, ae a in. in. 
in.) = in.) in | 
1g | 14 5 500 | 2 3 
, 3/4 14 5 500 hs ae - 6 aN : ree 
18 61/2 350 48 
11/4 19 6 1/2 350 52 ie 1 ae : 
11/ 25 8 340 if te : 
2 ‘ 26 8 340 4 = i te ; 
260 7 
21/2 31 1/9 275 59 20 260 8 
62 20 8 
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Table 3.—Sizes and Properties of Pressure-reducing Valve (Fig. 8) 


Delivery 


Capacity, lb. 


, Face to Initial Pressure, Maximum 
Size, mare Face of Pressure Ib. per sq. in.| . V anauon price 
in. fa r Outlets or | Ib. per sq. in. Gage, in Delivery per hr. at 250 
: Flanges, in. Gage Adjustable Pressure, lb. per sq. in. 
From To percent Initial Pressure 
3/4 14 3/g 41/4 250 max. 0) 1Simax: + 5% 1,420. 
1 143/g 45/g “ the : 1,760 
11/4 15 1/g 5 1/g . eee “ 21850 
11/2 16.8/5 53/3 “ eet Ta “ 4,700 
2 17 5/8 61/2 ae “a “ee “ee 7/050 
21/2 20 8/g 9 “ a “ 12,850 
21 1/4 10 “ dom “ 21,900 
3 1/ 22 i “ “4 “ 33,300 
4 24 12 oy a as by 42,800 
; 1/9 24 1/4 14 Ss iH rae |) once 
24 3/4 15 ie < b a 71,200 
6 26 3/4 17 ae “ae “oe ae 92,000 
7 32 3/4 18 1/4 ce se es % 133,000 
8 32 3/4 20 3/4 es Ue us as 181,000 
10 34 1/5 23 1/2 ‘ oe * 298,000 
12 37 1/9 27 1/4 “s & if £ 451,000 
Steam 
Enlarged 
Detail 
Connection to top of 
steam drum of boiler 
= $ 
team—._ ee 
i ite tcp ee 1 
4 
———— 
— : 
[essenms) sa 
: a | 
Connection q 


to bottom of 
steam drum 


Feed valve 


in relative lengths of the parts exposed 
to steam or to cooler water, respec- 
tively, as the water level rises or falls. 
Fig. 10 shows a self-operating tem- 
perature control device. 

RELAY TYPES.—Most commer- 
cial automatic control equipment is of 
the relay type. The advantages are: 
Measuring instrument is small, and 
it is not subject to upsetting forces 
due to variable resistance of equilib- 
rium-restoring mechanism. It has the 
disadvantage of complication, and of 
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Fic. 9. Copes Feedwater Regulator 


Elastic bellows, 
or Capsule 


Control Valve 


eating 
medium 


cost in small controlled systems. For Fig. 10. Direct-acting Temperature Control 


example, the control for a small, simple 


heat-treating furnace sometimes costs more than the furnace itself. 


of the following types: 


Relay controls are 


1. Proportional (corresponding) Control with coupling-back (stabilizer, rigid return, 
precision action, vernier valve action, valve positioner).—For examples, see Figs. 12 to 14. 
The coupling-back causes the movement of the relay to be proportional to the movement 
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of the sensitive element. The action of this type of control is identical with that of the 
self-operating type, but with amplification of the regulating force of the primary element. 
In consequence it has a static fluctuation, or droop. In practice, two or three amplifica- 
tions in series occasionally are employed. A compact double relay in which a floating 
element is at once the primary relay piston and the secondary relay valve is illustrated in 
Fig. 11. Coupling-back is accomplished by a rigid return of the pilot valve as in the 
speed governor of Fig. 12; or by stabilizing spring, as in the speed governor of Fig. ee 
or in the pressure control of Fig. 14; or by still other means. Amplification may include 
conversion from one type of energy into another type, for instance conversion from elec- 
trical energy into fluid-pressure energy. 


Pilot Valve 
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Fria. 12. Relay Speed Governor with Fra. 14. Relay Pressure Control with Stabilizing 
Rigid Return of Pilot Valve Spring 


2. Continuous Control without coupling-back. In this type, the relay equipment, 
once set in motion, is stopped only by a reversal of motion of the primary sensitive element. 
This is a simple type of control which is used where the load changes are relatively gradual 
and where the application lag is small. In general, it allows the control point to shift 
about the set point, and thus causes hunting unless the controlled system has inherent 
stability, as for instance in pressure control. It seldom is used in speed governing, but 
js common in pressure control. See Fig. 15. 

3. Isoposic Control with Relay.—Proportional (corresponding) control with slowly 
yielding coupling-back, or slowly yielding return. This type is identical in action with 
No. 1 during a disturbance, which means that it has a static fluctuation during a disturb- 
ance. However, the interposition of a slowly-yielding return element, such as a spring- 
pressed oil pot, removes the static fluctuation and returns the controlled quantity to its 
original value. The mechanism which returns the controlled variable to normal value 
has many names; it is referred to as a follow-up, a reset, a stabilizer, a double response, a 
compensator of the second order. Control of this type is extremely useful in cases where 
there is a large application lag, because it eliminates hunting, while permitting practically 
constant value of the controlled quantity regardless of the load, except immediately after 
a disturbance. A speed governor of this type is shown in Fig. 16, and two pressure con- 
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trols in Figs. 17 and 18; in the former, the slowly yielding return element is an oil gag-pot; 
in Fig. 18, it is a double bellows with a capillary resistance-tube. In the latter type, 


adjustment of damping action 
is obtained by variation of 
effective length of lever arm 
on which double bellows act. 
4. Anticipator Control.— 
The name is misleading, but 
was originated to indicate that 
when the controlled quantity 
was returning to normal, the 
control action would antici- 
pate the complete return to 
normal. This type of control 
is the same as No. 3, with the 
exception that, by any one of 
various means, a large correct- 
ing motion of the valve or 
operating element is caused to 
occur in the early stages of 
a controlling action after a 
disturbance, followed by 
gradual decrease of the valve 
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motion as the instrument approaches equilibrium. A variety of specific designs of instru- 


ments fall into this classification. 
lag, for enforcing stability of regulation and preventing hunting. 
“ean be obtained by intermittent control (see p. 15-12). 
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Another type of anticipatory control, which is useful for applications having con- 
siderable time lag, does actually anticipate the change of controlled quantity at the 
measuring instrument. 

Exampuiy.—lIn control of temperature in residences, the thermostat located in a room may be 
acted upon not only by the heat of the room air but also by a very small electrical heating-coil partly 
surrounding the thermostat and energized when the motor- or solenoid-operated burner of the 
furnace is in operation. When the burner is idle, the thermostat may be cooled by evaporating 
water. 

5. Interrupted or Intermittent Control.—Regulating action is interrupted after an 
adjustable regulating movement and is resumed at intervals, if the control point has not 
yet returned to normal position. The waiting time between, and the extent of each of the 
regulating movements, are made adjustable. This type of control was designed to imitate 
the actions of a cautious human operator. 

6. Two-point and Three-point Control.—This type of control also is called two-position 
and three-position control. Control systems using electric contacts are frequently of the 
on-or-off type, or of the high-or-low type. They are continually hunting, unless the 
motion of the motor is periodically interrupted, as above indicated, or two motors with 
differential action are used. The motion of electric motors cannot be damped without 
complication. 

In the three-point control, when the controlled quantity is at the correct value or 
within a narrow range on either side of it, the control is at rest. Unless the band on either 
side of the correct value is made rather broad, this control likewise is of the hunting type. 
The amplitude and frequency of the hunting depend on the character of the controller as 
well as on that of the applications. Numerous innovations have been introduced in con- 
trollers in order to minimize it. 


4. REQUIREMENTS FOR GOOD CONTROL (REGULATION) 


DIRECT-ACTING, SELF-OPERATING CONTROL.—The combined measuring 
instrument and motor must be nearly free from friction, or must be freed from friction by 
vibration. In most cases, damping by liquid friction is needed. Mass of the instrument, 
and the distance through which the mass travels, should be small. The strength of the 
regulating instrument must be very great compared to the frictional resistance of the 
equilibrium-restoring mechanism. The latter must not exert a greatly variable force on 
the measuring instrument. Damping, as well as static fluctuation, should be adjustable. 
All time lags should be reduced to a minimum. Regulation (static fluctuation, stability) 
is required, at least temporarily, to prevent hunting. 

RELAY GOVERNING.—The measuring instrument must be practically free from fric- 
tion and have small inertia. The sensitivity of the control, that is, the motion of the 
regulating mechanism for unit change of controlled quantity, must be adjustable. The 
speed of adjusting of the regulating mechanism (controller time) must be adjustable in 
certain types. It should be quick at the start, slowing down as the new position is 
approached. A reset, follow-up, compensator, or double response, all these terms having 
the same general meaning, is desirable in most cases. In speed control, the relay must 
move quickly. 

The relay mechanism must not exert so much reaction against the measuring instru- 
ment as to unbalance the latter. If danger of reaction exists, for instance, from a large 
pilot valve, a double or floating relay is used. See Fig. 11. 


5. FORCES USED IN GOVERNING, REGULATION, AND CONTROL 


SPEED CONTROL.—Centrifugal force (radial inertia) of weights pivotally mounted 
and revolving around a shaft is most commonly used. Oil pressure generated by a cen- 
trifugal pump, and air pressure generated by a fan or turbo-blower, also have been used 
Tangential inertia (tangential acceleration) was tried on account of its anticipatory char- 
acter, but is a failure unless coupled with centrifugal force, when it is useful for shaft 
governors. 

PRESSURE CONTROL.—Pressure exerted against a floating bell, or a diaphragm 
membrane, or liquid in a U-tube manometer, furnishes the force for low pressures, while 
the Bourdon tube is useful for high pressures. <A piston in a cylinder has too much fric- 
tion, unless rotated, in which case it can be, and often is, used for high pressures. Change 
in rate of flow, either of the supply or demand, also has been used for pressure control. 


However it is unsatisfactory unless used in connecti i i 
fe ion with control by force 
controlled pressure. % po baa 
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RATE-OF-FLOW CONTROL.—This is reduced to pressure control by making use of 
the pressure drop through an orifice, nozzle, or Venturi tube; the only difference being 
that pressure acts on both sides of a diaphragm, instead of on only one side; or, instead, two 
floating bells are balanced against each other. A Pitot tube can be used in place of the 
orifice. In addition to constant pressure drop, if constant rate of flow is to be maintained, 
the viscosity of liquids and the density of gases must be kept constant. The former may 
call for auxiliary temperature control. The latter may require both temperature control and 
pressure control. 

CONTROL OF LEVEL OF LIQUID.—The buoyancy of a float is the most commonly 
used force. In control of water level in boilers, difference of temperature between steam 
and water has been utilized. See Fig. 9. 

CONTROL OF TEMPERATURE.—For temperatures below red heat, temperature 
changes often are converted into pressure changes by means of gases or vapors enclosed 
in bellows. See Fig. 10. Gases in bulbs connected to Bourdon tubes also are used. Dif- 
ference in expansion of solids, exemplified by curved bimetallic strips, etc., also produces 
a force. Electric current, started by an electric resistance thermometer, flowing through 
a solenoid produces a force which is used for regulating purposes. For temperatures above 
red heat, thermocouples and radiation pyrometers are used. A thermoelectric current 
moves the pointer (control pointer) of a galvanometer, or potentiometer. The pointer is 
depressed at regular intervals and closes circuits on “high” or ‘‘low’’ contacts, whereby 
relays are set in action to start motors which move the equilibrium-restoring mechanism. 
Radiation pyrometers are used in the same way. They also are used to send current 
through a solenoid which deflects a regulating jet of oil. Instead of a pointer, a light beam 
may be used to actuate a photoelectric cell. 

CONTROL OF MIXTURE RATIO OF FLOWING FLUIDS.—This is reduced to 
pressure control by letting each fluid produce a differential pressure, the same as in control 
of quantity of fluid flowing, and balancing the two pressure differences against each other. 
The densities of the two fluids must be controlled in order to avoid variations in the mixture 

-ratio. 

CONTROL OF HUMIDITY.—The hygroscopic properties of cross-grained wood or of 
human hair commonly are used in the primary element. In more elaborate instruments, 
wet and dry bulb temperature difference is used to effect the regulation by means of either 
vapor-filled thermometers or electric resistance thermometers or thermocouples. 

COMBUSTION CONTROL generally consists of simultaneous control of furnace pres- 
sure and of fuel-to-air ratio. For pressure control see above. For clean gaseous fuels and 
for liquid fuels, control of fuel-air ratio is reduced to that of controlling the mixture ratio 
of flowing fluids, for which see above. If oil fuel is used, its temperature must be kept 
constant, to avoid changes in viscosity, because such changes upset the reading of the 
pressure differential. No force has been derived satisfactorily from the flow of raw pro- 
ducer gas, on account of clogging of instruments, in particular the measuring orifice, by tar. 

Combustion control in the power plant involves control of powdered coal or of stoker 
_ feed, neither of which can be measured accurately. The consequence is that indirect 
methods are used. Since combustion control in the power plant is highly special, it can- 
not be described here. 

POTENTIAL (VOLTAGE) CONTROL OF ELECTRICAL GENERATORS.—A force 
proportional to the voltage is derived from a current passing through a constant-resistance 
coil. In alternating-current generators, rectifiers sometimes are used to convert alternat- 
ing current to direct current. The force, acting by rectilinear motion or by producing 
torque, changes the field resistance in direct-current generators, and either generator-field 
or exciter-field resistance in alternating-current generators. Stability easily is obtainable 
through magnetic damping. The use of electron tubes also gives powerful methods of 
control. 

PROGRAM REGULATION.—Instead of the controlled quantity being held approxi- 
mately constant, it may be made to vary automatically with time, according to a pre- 
determined program. For example, the temperature of an annealing furnace may be 
made to increase gradually over a long period of time and then to decrease slowly, allow- 
ing the charge to cool at a rate in accordance with the metallurgical requirements. The 
general principle utilized in program regulation is the controlled shifting of the set point 
or control point by a eam actuated by a clock, or by some other form of constant-speed 
device, usually electric. vi 

Not only one quantity but all the important quantities of a process may be made to 
vary automatically according to a program laid out in advance, by mounting several cams, 
controlling pressure, temperature, rate of flow, etc., respectively, on a shaft turned at 
constant slow speed under control of the clock. The program itself may be varied by 
changing the cams and the speed of the shaft. 
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CYCLE CONTROLLERS are similar to program controllers with the exception that 
they do not hold any quantity constant but simply open and close valves in a pre-deter- 
mined sequence. An example is automatic reversal of blast-furnace stoves. 


6. CONTROL TROUBLES AND THEIR REMEDIES 


Regulation troubles may be due to causes having to do with the metering device, with 
the motor device or operating element, or with the connection between the two. Further- 
more, these causes originally may have existed in, or even may be inherent in, the design 
of the regulator, or they may arise only after the device has been in operation for some 
time. In the latter case they usually are caused by wear, increased friction, clogging, or 
leakage. 

HUNTING.—Troubles include hunting. In speed governing, hunting also is called 
racing, pumping, or surging. If the control acted correctly at first, and hunting develops 
only after the installation has been in operation for some time, the primary element first 
should be checked to see that it responds. If it operates correctly one or more of the fol- 
lowing items may be the cause: Insufficient oil in the gag-pot; oil in gag-pot too light; 
adjustment of oil pot not tight enough; friction in governor or in instrument mechanism 
or in operating element or stuffing box. To ascertain whether or not friction is responsible 
for the hunting, move the governor collar or the controller by hand alternately in either 
direction with equal force. If hunting disappears while the controller is being oscillated, 
friction is responsible. To ascertain whether or not friction in the relay mechanism is too 
great for the relay force, try to move the mechanism by hand or by a lever in the direction 
of least resistance, and keep it up for some time, helping the relay along. If hunting 
becomes noticeably less, the friction is in the relay mechanism. Hunting also may be 
caused by leaky pilot valves and worn-out oil pumps; by too low a pressure of air supply 
or oil supply to the control; by dirt in the air- or oil-pilot valve; in electrically-operated 
devices, by too low a supply voltage, or dirty contacts. Lost motion in the relay mech- 
anism has a similar effect. A weak spring or weight, keeping the joints in contact always 
in one and the same direction, can be used to eliminate lost motion. In devices using 
diaphragms, trouble may. be caused by the latter wearing out or cracking. 

In any control, trouble may be caused by overload, 7.e., demand for the controlled 
quantity beyond the range in which the control was designed to operate, or by any con- 
siderable change in the application or method of use. 

In speed governing, hunting or racing also may be 


29.98 caused in releasing-gear (Corliss) engines by dulling or 

b ey aati oN rounding of the knife edges of the catch blocks, or by 

Bg improper adjustment of the vacuum pots. Slipping 
«atk hand governor belts, too, often are responsible. Speed adjust- 
ae 3 ms ment of variable-strength governors often produces 
ieee racing. If the racing starts with the first operation, 
3 Eee / it may have the same causes, but there are additional 
az ga causes which, once removed, do not return. If racing 
BEER fe reno a occurs near one certain position of the governor or 
EE é se ‘ valve gear, the stability of the governor in that posi- 
{ pe ithe 1.0 tion is too small either from: 1. Wrong design of gover- 

Area Ratio= Sona Ana nor; 2. Because the power control mechanism does not 

Fra. 19. Characteristic Curve of Vary the supply of energy uniformly with the travel of 
Throttling Valve the governor; 3. Because forces from the power control 


mechanism react upon the governor. Case 1 can be 

determined by running the governor on a test block. All three cases usually yield to 
the application of springs which act over a small part of the governor travel only, and 
increase stability over that part. See Fig. 5, in which the spring enters into action near 
the no-load position. Case 2 frequently is encountered, because, near the closed posi- 
tion of a throttle valve, a small increase in area changes the flow through the valve much 
more than it does if the valve is almost wide open. See Fig. 19. This feature, which 
has been a prolific trouble maker in governing and regulation, can be counteracted by 
providing a linkage or cam arrangement between the governor, or other primary element 
and the throttle, or else by a valve design in which a given increment of valve lift 
uncovers fewer square inches near the closed position than it does near the open position 
of the valve. 

In addition to the cited causes, hunting at any load may be caused by too small a static 
fluctuation of the primary element. This can be remedied by using a greater part of the 
instrument travel, or by adding a stability-producing spring to the apparatus. 


BRAKES * 


FRICTION BRAKES are used: 1. To slow or stop a machine by converting its 
energy of motion into heat; 2. To control the speed of a descending load. Brakes may 
be classified as block brakes, band brakes, axial brakes, and load brakes. 

The following points must be considered in the design of brakes: 1. Each part must 
have sufficient mechanical] strength safely to withstand the maximum load that will come 
upon it during operation. 2. The pressure per unit area of surface must not be taken so 
high that excessive wear will result. 3. The coefficient of friction should be carefully 
considered; its value depends on the materials in contact, on the presence or absence of 
lubricating matter, and on the rate of slippage. With metal on metal, with increased 
velocity of slip, the coefficient of friction decreases from its value as the coefficient of 
friction of rest; the reverse, however, is true of leather. 4. The heat generated by the 
rubbing surfaces must be so dissipated as not to injure the brake. 


1. BLOCK BRAKES 


RESISTANCE OF BLOCK BRAKES.—The simplest form of brake is the block 
brake, commonly used for railway car wheels, and in some forms for hoisting engines. In 
the car wheel brake the resistance is not only that of sliding friction, but the resistance of 
cutting or grinding away the surface of the metals in contact. If P = total pressure acting 

_normal to the sliding surface, lb., u = coefficient of friction, V = velocity of sliding, ft. 
per min., then the energy absorbed by the brake is PV ft.-lb. per min. Values of » may 
be taken from the tables, pp. 8-23 to 8-28. It should be noted that the value of yp is 
different for lubricated and unlubricated surfaces. If pressure P is great enough to 


Tabie 1.—Block Brake Formulas. 


P = force at end of brake lever, lb.; F = tangential force at rim of brake wheel, lb.; R = reace 
tion between brake wheel and block, lb.; » = coefficient of friction; P(a+ 6) = Rb. 


Line of action of F passing through fulerum O 
For rotation in either direction 


Four =2PGt, ae pe neh 
Fb 1 

= = SP ehh te wi eeebed ome 2 

eos 2] 


Line of action of F passing above fulcrum O 
= ACs Ss [3] 
b{(1/u)  (c/b)} 


rb) Gl c 
= -F- Ay ae ocr Sicha pelle 
x eee a 


The minus sign is used for clockwise, and the plus sign for counter- 
clockwise rotation. 


F = uk 


Line of action of F passing below fulcrum O 
P(a + b) [5] 
b{(1/u) + (c/b)} 


eo 


The plus sign is used for clockwise, and the minus sign for counter- 
clockwise rotation. 
For grooved brake wheel and block, 


F=pR= 


¢ Substitute —— for » in the above equations 
N VN sina + pcos a 
NS AS a = 1/2 included angle of groove faces. 


* Staff revision. 
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squeeze out the lubricant, the value of p» increases, and the surfaces will cut and wear with 
an increase of temperature. 

Block Brake Formulas.— Various arrangements of block brakes are possible. Formulas 
for different arrangements of single block brakes are given in 
Table 1. If the faces of the sliding surfaces are grooved, the 
values given by formulas [1] to [6] should be corrected as shown 
in the table. In the single block brake, the reaction R of the 
brake shoe is opposed by an equal and opposite reaction R’ at 
the bearing. The braking effect resulting from the friction of 
the journal can be neglected in designing the brake, but should 
be considered in the design of the bearing. The single-block 
brake tends to bend the shaft. In the double-block brake, 
Fig. 1, reactions R of the two blocks are equal and opposite, 
and tendency to bend the shaft is eliminated. The braking 
force is equal to twice the value given by equation [2]. If the 
line of action of F passes either inside or outside of fulerums O, 
the braking load is not the same at the two blocks, and a 
tendency to bend the shaft exists. The total braking load is the sum of the loads given 
by equations [3] or [5] as the case may be. 


Fig. 1. Double Block 
Brake 


2. BAND BRAKES 


A band brake consists of a band or strap, usually of steel, sometimes of leather wrapped 
around the major portion of the circumference of the brake wheel, so connected to levers 
that it may be tightened on the wheel. In another form, used in some automobile brakes, 
the band is expanded against the internal circumference of a hollow brake drum. The 


Table 2.— Formulas for Band Brakes 


P = force at end of brake lever, lb.; 7, = tension in tight side of band, Ib.; T2 = tension in 
slack side of band, lb.; F = 7; — T2 = tangential! force at rim of brake wheel, lb.; » = coefficient 
of friction between band and wheel; e = base of Naperian system of logarithms = 2.17828; a = 
angle of contact of band with wheel, radians (1 radian = 57.296 deg.). 


ny eas han 
A. == aay , eS Fae (po . . . . [7] 
a 
For clockwise rotation, P = = net <8 [s 
Gage afield ] 
For counter-clockwise rotation, P = = § toh ‘ 9 
a U He - 1 a ana 
; A Fb ] 
For clockwise rotation, P = — { oo i 
s 6 Ue) eee [10] 
For counter-clockwise rotation, P = eae pleads, {11] 
ee | eos 
F F F( by #® —B 
For clockw rs 
or clockwise rotation, P = 7a ' are eka ate. Getlesl) 
For counter-clockwise rotation, P = . on ee 
’ a ey . [13] 


Unless be > b; e#® the band will automatically grip the wheel and cause 
rupture of the band or some other part. 


For clockwise rotation, P = — 
at Fe\— ] 


For counter-clockwise rotation, P = *s bye [15] 
al ee oid). Sea 


If by = be = by for both eases, P= 72 {TU +A} Sr eae treihisa) 


a (cht — | 
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brake wheel may be of cast iron or steel, or it may be faced with leather or wood. The 
band itself may be lined with a special brake lining, as in automotive practice, possessing a 
high coefficient of friction and high temperature resistance. See Kent's Mechanical 
Engineers’ Handbook-—Power, p. 14—73, forming Vol. 2 of this series. 
RESISTANCE OF BAND BRAKES.—The theory of band brakes is the same as 
that of the friction of belts. See p. 24-14. The fundamental equations are: 
Sa ee eee. TROVE E «.! 5 jileA 
and SW i ie Ud oa ilo end) 
where F = total friction of the band on the wheel, 7), 72 = respectively, tensions in tight 
and slack sides of the band; e = base of Naperian system of logarithms = 2.7 1828; n= 
coefficient of friction; a = arc of contact of band with the brake wheel, radians; 6 = are 


of contact, degrees. Values of e“~ are given in Table 3. Table 2 shows various arrange- 
ments of band brakes and the formulas applicable thereto. 


Table 3.—Values of e"* ; 


Proportion Values of 
es 0.1 | 0.2 | 0.25 | 0.3 | 0.35| 0.4 |0.45| 0.5 | 0.6 | 07 | 0.8 
Circumference Values of #@ 

0.1 1.458] 1.552] 1.653 
4 2.126}] 2.410] 2.733 
25 2.566 | 3.003} 3.514 
2 3.099 | 3.742] 4.518 
4 4.518) 5.809] 7.468 
.425 4.964) 6.484] 8.468 
45 5.455 | 7.237] 9.602 
475 5.994] 8.078] 10.888 
‘>. 6.586} 9.017} 12.346 
525 7.237 | 10.067 | 13.999 
ae 7.593 | 11.235] 15.873 
.575 8.738 | 12.541] 17.999 
6 9.602 | 13.999 | 20.409 
-65 11.594 | 17.442} 26.241 
7 13.999 | 21.733 | 33.739 


16.903 | 27.078 
20.409 | 33.739 


1.653 | 2.733 


3. AXIAL BRAKES 


Axial brakes are those in which resistance is applied by the axial movement of the 
braking members. Two general forms are in use, cone brakes and disc brakes. 

CONE BRAKES.—Fig. 2 illustrates one form of 

Yy cone brake. Force P applied to the brake lever L causes 


Wes axial movement of the brake cone into its mating shoe, 
UN 
=o) 
D Gj 


thus creating resistance to the rotation of the member 
to which the shoe is attached. Let M = twisting mo- 
ment on brake shaft, in.-lb.; r = mean radius of brake 
wheel, in.; P = pull on lever, lb.; F = M/r = force at 
the circumference of the brake wheel, lb.; a = half angle 
of the cones; u = coefficient of friction between brake 
wheel and shoe; A = axial pressure, lb., along the cone 
shaft forcing the cones together; N = normal pressure 
on the cone, in order that the braking action shall over- 
come the turning moment; Z = length of lever, in.; 1 = distance from fulcrum of brake 


lever to axis of cone. Then 


Fig. 2. Cone Brake 


AlN emcees 5 [19]; Ae Pinte fant Se. {20} 
Nese +: Rt ot os eet ORE OS f05) 
F ee ane pen (23, OF ae SSE ie eae | 
E> Fisne Tues eee 25), nor a se I OS 


Angle a usually ranges from 10 to 18 deg. For cast iron on cast iron, » can be taken as 
0.12; for one surface of wood and the other of cast iron, u = 0.25 may be used. ‘ 

From an experimental investigation of a cone brake by Prof. H. Bonte (Zett. Ve D. I 
Dec. 15, 1915), Prof. Leutwiler (Machine Design, p. 419) derives the following conclusions 
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concerning formulas [23] and {24]: 1. When a is 15 deg., the error introduced by using [23] 
is large, while the agreement between the experimental results and those obtained by using 
[24] is very close. 2. Whena is 30 deg., the experimental results lie between those obtained 
by [23] and [24]. When plotted, the curve representing the results obtained by [24] lies 
above, but much closer to the experimental curve than that obtained by [23]. 4. For the 
angles 45 deg. and 60 deg., the experimental points lie above those obtained by [24], 
which in turn lie above the points obtained by [23]. 5. Apparently, the coefficient of 
friction is not constant, as generally assumed, but varies slightly with the pressure. Asa 
result of this experimental investigation, Prof. Bonte recommends that [23], which appar- 
ently is incorrect, should not be used in the design of cone brakes or clutches. 

DISC BRAKES are of the same general construction as cone brakes, excepting that 
the friction faces are discs instead of cones. Most brakes are of the multiple-dise type, 1.e. 
having more than two friction faces in contact. With the same arrangement for applying 
axial pressure as in Fig. 10, letn = number of friction surfaces in contact; r = mean radius 
of friction discs; other notation as before. Then 


‘A= Piner = PUL = ss nl oul | oe 
PsP Thal oe eek ob ad a oe ee 
Ft P skin [To ent -< 


See Load Brakes below for formulas dealing with the application of axial pressure by means 
of a screw instead of a lever. 


4. LOAD BRAKES 


' 


Load brakes to control the speed of descent of load on cranes and hoists may be manu- 
ally or automatically operated. They are made in several forms. 
COIL BRAKES.—Fig. 3 shows a coil brake. Drum 
ISHS D is keyed to the driven or follower shaft F but is free 
Ne ii to turn on the motor shaft M. — Coil C is made of flat rod 
. isi wound into a helix, ground internally and externally. 


Se alimeny ri [m%Q. The external diameter is made slightly larger than the 
Ue SWAIN ~ internal diameter of sleeve S so that the coil must be 
P NAR slightly compressed when the brake is assembled. One 


SSS end of the coil is fastened to flange EH, which is keyed 
Wieos) -Coa Beake to shaft M; the other end is secured to drum D. In 
hoisting, motor shaft M turns in the direction of the 
arrow at the right; this action expands the coil against sleeve S and causes drum D and 
shaft F to revolve with the casing. If the motor stops, holding the load suspended, shaft 
F and drum D under the action of the load tend to turn in the direction of the arrow F; 
this expands the coil against the sleeve S, which is prevented from turning by a ratchet, 
not shown, on the end. To lower the load, motor M-reverses its direction, thus releasing 
coil after coil from contact with the casing; when sufficient coils have been thus released, 
shaft F turns under the action of the load, in the direction of the arrow, which has the 
effect of again expanding the coil sufficiently 
to hold the load. 

The coil brake is, in effect, an internal 
band brake, and the formulas used in the 
computation of band brakes may be applied. 
See p. 15-16. In applying these formulas 
T/T, = K. The value of K may be ob- 
tained by loge K = wl/r, where 1 = length 
of circular are of coil in contact with the 
drum, and r = radius of drum. 

DISC LOAD BRAKE.—Fig. 4 shows a 
multiple-dise brake of the Weston type. 
This brake consists of a pinion a, bushed at 
h, ae with a flange at 7 which is extended 
to form the casing k; this casing encloses a 
series of friction dises which are made to Tis: 4g hr ate 
rotate with it by means of the feathered keys e. Alternating with these di 
fitted to the square hub of the flange d. The pinion a is fide on the weep eat the veal 
d is keyed to the shaft at f. The hand-wheel g enables the operator to control the speed 
of the load by increasing or decreasing the pressure between the discs. The shaft is held 
from running backward by a ratchet and pawl not shown. 
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L bBommalse [27] to [29] would be modified by use of the hand-wheel and screw as follows: 

et 4 = axial thrust on friction discs; F = frictional tangential force on dises; M, = 
frictional moment between flange d and hub of hand-wheel g; » = number of fioticnal 
faces in sliding contact; P = tangential force at circumference of hand-wheel; R = radius 
of hand-wheel; r = mean radius of friction dises; rj = mean radius of screw; kK = coeffi- 
cient of friction between discs; @ = helix angle of screw; @ = friction angle of screw; 
all dimensions are taken in inches and all forces in pounds. Then , 


A={PR/r(tand6+¢)}—Mi=F/nur . .. . [30] 
F=nyur[{PR/ntan(@+¢)}—Mi]. . . . . . [31] 
PS {Fri tan (0 -+ ¢@)/npr}-t Ma .>. Ol. [32] 


Fig. 5 shows a form of disc load brake for traveling cranes. The pinion F drives the 
hoisting drum. In hoisting, gear A, driven by the’ motor, is rotated on the screw in a 
direction that causes it to move axially on the shaft and clamp the friction faces H of the 
ratchet wheel B between the gear A and the flange C 
which are fast on the shaft. Ratchet wheel B is prevented 
from rotating backward under the pull of the load by 
the pawl D. The load thus is sustained so long as 
pressure is maintained between A and C. When the 
load is lowered, C is held stationary by pawl D. The 
direction of rotation of gear A is reversed, tending to 
gee and remove the frictional resistance between 
it an ange C. However, the load will rotate the : 
shaft, thus tending to screw the shaft into gear A and oa Capea EON 
so restore the friction. These two tendencies balance 
each other, and the load descends under control and at a speed determined by the speed 
of the motor. The force required to raise and lower loads is given by equations [33] and 
(34], in which P = tangential force acting at mean radius of load, 71 = mean radius of 


~thread; rz = mean radius of friction faces H; s = pitch of thread; wu = coefficient of 


friction between friction faces of A, B, and C; ui = coefficient of friction between screw 
and nut; W = load, All dimensions are in inches, and all loads and forces in pounds. 


To raise load er Wrfee emer 4 LV tgeees oe Marre 
3 2771 — m8 

To lower load Par Wri ee sl BNCTS ce ee eee eS 4] 
2771+ m8 


In determining the value of P71; for raising the load, the acceleration of the load 
must be considered and added to the actual load being lifted. The acceleration load is 
equal to W a/g, where a = acceleration, ft. per sec. per sec., and g = acceleration due to 
gravity = 32.2. 

MAGNETIC AND ELECTRIC BRAKES.—For braking the load on electric cranes a 


* band brake sometimes is used which is held off the drum by the action of a magnet or 


solenoid, and is put on by the action of a spring or weight. The solenoid usually consists 
of a coil of wire connected in series with the motor, and a plunger working inside of the 
coil. It should be so proportioned that its action is not delayed by residual magnetism 
when the current is cut off. Too rapid action is prevented by making the end of the 
solenoid an air dash-pot. 

For electrically-driven machinery an electric motor makes a most efficient brake by 
reversing the direction of the electric current, causing the motor to become a generator 
supplying current to a rheostat in which it is converted into heat and dissipated. In some 
cases the electric current generated, instead of being absorbed in a rheostat, is fed into the 
main electric circuit. In this case the energy of the rotating mass, instead of being wasted 
in friction or in electrical heating, is converted into electric energy and thus conserved for 


further use. 


5. COEFFICIENT OF FRICTION AND HEAT LOSSES 


COEFFICIENT OF FRICTION.—The coefficient of friction is highest for static 
conditions and decreases with increase of velocity. According to Galton (Hess, Mach. 
Design), the coefficient of friction of cast-iron brake shoes on steel tires varies with the 
velocity as follows: 

NieloGiuyaitibe Del WATM etl lela. «1s +1) Beginning 440 880 2200 4000 5250 
‘Goeficient-oLsrictionn ec. + 0 276 GeS2OMOne oer OL242)) 0.166 0.127 —OL044 


Wichert has determined the effect of velocity upon the coefficient of friction for cast- 
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iron brake shoes upon steel-tired car wheels to be approximated by the following formula, 

p» = B{(1 + 0.002 V) + (1 + 0.0011 V)} ee re So 
where B = coefficient of friction of rest under the given condition of the surfaces relative 
to each other; V = velocity, ft. per min. 

Brake tests made by the Penna. R.R. indicate that coefficient of friction decreases 
with hardness of the cast-iron brake shoe, and that the maximum possible coefficient of 
friction is obtained with a Brinnell hardness of about 190. 

The coefficients of friction for materials used for brakes, for velocities ranging from 
180 to 3900 ft. per min., and pressures from 7 to 140 lb. per sq. in. are given in Table 4. 


Table 4.—Coefficients of Friction for Brake Materials. 


(From Various Sources) 
a 


Value of » on Value of « on 
Brake Material Cast Wrought Brake Material Cast Wrought 
Iron Iron Tron Tron 

Becchonte octane cekee 0. 29-0. 37 0.54 Biber og Sates. ae 0.10=0.. 20) 285. Sioa 
Bronze, lubricated... . . 0.06-0.10 sad ot Leather, dry. .i2.-.<.-- | Ee MR ccc: 
Cast iron, dry........| 0.25-0.3 Bere «© , lubricated.... 0323!) 0. NLesscmreetrce 
«“ — lubricated...| 0.08-0. 12 oer Oak. £0, ch eeeatonsionate 2 0.30-0.34 | 0.40-0.51 
Cortes Meccceadee alee 0.35 ee Poplar. c..cue ose se on 0.35-0.40 | 0.49-0.65 
ln Mage esi eee ree bors 0.36-0.37 | 0.49-0.60 | Willow.......2....22-- 0.46-0.47 | 0.60-0. 63 


* See also p. 8-23. 


HEATING OF BRAKES.—The energy absorbed by a brake must be dissipated as 
heat. Consequently, the brake should be designed with ample radiating surface, ribs or 
fins being provided if necessary, to promote rapid dissipation of heat. Referring to Fig. 5, 
the energy absorbed by a disc brake is as follows: Let HE = energy absorbed by brake, 
ft.-lb. per min.; ro, ri = respectively, inner and outer radii of friction discs, in.; r = mean 
radius of screw, in.; » = number of friction surfaces in contact; N = revolutions per 
min.; p = total pressure on friction discs, lb.; S = area of radiating surface, sq. in.; 
H = total heat to be dissipated, B.t.u. per min.; J = torque, in.-lb., on pinion F; 
6 = helix angle of screw; ¢ = friction angle of screw. Then 


2 ro Ne 
ee Ae AA, op ce 
3 ( 2 12 nuN p [36] 


To? — T;? 
p= T/rtan (8d)... ts we 
H= Efe X28) ., 0 el 


The heat dissipation is a function both of the temperature of the brake and of the time 
that it is at rest betweeen applications, during which heat is being radiated. Let m = 
number of minutes the brake is at rest; f:, t2 = minimum and maximum temperatures 
of the brake drum, deg. F.; c = mechanical equivalent of the specific heat of the brake- 
drum material = (specific heat/778); k = radiation factor; w = weight of brake drum 
rim, lb.; S = area of radiating surface, sq. in. Then 


log (a —t) = 0.484. Smfew . . . tame « a 180! 
and Ei = ewe —-ti) Ue oasee ke oP Le LO 


Values of k range from 0.4 to 0.8 per min. per deg. F. temperature difference above the 
surrounding air. Values of tf: may range from 200° F. with wood friction blocks, to 
600° F. with asbestos friction surfaces. 
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VIBRATION AND NOISE 


By Arthur L. Kimball 


VIBRATION 


FREE AND FORCED VIBRATIONS. RESONANCE.—It is important to differen- 
tiate between free and forced vibrations. Free vibration occurs when the driving force is 
removed, dying out more or less gradually. Forced vibration is maintained by a driving 
force. The former has a frequency of its own; the latter can have any frequency, depend- 
ing on that of the driving force. If the frequency of the driving force is in step with the 
natural or free period of the vibration, the forced vibration will build up to a large ampli- 
tude. The vibrating body is then in resonance with the exciting force. 

Any body which vibrates freely when the exciting force 
is removed illustrates free vibration, 7.e., a weight vibrating 
onaspring. Free vibrations, as such, are not important in 
vibration prevention. Forced vibrations give trouble if an 
exciting stimulus is present. Resonant types, where the 
exciting force is in step with the free vibration period, are 
the most dificult. Knowledge of free vibration period thus 
is important. An example of a forced vibration is an un- Fig. 1, Fig. 2. 
balanced rotor which quivers at all speeds, due to unbalanced 
centrifugal force; the frequency always equals the speed 
frequency. If speed is in step with the free vibration 
frequency of the rotor between bearings, vibration will 
reach a peak value, and illustrate resonance. All critical 
speed vibrations are resonant. Calculation of critical speeds 
is the determination of free vibration periods to which the body resonates. 


1. VIBRATION FREQUENCY CALCULATION 


The following simple cases of calculation of natural vibration frequency are given for 
reference. Two basic formulas are: 


Linear vibration for spring supported weight (Fig. 1), f = (1/27) (Vv oe eel] 
Torsional vibration for disk on rod (Fig. 2), f = (1/2m)VZig/I . . . . . . [2] 


where f = frequency, cycles per sec.; g = acceleration of gravity = 386 in. per sec.?; 
k = stiffness constant of spring = force required to stretch it to unit distance, lb. per in.; 
L, = same constant in torsion, or force required to twist spring or rod through 1 radian 
of arc, ft.-lb. per radian; W = weight, lb.; I = moment of inertia, lb.-in.2? = WR?; 
W = weight of body, lb., executing torsional vibrations; R = radius of gyration. For- 
mula [1] is used more often than [2], as most problems involve linear, rather than torsional, 


vibrations. 
Substituting the value of g for the inch-pound-second system, [1] and [2] reduce to 


Linear vibrations. f= 3.13Vk/W OPTI ETO, 5 8 9 Bo 4 @ 6 o |b 


Torsional vibrations. f= 3.13V 14/1 Gy clesepCh sec ee LAT 
GRAVITY DEFLECTION FORMULA.—For a spring carrying a weight (Fig. 1) 
causing extension d of the spring, elastic constant k must equal W/d = weight per unit 


deflection. Substituting this in [3], 
ROU TSU eR ed ed Se | 


where f = cycles per sec.; d = in. deflection. Thus if a weight causes an elastic support 

of relatively small weight to deflect downwards through d in., (5] at once gives the up- 

and-down frequency. This formula is useful for quick, approximate estimates of certain 

vibration frequencies. Thus, a shaft carrying a relatively heavy fly-wheel has a deflection 
16-03 


16-04 VIBRATION AND NOISE 


of d. The frequency and the critical speed (see p. 11-10) can be estimated, without know- 
ing weight of the fly-wheel. ° 
VIBRATION OF UNIFORM BARS.—For any vibrating bar of uniform cross-section, 
the frequency is given by 
EMCO AUT) Ge = a st o 6 o IS 
where k depends on shape of bar and how it is supported, and 7 = length, in. For a 
cantilever bar (Fig. 3), k = 11; for a beam supported at the ends (Fig. 4), k = 31. 
Table 1 gives frequencies for circular and rectangular bars. In this table, J = moment 


WY 
Y 


Fies. 3-7. Vibration of Uniform Bars 


of inertia of cross-section, in.4 (not mass moment of inertia); w = weight, lb. per in.; 
w, = weight, lb. per cu. in.; 1 = length, in.; D = diam., in.; h = depth, in., H = mod- 
ulus of elasticity. 

VIBRATION OF LOADED UNIFORM BARS.—Table 2 gives frequencies of loaded 
bars, where weight of bar is neglected compared with weight it carries. Symbols have 
same meaning asin Table 1. These formulas are derived from [5] by substituting proper 
value of d produced by a load W for each case. 

VIBRATION OF CIRCULAR DISC OF UNIFORM THICKNESS SUPPORTED AT 
THE CENTER. (Fig. 8.)—Such a plate has exactly the same vibration frequencies as 
one perfectly free; the formula is 


f= K(h/r?)V (lel p) eee, ee 


where h = thickness of disc, in.; r = radius of disc, in.; EH = modulus of elasticity; 
g = 386 in. per sec.”; p = density of disc material, lb. per cu. in.; K = constant depend- 
ing on the number of nodes n along disc edge; when n = 4, K = 0.25; n= 6, K = 0.54. 
This assumes the absence of ring nodes, which case will be omitted. 


2, VIBRATION MEASUREMENT 


To measure vibration, frequency and amplitude must first be determined; without 
knowledge of these, quantitative study is impossible. Also, form of path described, 1.e., 
circular, elliptical, etc., and the phase relative to another vibration sometimes may be 
necessary. 

REED FREQUENCY METER.—The most generally useful frequency meter is of 
Frahm tachometer type, Fig. 9. It comprises a series of reeds, fixed on a common base, 


Table 1.—Frequencies for Circular and Rectangular Bars. 


Uniform Bar, Circular Section, Rectangular Section, 
cycles per sec. cycles per sec. eycles per sec. 
Cantilever (Fig. 3) ............ 11/2 ET /w (2.7 D/?)(WE/w) | (3.18 h/2)(WE/w) 
Beams supported at ends ee 
(EVGA eae Sen acre e tes. o «Ie 31/12/ EI /w (7.7 D/l®2)(V E/w.) (8.96 R/I2)(V E/wy) 
LL 


Table 2.—Vibration of Loaded Uniform Bars. 


‘ Frequencies : 3 
ie nerot Loading q , cycles per sec. 


Circular cross-section Rectangular cross-section 
Loaded cantilever (Fig. 5) load 2 a 
en eee 1.2 D2VE/W B 1.56 VEbR/W eB 
Loaded beam (Fig. 6) loaded in 
Center Gf Bnans<.ccmes niente 4.8 D2VE/W hb 6.24 V Ebh3/ Wis 
Loaded beam (Fig. 7) load off eric 
Genter of spate sat. cenetener 1.2 D2 El 1.56 4) eens 
W x2 y2 ‘ W x2 y2 
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carrying masses at their tips, and tuned to respond one after another over a range of fre- 
quencies. A convenient model about 6 in. long is made by Leeds and Northrup Co. 
Philadelphia, covering frequencies from 900 to 12,000 per min. by means of three instru- 
ments. It is easily portable, readily applied, and shows rapidly-varying frequencies as 
well as more than one frequency at a time if present. Above 12,000 cycles per min. 
(200 per sec.), sensitivity is lost due to stiffness of the reeds. For best response the meter 
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Fie. 8. Vibration of Circular Fic. 9. Frahm Tachometer 
Disc Supported at Center 


should rest solidly against the vibrating body, direction of reed vibration being roughly 
parallel to direction of motion of exciting vibration. This instrument is an excellent sub- 
stitute for speed counters and speed tachometers. 

INERTIA AMPLITUDE INDICATOR.—One form of instrument for amplitude mea- 
surement is the inertia type, Fig.10. Thisis an ordinary Starrett dial strain gauge reading 
in mils, set in a hole in a block of metal weighing about 2 1b.; axis of indicator stem passes 
approximately through center of gravity of the block. The weight is so held that the 
indicator stem makes contact with the vibrating body, the metal block being kept free. 
The indicator stem oscillates with the vibrating body, but the weight to which the indi- 
cator body is set does not oscillate because of its 
inertia. If the vibrating body has an amplitude of, 
say, 3 mils in the direction of motion of the stem a 
blurred image 3 mils wide appears on the indicator dial 
scale. The scale numbering has no relation to the am- 
plitude, which changes its position on the scale as the 
indicator is allowed to approach or recede from the 
vibrating body. If the indicator is held reasonably 
steady, the amplitude of the oscillation is easily read. 
This instrument is portable and easily applied, with 
the indicator stem pointing in any direction necessary 
to observe vibration amplitude. It is satisfactory for 
amplitudes of 10 mils or more for frequencies of ordi- 
nary rotating machinery. Precautions in using this 
instrument are: Avoid chattering of indicator button 
for frequencies over 100 per sec. with amplitudes of (| pascal 
over 2 or 3 mils; for high frequencies the button may 
not follow the vibration if amplitude is too great. For 
frequencies below 5 per sec., the weight itself may vibrate 
and thus decrease indicated amplitude. In special cases, 
the amplitude indicator without the inertia part can be 
rigidly attached to a supporting post if a convenient Fia. 10. Inertia Amplitude Indicator 
point of attachment free from vibration is available. 

THE VIBROGRAPH will make a complete graphical record of a vibration, giving a 
permanent record of both frequency and amplitude. A good instrument, made by Cam- 
bridge Instrument Co., traces the record by means of a fine stylus on moving celluloid 
film. It will easily record amplitudes under 0.5 mil, of frequencies over 100 per sec. 
The Geiger vibrograph is a well-known instrument which records with a pen on a moving 
strip of paper Both instruments are actuated by a spring-suspended mass on the seismo- 
graph principle. They are rather elaborate, with levers, etc., and lost motion must be 
compensated. For a more detailed description, see Vibration Problems in Engineering, 
S. Timoshenko, p. 327 et seg., D. Van Nostrand Co. 1928. 

TORSIOGRAPH.—To detect torsional oscillations in a revolving shaft, as a ship 
propeller shaft or a Diesel engine shaft, governed by a heavy fly-wheel, a Geiger or other 
torsiograph, should be used. This is an inertia instrument comprising essentially one 
part rigidly attached to the shaft, taking part in its torsional oscillations, and a fly-wheel, 
mounted in its own bearings and driven through a flexible spring at the shaft speed. 
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The fly-wheel maintains substantially constant angular velocity. A multiplying lever 
mechanism responds to shaft oscillations with respect to the non-oscillating fly-wheel, 
and records oscillations in a graph (see Timoshenko, loc. cit.). There is no satisfactory 
way of detecting torsional oscillations of a revolving body by such a simple device as used 
for linear vibrations of a stationary body. The avoidance of torsional oscillations of this 
character is very important, as many failures have been traced to torsional resonance 
involving excessive periodic stresses in shafting (see p. 16—11). , 

ELECTROMAGNETIC METHODS.—One type of electrical vibration measuring 
instrument records by motion of a pin placed against the vibrating body, registering in the 
same way that a loud speaker records oscillations on a phonograph record. This instru- 
ment can be made very sensitive to small amplitudes and high frequencies, as those pro- 
ducing sound radiation. Another instrument for lower frequencies and larger amplitudes, 
depends on the fluctuation of electrical impedance produced by air gap variation caused 
by the vibration, which in turn modulates the amplitude of a relatively high-frequency 
exciting electric current. 

Both methods readily record frequency on the oscillograph, for example, but transla- 
tion of electrical into mechanical amplitudes requires careful calibration over the fre- 
quency range, especially for lower frequencies. This usually is due to the spring applying 
the recording pin to the vibrating body being too stiff to deflect through full vibration 
amplitude. The author has encountered errors from this cause in this type of instrument. 
See Vibration Recorder, A. V. Mershon, Yrans. A.I.E.E., 1926. 


3. VIBRATION PREVENTION 


Of the several methods of attack in vibration reduction, the particular method or 
methods adopted depend on the individual problem. Briefly these methods are: 

REMOVAL OF EXCITING CAUSE.—This, when possible, is most satisfactory. 
Unbalance in rotating machinery is a common source of trouble. In rigid rotors it can be 
almost completely eliminated by balance weights. Gear tooth frequency noise is best 
avoided by precision in manufacture. 

TUNING is applicable only when vibration is distinctly of resonant type. Resonant 
vibrations usually are excited by a relatively small stimulus, which happens to be in step 
with a natural vibration frequency. The tuning of steam turbine wheels is an example, 
also the avoidance of shaft critical speeds through selection of proper diameter at the 
operating speed. 

ELASTIC SUSPENSION.—The function of elastic suspension is to isolate a powerful 
forced vibration so that it cannot be transmitted beyond the vibrating piece of apparatus. 
This is not a friction damping process. Springs do not absorb vibrations through damping, 
but are often a very effective means of preventing transmission; e.g., the spring suspension 
of a railroad car isolates from the car body forced vibration imparted to the wheels; the 
leaf spring contains some friction damping which eliminates resonant bouncing, but has 
no part in isolation. It can be shown that such friction in springs and shock absorbers 
somewhat increases forced vibration transmission. The amount of increase is small, even 
when friction is considerable. Friction is necessary to avoid building up resonant vibrations. 

Elastic suspension methods are much used to suspend noisy machinery, etc., but there 
is still much guesswork in their application. An incorrectly designed elastic suspension 
may do more harm than good. The design of a good suspension is not always an easy 
matter and often requires knowledge of vibration principles as well as experience. 

DAMPING, or reduction of vibration amplitude through action of friction, is a cure 
for resonant vibrations only. Forced vibrations are apt to result from powerful exciting 
forces which are not much reduced by application of friction devices. For example, gear 
tooth frequency hum or whistle is a forced vibration, which is reduced but little by stuffing 
the wheel with a non-resonant damping substance with internal friction. On the other 
hand the resonant ring of the wheel due to its natural periods, may be greatly reduced 
by such treatment. Shock absorbers used in vehicle suspension are typical friction 
dampers which limit the amplitude of resonant vibrations excited by road irregularities. 


Removal of Exciting Force 


: MECHANICAL BALANCE OF MACHINERY.—It is possible to completely mechan- 
ically balance any rigid rotor, whatever be its unbalance or its shape, by only two weights. 
The problem is to determine the position and the size of these two weights. Balancing is 


a fine art, and trial-and-error methods by a clever mechanic generally will waste mone 
ye 
STATIC AND DYNAMIC BALANCE.—Mcchanical unbalance in a rigid rotor always 


can be completely represented schematically as in Fig. 11. The weight A takes account 
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of displacement of the center of gravity of the rotor from its axis; weights B and C repre- 
sent a couple, depending on how much the rotor is cocked or twisted sideways from its 
true axis. The three weights can be replaced by two by splitting A into two parts, placing 
one in the plane of B and the other in the plane of C. The two weights in each of these 
planes then can be replaced by a single one in each plane by applying the parallelogram of 
forces (centrifugal forces in this case). See A. L. Kimball, Vibration Prevention in Engi- 
neering, pp. 85-94 (John Wiley & Sons, Inc., 1933) and 8. Timoshenko, Vibration Prob- 
lems in Engineering, p. 157 e¢ seg. (Van Nostrand). That part of unbalance represented 
by A, Fig. 11, is static unbalance; it can be detected by a static or gravity test by placing 
the rotor on ways and noting its heavy spot. 
The part represented by weights B and C is 
dynamic unbalance; it can be detected only 
by arotational or dynamic test which develops 
a centrifugal couple. A rotational test, how- 
ever, does not separate dynamic from static 
unbalance, but combines the effect of both; 
otherwise, mechanical balance would be com- 
paratively simple. For this reason, ‘specially Fie ti 
designed machines and special methods, de- omy 
scribed below, must be used to determine the amount and position of balance weights. 

BALANCING MACHINES.—For large production, some type of good balancing 
machine is essential. Many are unsatisfactory. A good machine is the Precision balanc- 
ing machine built by the Gisholt Mfg. Co. Another widely used German machine built 
by Karl Schenk, the Lawaczeck-Heymann machine, is fairly satisfactory for rotors of 
500 lb. and up, and is less expensive than the former. The Precision machine has proved 
itself of particular value in balancing automobile crankshafts. E. L. Thearle (General 
Electric Co.) has produced the best balancing machines in existence for that company’s 
type of work; these have not been sold outside to any extent (1933). Tinius Olsen Co. 
has produced a very good machine for small rotors. 

Balancing is a highly specialized art. Different balancing problems require different 
machines, designed for the particular conditions to be met. Only large and fairly uniform 
production justifies the design and purchase of such a machine. 


Mechanical Unbalance 


Balancing of Special Jobs 


SMALL RIGID ROTORS.—tThe following method of balancing small rigid rotors 
gives good results, with a minimum of apparatus. The rotor, R, Fig. 12, is placed in a light 
wood frame F, resting in half bearings in the frame, and driven by motor M through belt 
L, whose tension is adjusted 
by screw S. The rotor is 
first pivoted in plane C, the 
pivots in plane D being 
withdrawn. A spring, not 
shown, is placed under the 
frame at bearing B, of suffi- 
cient stiffness to cause res- 
onance at 700 to 800 r.p.m. 
The rotor being driven 
through the resonant fre- 
quency, the deflection in- 
dicator EF is adjusted with 
its button resting on top 
of the frame to register Fria. 12, Balancing Set 
vibration. The arc through 
which the needle oscillates approximately measures unbalanced moment about fulerum 
in plane C. 

To find amount and position of the weight, vibration’ amplitude is read and a small 
trial weight successively placed in four positions 90° apart in plane D; the amplitude of 
vibration is read in each case. A curve of rise and fall of amplitude is plotted against 
angular position of trial weight, from which amount and position of weight can be esti- 
mated. Inspection of the curve shows position where weight subtracts most, from the 
unbalance and adds most to it; the former is the correct position of balance weight. ; Its 
amount is estimated by comparing change of vibration amplitude produced by the weight 
in different positions with the original vibration amplitude, assuming vibration amplitude 
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to be a direct measure of weight required. The trial weight for small rotors may be a piece 
f wax. ‘ 
‘ Besides having a light frame to insure large amplitudes, the outfit must not vibrate 
as a whole due to insecure foundation; it must be placed where no floor vibrations are 
transmitted to it, otherwise indicator readings will be inconsistent. Furthermore, the 
frame must be sufficiently stiff to resist all tendency to flexure. A good way to isolate 
the apparatus from such vibrations and prevent detrimental shaking is to place the 
outfit on a massive iron plate resting on toy rubber balls or an inflated automobile inner 
tube. The driving motor must be well balanced, and a light belt used to give a constant 
tension perpendicular to the oscillatory motion of the frame; the pull should not be too 
great. To balance the other end of the rotor, the process is repeated, using the other ful- 
crum. Weights so determined should produce complete balance so that the indicators 
show no oscillatory motion. ; 
AIRPLANE PROPELLER unbalance may be made up of unbalanced air reaction and 
mass unbalance. If one blade exerts slightly greater traction on the air than the other, 
an unbalanced couple is present which revolves with the propeller, always tending to 
deflect the forward end of the propeller shaft towards the blade exerting the smaller trac- 
tion, thus causing the engine to wobble. Since traction on one propeller blade is several 
hundred pounds, any dissymmetry between blades, either of shape or pitch, produces a 
relatively large unbalanced couple, and aerodynamic unbalance may far exceed pure 
mechanical unbalance. - 
Hence, extremely B=2 oz. 
precise mass balance 
of airplane propellers 
may be disappointing. 
Littlesystematic study 
has been made of this 
problem, and quan- 
titative data are lack- 
ing; the slighest change 
in pitch of a blade 
noticeably affects plane 
vibration. The prob- 


lem is complicated by Unbalanced Couple=3 x 2 x 10=60 oz.-in? 

blade deflections dur- I. Balancing Couple=5 x 3 x 4=60 oz.-in? 

ing operation which II. Balancing Couple=2 x 5 X 6 = 60 oz.-in? or 5 X 2 x 6=60 oz.-in? 
must react on the trac- Fra. 13. Methods of Balancing Centrifugal Couple 


tion. Propellers of high 
power planes are subject to severe engine torque pulsations with resulting vibration, but 
the exciting force comes from the engine. 

RULES FOR DESIGN.—A good rule for design of rotating apparatus with moving 
parts, where unbalanced forces are present, is to keep the center of gravity of the complete 
moving system as nearly as possible on the rotation axis for all positions of the shaft as it 
revolves. Next, estimate as nearly as possible, the centrifugal couple which remains 
(weights B and C, Fig. 11) and place anywhere on the shaft a pair of weights to produce a 
counteracting couple. Fig. 13 shows two possible ways of balancing a centrifugal couple 
produced by weights A and B in one plane, namely, by A’, B’, or by A”, B’. Note that 
the pair of weights may be placed anywhere in this plane along the shaft if the couple 
produced is equal and opposite in magnitude to that of the original weights. The couple 
in each case is measured by the product of either one of the two weights times its distance 
from the shaft times its distance along the shaft to the second weight of the pair. The 
two weights do not have to be equal, but the products (magnitude of a weight X distance 
to shaft axis) must be equal. The use of unequal weights and axial distances is shown 
where the pair A” + B” are counterweights. 

WORKMANSHIP.—In symmetrical rotors with perfect workmanship and materials, 
there should be no unbalance. For a 1/2-Hp., 1800 r.p.m. motor, for example, an unbal- 
anced weight of 0.05 oz. will produce appreciable vibration of say 2 mils amplitude. 
So small an unbalance cannot be avoided by ordinary shop processes, even with the best 
supervision. It is cheaper to manufacture rapidly and balance later. 

MEASUREMENT OF AMOUNT OF UNBALANCE.—It is sometimes necessary to 
form a quick estimate of the amount of unbalance in a machine. To measure this in an 
electric motor, place it on rubber pads which should compress at least 1 /3 in. under the 
motor at usual speeds. Maximum vibration amplitude in a direction transverse to shaft 
is an approximate measure of the amount of unbalance. This is best determined by an 
inertia amplitude indicator, Fig. 10. The suspension must be at least as yielding as speci- 
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fied, otherwise the vibration produced will be either too small or ereatly amplified through 
resonance. 

Another form of suspension used by the author to estimate unbalance is to hang the 
motor by a relatively long spring through straps or a light cradle, preferably of wood, to 
reduce inertia. Weight of the motor should stretch the spring perceptibly. Vibration 
amplitude is measured as before by amplitude indicator. This method offers less restraint 
to the vibrating body than mounting on rubber pads. 

The object of this test is to find how unbalanced apparatus vibrates when unrestrained 
by outside forces. The exciting stimulus acts almost entirely against the inertia of the 
body itself, and oscillations produced are proportional in amplitude to the exciting force. 

In single-phase motors, a vibration of considerable intensity may be present, due to a 
torque pulsation of twice the alternating current frequency, 7.e., 120 cycles per sec. for 
a 60-cycle circuit (see Single-phase Motor Torque Pulsations, Kimball and Alger, Trans. 
A.I.E.E., 1924, p. 730). This frequency is much higher than ordinary rotation speeds, 
and thus much higher than vibration from unbalance which is always in step with r.p.m. 
frequency. It shows up well with the above suspensions. It is easily separated because 
of its higher frequency, and its causing the motor to oscillate about the shaft as a stationary 
axis. Mechanical balance will not cure this electrical vibration. 

Motor hums from electrical causes mostly are eliminated by elastic suspension. See 
p. 16-16. By these methods it is possible to quickly select the best balanced among a 
number of similar motors, if means for balancing are not available. 

ELIMINATION OF SELF-INDUCED VIBRATIONS.—A troublesome type of vibra- 
tion that occurs in rotating machinery operating above the critical speed is termed self- 
induced vibration. Its frequency is always the same as the critical speed frequency, which 
may be lower than the r.p.m. frequency of the shaft in the same way that the revolution 
frequency of the earth around the sun is much lower than its rotation frequency about 
its axis. 

Whirling Due to Oil Action in Journal Bearings.—This type of self-induced vibration 
arises only when the rotation of the machine is more than twice the critical speed fre- 
quency. It is produced by wedges of oil driving the journal around in the bearing and 
exciting a whirl. If a well-balanced machine tends to unstable operation, and vibration 
appears when the rotation frequency is more than twice the critical speed, this kind of 
whirl is the probable cause. The best method of elimination is to insure that the critical 
speed frequency is more than half the r.p.m. frequency of the shaft. Another remedy, 
in smaller rotors, is to replace journal bearings by ball bearings. 

Whirling Due to Frictional Action within the Rotor.—Any rotor with self-contained 
friction, produced by flexure while revolving, will build up a whirl at any rotational speed 
higher than the critical. Friction of this type may be produced by rings so shrunk on a 
shaft that working may occur between the bore of the rings and the surface of the shaft. 
Frictional working also can arise in laminated structures, carried by the shaft, which 
structures flex and rotate at the same time. 

These phenomena usually occur in motors with flexible shafts which operate far above 
the critical speed, and in such devices as extractor type washing machines, which contain 
rotating parts operating well above the lower critical speed. 


4, VIBRATION ELIMINATION THROUGH TUNING 
Shaft Whirling 


CRITICAL SPEEDS.—When a shaft or rotor, revolving in bearings, speeds up to 
where centrifugal force tending to whip it sideways just balances the elastic stiffness tend- 
ing to keep it straight, the slightest mechanical unbalance builds up a whirling motion, 
which may be of destructive amplitude. The rotor then is revolving at a critical speed. 
It is inadvisable to run any rotor or shaft at or near critical speed for any length of time, 
regardless of perfection of balance. Critical speeds usually are avoided by designing the 
rotor shaft sufficiently stiff to hold its operating speed well below its critical speed. This 
sometimes is impossible for very heavy or very high speed rotors of long span between 
bearings. The shaft then is made sufficiently flexible to insure operation well above crit- 
ical speed. This practice is to be avoided if possible, as vibration may develop from other 
causes in operation above critical speeds, although, so far as unbalance is concerned, 
operation is stable except close to critical speed. : é 

CRITICAL SPEED CALCULATION.—Critical speeds of a rotor are almost identical 
with natural vibration frequencies which the stationary rotor may assume. 

Uniform Shaft.—The first critical speed is given by the formula 

TINA Doe ee aie, ew a ee 8), 


where f = critical frequency, cycles per sec.; d = shaft diameter, in.; 1 = span between 
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bearings, in.; ZH = modulus of elasticity shaft material; wi = weight of 1 cu. in. of shaft 
material, lb. This formula is given in Table 1, for a circular bar vibrating between two end 
supports. For steel, the formula becomes f = 7900 PRA lad BER. RA a 


At the first critical speed, the shaft whirls in one loop with nodes at the bearings; 
at second critical speed, in two loops with a node in the middle, at 4 times the first speed; 
at third critical speed, in three loops at 9 times the first critical speed, ete. Upper critical 
speeds, which enter only in high-speed installations, are special problems in themselves. 

Shafts with Concentrated Loads.—A useful approximate formula derived by Dunkerley 
from analysis, checked by careful tests on models, for a uniform shaft carrying con- 
centrated loads, Fig. 14, is 

Uff tf PPA + Eeiete. << F 8  ee ae) 
where f is critical frequency of the whole system; fs that of shaft by ttself as calculated 
from [8]; fi that of shaft considered as weightless, with load W, by itself, given by the 
last formula in column 1 of Table 2, etc., for the other concentrated loads. It is evident 
that values for x and y in the latter formula depend on location of Wi, W2, etc., on the 
shaft. Quantities are in., lb. and sec. This formula should not be used for 3-bearing sets. 

Shaft of Varying Cross-section and Load.— 
Wie Wa Worm g When cross-section of shaft is not uniform, and 


the load is distributed along it, as in most 
rotors, the problem is not so simple. It can be 
approximately solved from knowledge of the 


Fre. 14. Shaft with Concentrated Loads Static load-deflection curve, as vibration fre- 

quency calculated on the basis of this defiection 

curve is only slightly higher than that based on the true deflection curve for actual vibration. 

When static deflection curve is known, vibration frequency or critical speed frequency 
easily is calculated from 


f =18i18 4 yi+ Weye + Ways + ete. 


Wiyr? + Wey2? + Ways? + ete. 


Sf Vee 


where shaft and rotor are divided into a series of slices of convenient length of weight 
Wi, We, etc. (including loads), and corresponding deflections y1, y2, ete. See Fig. 15. 
All quantities are in., lb. and see. The problem is primarily one of static deflection curve 
determination, which, in cases similar to Fig. 15, requires using graphical statics. For 
the solution of such a problem, see Timoshenko, Vibration Problems in Engineering. 
Three-bearing Sets.—A 3-bearing problem can be solved by formula [11]; both first 
and second critical speeds should be found, as they may not lie far apart, while the second 
critical of a rotor with only one span will be at least twice the first. At the first critical speed 
of a 3-bearing set, one span deflects upward when the other deflects downward; in finding 
static deflection curve, loads on one span must be taken as acting upwards. Deflection 
of one span influences that of the other through a bending moment across the middle 
bearing. The deflection curve determination must take account of this. The second 
critical speed occurs at a somewhat higher frequency where both spans deflect in the same 
direction, with a point of inflection in the shaft near the middle bearing. The static 
deflection curve then is 
found from loads all acting 
in one direction, but again, 
bending moment is trans- 
mitted across the middle 
bearing. The best proced- 
ure for thisspecial problem 
is to refer to more ad- 
vanced treatments noted 
in preceding paragraph. 
BEARING ELASTICITY.—All critical speeds are actually somewhat lower than 
calculation indicates, as no bearing is perfectly rigid. Also, up-and-down stiffness of a 
bearing is apt to be much greater than its sidewise stiffness. Due to this, two critical 
speeds may be present; one involves an elliptical whirl where the motion is mostly 
up and down; the other, at a speed a few percent lower is sidewise elliptical motion. 
The lower frequency results from greater sideways elastic yielding of the bearings. For 
very heavy rotors, critical speed may be 30% lower than calculated for rigid bearings. 
ELLIPTICAL SHAFTS.—If a shaft is not circular, but elliptical or flattened on oppo- 
site sides, being stiffer in one axial plane than in one 90° away, bad performance must be 
expected in operation near critical speed. The rotor evidently will vibrate in one plane 
at a somewhat lower frequency than in the plane for which it is stiffer. In an ideal case, 
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with no damping, operation is unstable between these two frequencies. A model shaft and 
fly-wheel, with the shaft flattened on two sides vibrates violently near the critical speed, 
and must be restricted by a guard ring. Rotors which perform badly near the critica] 
speed are open to suspicion of being built stiffer in one plane than another. 

TORSIONAL VIBRATION OF LOADED SHAFTS.—Critical torsional vibration 
frequencies as well as transverse criticals may occur in shafts carrying fly-wheels, and 
subject to periodic torque impulses, such as occur in Diesel engines. Torsional critical 
speeds are more insidious than transverse, as they are not evidenced in operation by 
excessive vibration, as are the transverse criticals. Since dissipation is small, operation 
on a torsional critical speed causes large torsional stresses which often result in fatigue 
failure. 

Loaded shafts only are treated below. Torsional inertia of shaft itself is neglected, ag 
it usually is small. This cannot be done in all cases, but in many problems nearly all 
torsional inertia is concentrated in certain planes, as in shafts carrying fly-wheels and 
crank-shafts. See Tulpin, Torsional Vibration (John Wiley & Sons) and Wilson, Prac- 
tical Solution of Torsional Vibration Problems (Wiley). : 

SHAFT CARRYING THREE FLY-WHEELS.—Fig. 16 shows a shaft carrying 3 
fly-wheels, one of which may be the equivalent of a crank-shaft. This system has two 
critical frequencies, given by the expression 


Sie ko Val pee Nas AC) 2A ee ve erp c(i] 


where A = (11 I2I3)/ (kik); =—[{(Iile + T1Is)/ki} + {U2Is + L1Is)/ke}); 
C=1, +12 + Is; 1, I2, T3 = moments of inertia of the three fly-wheels; ki, k2 = torsional 
elastic constants of the two shaft lengths between the 
fly-wheels, in.-lb. per radian of twist. 
For a disc-shaped fly-wheel of weight W lb. and 
radius r in., 
Ts (Wr2/2) Ibeinees. “ereel of 2 [13] 


If the shafting which spans distance between two 
fly-wheels is of uniform diameter, for a given span 


Fic. 16. Shaft Carrying Three 
iN epee ae PS es 8 [14] Fly-wheels 


where N = rigidity or shear modulus of shaft material; a = shaft radius, in.; 7 = length 
of span, in. The lower of the two frequencies given by [12] is that for which the inside 
radical is negative. The first and last fly-wheels vibrate in opposite phase with a node 
somewhere between. If the system is made up of three identical fly-wheels connected 
by two identical spans the node is exactly at the middle fly-wheel, which remains stationary 
while the two end ones vibrate against each other. For the upper of the two frequencies, 
the end fly-wheels vibrate in phase; the middle one is in phase opposition, with a node 
somewhere along each connecting shaft length, making two nodes in all. No more 
resonant frequencies are possible with this system. 

SHAFT WITH ONE FLY-WHEEL AT EACH END is solved by formulas [12], [13] 
and [14], where J; = 0, in which case [12] reduces to the simple form, 

eet MN Ng hind eid ily cues «don, ahs aemate oe ALO! 

where k = kiko/(ki + ke). This system contains one resonant frequency. Torsional 
elastic constants k; and kz are calculated by [14] for shaft sections of uniform diameter 
as before, where 1; and l2 are lengths of the two shaft sections, and all quantities are in 
in.-lb.-sec. system. If the shaft is of uniform diameter from J; to J3, the constant k can 

i ly found by [14]. 
oe ree ae er eriOne Te torsional stiffness of shaft and inertia loads 
must be such that none of the calculated natural frequencies is in step with any periodic 
impulse from the driving engine. An engine with several cylinders will produce several 
torque impulses per revolution. If, for example, 12 torque impulses per second are 
present at operating speed, there are also present 12/9, 12/3, 12/4, 12/g, 12/49 that is, 6, 4, 3, 
2 and 1 impulses per second, as well as 12, which may excite resonance. Safety requires the 
system to be so stiff that all its critical frequencies are above the highest torsional impulse 
frequency. No resonance then can be built up. This is particularly necessary in the 
massive systems used with Diesel engines. Friction devices sometimes are used for 
smaller engines, whereby one or more inertia parts are permitted to turn on the shaft 
against friction clamps; when torsional oscillations develop, the clamps damp them out. 
Friction devices of this kind often give trouble. tw 1 

Most actual cases cannot be treated by the simple analysis given above, because of 
varying shaft sections or the presence of more than three inertia parts, etc. For more 
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complicated problems in this field, as automobile crank-shaft design, see Timoshenko, 
Vibration Problems in Engineering; Root, Dynamics of Engine and Crank-shaft Design 
(John Wiley & Sons). An understanding of general principles, however, should enable 
a designer intelligently to approach problems of this kind, and to guard against vibration. 
TURBINE WHEEL VIBRATION. Cause.— The edge or periphery of an elastic 
disc will transmit a train of flexural waves around it at a characteristic speed determined 
by mass per unit area and stiffness of the disc. As the boundary of the disc has a finite 
circumferential length, the wave lengths must have certain fixed values; C85 the disc 
edge may carry a continuous train of 2, 4, 6 or 8, etc., waves, whose wave length is 1/o, 1/4, 
1/g, 1/g, etc., of the disc circumference. Each wave train has a different velocity, longer 
wave lengths moving at considerably higher speeds than shorter. In a disc of uniform 
thickness, supported at the center, wave speed, rev. per sec., can be calculated by 


rev. per sec. = [K(h/r2)WEg/p]/2n . . . . ~ « [16 


where K depends on n, the number of nodal points along the disc edge; for values of K 
and meanings of symbols, see p. 16—04. 

Turbine wheels are not of uniform thickness, and must be calculated by special methods. 
For detailed discussion of turbine wheel vibration and design, see W. Campbell, Protection 
of Steam Turbine Disc Wheels from Axial Vibration, Trans. A.S.M.E., vol. xlvi, p. 31, 1924. 

Critical speeds exist for turbine wheels at which operation is hazardous; large wheels 
have several such speeds. These critical speeds are equal to the several wave train speeds 
given by [16] except for a correction necessary due to stiffening effect of centrifugal force, 
which makes wave speeds for a revolving wheel somewhat higher than those given by [16] 
for a stationary wheel. See Campbell’s paper noted above. 

When a turbine wheel runs at one of its criticals, the wave train at whose speed the 
wheel revolves will be stationary in space, because the wave train moves backwards in 
the wheel at same speed that the wheel turns forward. A small axial pressure on the wave 
zone of the wheel near its outer edge, i.e., the bucket zone, may sustain and build up such 
a standing wave train. Thus only the wave train moving backward in the wheel is built 
up, but the corresponding forward moving wave train is not maintained. 

Long waves, corresponding to 4 or 6 radial nodes, build up more easily than wave 
trains of shorter wave length. Large, relatively thin wheels are more susceptible to wave- 
building action due to’ the greater area on which steam acts, and their greater flexi- 
bility, permitting small initial disturbances from which wave trains build up to be more 
easily excited. For the same reason large-amplitude waves build up easily, with resulting 
fatigue failures of disc material. 

Prevention.—The two-fold remedy is: 1. Design the wheels to avoid operation at all 
critical speeds or wave train speeds. For small turbines, this usually can be done; with 
large wheels it is not practical for the highest speed wave train, unless the wheels are 
excessively heavy. Next best is to place operating speed half way between that of the 
4-node and 6-node wave train. 2. Do not depend too much on avoiding criticals, but 
keep the buckets and wheels sufficiently stiff, based on past successful operation. 

Precautions.—It is not safe to depend on calculation alone. Measured frequencies, 
from which critical speeds can be calculated, may diverge 10% from the best calculations, 
due to initial stresses in the disc itself, or to cramping of buckets. A hoop tension or com- 
pression along the outer zone of the disc will alter frequency materially. For details see 
Campbell’s paper above noted. 

GEAR WHEEL VIBRATIONS. Torsional Oscillations in Gear Trains.—Fig. 17, 
illustrates a system of gears and fly-wheels, subject to torsional oscillation. The two fre- 
quencies of this system are best calculated by reducing to a system equivalent to Fig. 16, 
by replacing J; and Ki, Fig. 17, by I)’ and Ky’, where I)’ = n?I; and Kj’ = n?Kj, n being 
gear ratio. The inertia of the pinion has been neglected. If moment of inertia Ie of the 
gear wheel is small compared with I; and J; of the fly-wheels, J2 may be taken as zero. 
There then is but one resonant frequency, found by 


FEV {Ue + 1a) Tite} (Ry Ks) (Ki Ka) } ed 


It is remarkable that in this case the pair of gears gives the same frequency that would 
obtain if the shafts were fixed end to end with no gears between, regardless of value of 
gear ratio n. This can be checked by substituting I = I’/n? and K = K’/n? in [17], 
and comparing with result obtained when J’ and K’ are used. The relative vibration 
amplitudes, however, depend directly on n; that is, in Fig. 17, when gear train is 
present, for a given oscillation amplitude of J3, that of I; is 1/n times its value for the 
shafts direct connected without the intermediate gears. For more than one pair of gears 


the problem is more complex. See Timoshenko, Vibration Problems in Engineering, p. 154, 
for a mathematical analysis of this problem. 
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Vibration of Gears Due to Impact.—Practically all gears produce a hum of gear tooth 
frequency, which in high-speed gearing under load, may be very penetrating. This is 
primarily a forced vibration, and will be little helped by tuning. The only sure cure is 
precision of manufacture, together with a design which permits of perfectly constant 
angular velocity for all tooth positions. Sometimes a resonant ring in gear wheels also is 
present. This type of noise can be largely eliminated by methods given under head of 
vibration damping. See p. 16-17. 

, VIBRATION OF STRUCTURES.—All structures and buildings are subject to resonant 
vibrations of several frequencies; the lower frequencies arise from a swinging of the 
whole structure; the higher are due to vibrations of component parts. The best way to 
eliminate such vibrations, when set up by a periodic force of known frequency, is some 
method of tuning. 

FOUNDATION VIBRATIONS OF MACHINERY.—Foundations of heavy machinery 
may be structures of considerable size. Sidewise and 
up-and-down frequencies in a steam turbine should be 
roughly estimated in design and compared with the . 
revolution frequency, or, for other types of machinery, 
with the predominant exciting frequency. Accurate 
calculations of frequencies of such structures are not 
worth while, due to their complexity, unless a thorough 
study is contemplated. Rough estimates based on 
common-sense application of vibration principles give 
almost as reliable results as more refined calculations. 

The method of procedure is: Reduce the system to 
a single lumped mass vibrating against single stiffness constants, one for up-and-down 
motion, one for sidewise motion, etc., and use formula [3]. For example, a structure, 
Fig. 18, carries rotating machinery of weight W;. The total weight used to calculate up- 
and-down vibration frequency includes, say, half the structure floor, as only the middle 
portions vibrate up-and-down to any extent. For sidewise vibration, the total floor 
weight and part of the columns is included, as the whole floor and column tops move 
through approximately full amplitude. Constant K is found in each case by estimating 
the downward force on the platform and the sidewise force, respectively, in pounds re- 
quired to produce 1 in. of deflection. This requires some ingenuity, but with a little 
practice it is not difficult for an approximate result. Frequency depends on the square 
root of mass and stiffness, and error is mini- W 
mized in the final result. 1 

Even if the principal modes of vibration 
have frequenciesa safe distance from the operat- 
ing frequencies, individual parts of the struc- 
ture may resonate, especially when built of steel 
members. To cure resonance of individual 
members, stiffen or load them in different ways 
until vibration disappears. This usually is 
not difficult. It evidently is impractical to 
attempt to predetermine frequencies of all the Fie. 18 
individual members of such a structure. 3 

BUILDING VIBRATIONS.—Ordinary buildings have sidewise natural frequencies 
of 2 or 3 persec., asis clearly shown during slight earthquakes, or when delicate apparatus 
is being mounted. 

GROUND VIBRATIONS.—Heavy machinery causes local vibration of its foundation, 
and also at times earth waves radiating in all directions to a considerable distance. If the 
foundation rests on bed rock, such transmission is negligible; with a foundation on clay 
or sand, and a periodic force of high intensity and low frequency, surface waves can be 
detected 1/2 mile or more away in clay or sand beds. Ground waves may be avoided by 
placing heavy machinery foundations on bed rock, and by avoiding clay or sand flats, as 
well as unbalanced exciting forces. Bed rock, however, transmits higher frequency, objec- 
tionable sound vibrations better than clay. : 

RESONANCE IN HELICAL SPRINGS.—Helical springs subject to periodic compres- 
sion and extension, as automobile valve springs, may resonate badly, with resulting fatigue 
failures. Longitudinal resonant frequencies in helical springs fixed at each end are 
calculated with considerable precision by 


f= (n/20Vig/w= (98n/)Vi/jw. . . . . » » [18] 


where n = number of half waves between fixed ends; | = length of spring, in. Be weight 
per in. of axial length, lb.; & = elastic constant of spring per unit length, t.e., force, lb., 


Fic. 17. Torsional Oscillation in 
Gear Train 
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necessary to double the length of spring; f = cycles per sec. Thus the lowest frequency, 
where n = 1, corresponds to’1/2 wave between ends; the next, where n = 2, to two half- 
waves, etc. See Fig. 19. To avoid these resonances, the spring must be so designed that 
none of these frequencies are in the operating range. If possible, its stiffness should be 
such that the lowest resonant frequency for which n = 1 is above the operating range of 
frequencies. , d 
SHIP VIBRATION.—Hulls of ships, particularly steel ships, are subject to resonant 
vibrations. A long ship has several resonant frequencies in which flexural vibrations of 
the ship as a whole occur, with 
Saget ae iene two or more transverse nodal 
lines. These frequencies can be 
calculated approximately, and 
should not be in step with excit- 
ing forces. The principal peri- 
odic exciting force to be avoided 
is propeller blade frequency, 7.e., 
rev. per sec. X number of blades. 
This force comes from a periodic 
reaction of water from the pro- 
peller on parts of the stern, which is difficult completely to eliminate. Such a condition 
of resonance may be tuned out to a large extent by altering cargo distribution, thus altering 
natural frequency. 


<_\_> 
Longitudinal Vibrations 


Fia. 19 


5. VIBRATION REDUCTION BY ISOLATION 


Forced Vibrations 


Forced vibrations may be cured by resorting to isolation; they do not yield readily to 
damping and cannot be tuned out. The standard method of isolation is to use an elastic 
suspension. 

ELASTIC SUSPENSIONS function through ability to reduce the periodic force 
reaction of a vibrating body on its support. Fig. 20 shows the simplest possible spring 
suspension, where a weight W, with an up-and-down forced vibration of frequency f 
imposed on it, is supported by a vertical spring. Transmissibility of such a spring support 
is given by 


Transmissibility = e€ = fo?/(f? —fo2) . . . . . . [19] 
where fp is natural or resonant up-and-down frequency of spring support as given by [3] 
and [5]. Transmissibility may be defined as the ratio of vibration forces actually trans- 
mitted to those which would be transmitted without spring suspension. Thus, to be of 
use, € must be less than unity; experience shows that in most cases to be really effective 
e should be as small as 1/39 to 1/49. This means that fy should be from 1/5 ftol/gf. Fig. 
21 shows a graph of [19] as dependent on f/fo = r. 

PRECAUTIONS IN USE OF ELASTIC SUSPENSIONS.—All elastic suspensions 
necessarily have their own resonances. Thus if a 4 
suspension is designed to isolate a frequency of f = 
120 cycles per sec. with a resonant frequency fy = 
30 cycles per sec., it must be certain that no 30-cycle 
exciting frequency is present in addition to the 120- 
cycle. This is especially true for rotating machinery, 
whose rotation speed is usually in that field. Fig. 21 
shows that transmissibility is greater than unity 
when f approaches fo, and may be very large near 
resonance. Furthermore, ¢« is always greater than 
unity when f is less than fp. Nearly all elastic 
suspensions have resonance frequencies other than 
fo corresponding to the particular mode of vibration 
for which they are designed. This must be con- 
sidered in design. 

Elastic suspensions do not damp a vibration by friction, but prevent transmission by 
power to isolate. Contrary to general belief, damping increases transmissibility, although 
the increase is small with a moderate amount of damping. See Kimball, Vibration Pre- 
vention in Engineering, pp. 96-107. A moderate amount of damping is of advantage 
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as it safeguards against excessive vibration near resonance, but not because it improves 
isolation. 

The following facts should be considered in design, including the best material to use. 
_ Cut-and-try methods will, in the long run, be costly; elastic pads of too large area in pro- 

portion to their thickness do not yield enough under gravity to isolate other than high 
frequencies. See formula [5] for frequency calculation from gravity deflection d. 

ELASTIC SUSPENSION MATERIALS.—Steel, rubber, cork and gelatin compounds 
commonly are used for spring suspensions. 

Steel has the advantage of being very durable. It contains 
practically no damping, and therefore is subject to possible resonances 
to other exciting forces than the one being screened. 

Rubber is more flexible than steel from the design standpoint. 
See discussion of elastic suspension of motors, p. 16-16. It has some 
damping. To avoid age-hardening, only the highest grade, pro- 
duced for this special purpose, should be used. Long life then is 
possible, even under severe conditions. Rubber should not be loaded 
more heavily than 50 lb. per sq. in. It is very incompressible, and 
yields almost entirely through shear. In designing rubber supports, space for elastic 
flow must be maintained, otherwise they may be too rigid (see Fig. 22). Rubber pads 
usually should be of small area so they can freely squeeze out sideways under load. For 
a given thickness the hardness of a rubber pad increases disproportionately under com- 
pression with increase of area (see Fig. 23.) Rubber must not be used at temperatures 
of, say, over 120° F. and should be protected from oil. For a discussion of the properties 
of rubber, and of its design constants see p. 5-27. 

Cork differs from rubber in that it is directly compressible and space for elastic flow 
is not needed. See p. 5-25. The stiffness of cork increases directly as its area when used 
in large pads. Cork pads of comparatively large area thus may be effective in isolation, 
particularly for higher frequencies in the sound range. Cork has the disadvantage of 
gradually compressing under load after initial loading, resulting in gradual loss of isolating 
power for lower frequencies. Despite this fact cork has performed successfully for many 
years in some installations. 

Gelatin has elastic properties similar to rubber, but has a lower elastic constant, and 
thus a lower stiffness. In design, the same considerations enter as for rubber. In its 
usual form it should not be loaded-over 25 lb. per sq. in. It resists oil, but not water. 
It will fail if heated to 212° F. 

SUSPENSION FREQUENCY CALCULATIONS for up-and-down frequencies are in 
all cases made by formula [5], but for rubber, cork and gelatin actual frequency is higher 
than calculated, due to imperfect elasticity. For some materials, gravity compression d 
must be greater than required by [5]. For cork, to obtain required suspension frequency, 
it may be 2 or 3 times as great as for perfectly elastic material like steel. 

REMARKS ON APPLICATIONS.—General application of elastic suspensions requires 
considerable knowledge of vibration. Elastic 
suspensions usually have several modes of 
vibration. Exciting frequencies, other than 
the one being isolated, probably will be pres- 
ent, e.g., revolution frequency of a rotating 
machine operating over a wide range. A 
suspension must be so designed that all its 
vibration frequencies avoid all exciting fre- 
quencies. An otherwise good elastic suspen- 
sion may have an objectionable low-frequency 
quiver. A suspension, flexible in some direc- 
tions, often must be rigid against belt pull, 
= r Fe 15 16 20 4 in which case rubber is better than steel 
Percent Depression with 100 Ib. per sq. in. load springs. Steel springs sufficiently flexible in 

6000 =«1670 «61000 S715 555 450 one direction may be too flexible in others. 
Apparent Modulus of Elasticity Flexible mountings will not successfully operate 
a eager ht edly ava seen on a floor that is both light and flexible, e.g., 
as a Function of Shape. ests on 21n. rub- spring suspended machinery on spring sup- 
bes iemalest Cay evga ee aa SrtA car bodies, or airplane engines on the 
relatively light structure. These compound 

elastic systems with more than one mass and elastic connection, are not readily solved by 
analysis. Simple cases of suspensions on floors having both elasticity and inertia some- 
times can be successfully treated. See Kimball, Vibration Prevention in Engineering, 


pp. 96-107. 
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FLOOR SUSPENSIONS.—Some machinery can be isolated by mounting on a com- 
paratively flexible floor frame, elastically supported on the solid floor below. This pre- 
vents the transmission of rumbles, grinding noises and hums through the building, to 
radiate sound from panels, ete. Springs or rubber pad suspensions used at intervals of 
about 1 ft., depending on the floor load, will perform well, steel being more permanent. 
The flooring should yield perceptibly, say 0.1 in. under machinery load. A difficulty is the 
presence of possible side swings and low-frequency quivers, which best are cured by 
rearranging supports, rather than by calculation. Printing press vibration, for example, 
has been so isolated. Machinery requiring exact alignment, as an accurate lathe, cannot 
be placed directly on a flexible floor, but must be set on a rigid, spring-supported platform. 
Such work is best done by concerns specializing in construction of elastic floorings. 

If a cork layer is used instead of a spring-supported flexible floor, low-frequency rum- 
bling noises may be transmitted, if not the higher frequency notes, unless a thick enough 
layer is used to permit appreciable compression (1/15 to 1/g in.), under load. 

MOTOR SUSPENSIONS.—Single Phase Electric Motors are subject to torque 
pulsation of twice the A.C. supply frequency, #.e., 120 cycles per sec. for a 60-cycle source, 
causing a 120-cycle torsional forced vibration of both stator and rotor about the motor axis. 
This 120-cycle vibration causes the hum noticed in domestic use of such motors, which 
a well-designed elastic suspension will completely eliminate. To isolate such 120-cycle 
vibrations, a suspension of torsion flexibility is required, whose natural frequency fo about 
the motor axis is, say, 20 cycles per sec.; since f = 120, f/fo = 6, and from [19], « = 1/35, 
giving fair isolation. This support must have considerable transverse rigidity to resist 
belt pull, and also to prevent resonating to the speed frequency due to slight mechanical 
unbalance. Fig. 24 shows an elastic suspension using rubber which is satisfactory. 

Polyphase Electric Motors with good elastic suspension can be used instead of direct- 
current motors where noiseless operation is required. While subject to much less vibration 
than single-phase, no polyphase motor is free from electrical hums which can be trans- 
mitted to surrounding structures. The motor may be isolated by mounting on a heavy 
concrete block supported on a layer of cork, or on cork blocks at isolated points, sufficiently 
thick to cushion the mass. This construction will be fairly rigid against belt pull. If 
the motor is placed on the cork footing, without the concrete block, noise probably will be 
transmitted. Another method is to set the motor on a small area of flexible flooring and 
avoid low-frequency resonances in the operating range (see Floor Suspensions, above). 
A third method is to use specially designed elastic bases furnished by the maker. For 
polyphase motors, the design of such a base is not easy, but correctly designed with rubber 
pad suspensions, performance is excellent, cost is low, and less space is required than 
by other methods. 

AUTOMOBILE ENGINE SUSPENSION.—Flexible supports of comparatively low 
resonant frequency are being used (1936) on many types of automobile engines with 
apparent success. Avoidance of suspension resonances is difficult with a wide operating 
speed range and consequent wide range of exciting frequency. The pringipal resonant 
frequency is low and is easily passed through in accelerating the engine. At normal oper- 
ating speeds, isolation is excellent, and engine vibration is hardly perceptible in the car. 

AIRPLANE VIBRATION.—A serious difficulty in isolating airplane engine vibration 
is the relative lightness of the airplane structure, compared with engine weight. A sup- 
port flexible enough for complete isolation lacks necessary strength. For torsional oscilla- 
tions a rubber type support is possible, of sufficient torsional flexibility for good isolation 
and enough transverse rigidity and strength to be safe. This field requires further study. 

ISOLATION FROM VIBRATION.—The isolation of certain bodies from forced 
vibrations and waves of outside origin sometimes is necessary. This problem is the recip- 
rocal of that of vibration elimination through tuning (see p. 16-09), and the same principles 
and formulas apply. 

ISOLATION OF DELICATE APPARATUS from building tremors requires an idea 
of the approximate frequencies present, obtained by observing quiver of the surface of a 
dish of mercury. Building and ground tremors (from vehicles, etc.) contain low-frequency 
harmonics which can be isolated only by a suspension of frequency of less than one cycle 
per sec. This follows from transmissibility formula [19], where f is frequency of the build- 
ing tremor and fy that of the suspension. Evidently both the up and down oscillating 
frequency and the sidewise swing of the suspension must be very low. The instrument to - 
be isolated should be hung by long helical springs which extend several inches under the 
Jjoad. See formula [5]. Since a seconds pendulum is about 3 ft. long, suspension springs 
and wires must be at least several feet long to insure a low enough frequency of sidewise 
swing. 

See amene & see may be isolated together on a relatively massive platform 
gor a davit, using springs extending several inches under the load. 
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Good isolation sometimes can be obtained by placing the apparatus on a heavy metal 
plate resting on an inflated automobile inner tube. This is not sufficient for very low- 
frequency disturbances, because to screen from the latter the suspension must yield several 
inches under load. 

: All helical springs used in suspensions should be loosely stuffed or wrapped with damp- 
ing material to prevent local spring resonant oscillations. It is important not to use too 
much damping as in a spring suspension it increases the transmissibility. 

VEHICLE SUSPENSION.—A successful vehicle suspension should be as flexible or 
of as low frequency as is consistent with stability. It must have some damping. The 
lower the frequency the better the isolation from road impulses. Damping is essential in 
vehicle suspensions, to limit unavoidable resonant bouncing oscillations due to the great 
range of exciting frequencies produced by various road conditions and speeds. 

In railroad cars, the use of built-up leaf 
springs provides damping by friction between 
individual leaves. In automobiles, leaf spring 
friction is not sufficient. So-called shock 
absorbers are necessary, whose function is to ' 
reduce transmissibility at or near suspension 
resonance points. For other exciting fre- 
quencies, transmissibility is slightly increased 
by such devices. 

Automobile suspensions must _ isolate 
against more severe. vibration excitation than 
railroad car suspensions. They are of com- 
pound character, with one elastic support 
between wheel and road and another between 
wheel and car body. Fig. 25 schematically 
represents such system with damping omitted; 
m, represents car body mass; ky, car spring 
elastic constant; mz, wheel mass; ke, tire pig. 24, Elastic Motor Suspension Using 
elastic constant. Actually the system is more Rubber 
complex, but the scheme of Fig. 25 yields the ; 
two principal modes of vibration of ordinary automobile suspensions. 

Due to its compound character, transmissibility is given by an expression which con- 
tains both of its two resonant frequencies f; and f2 as well as exciting frequency f from the 
road. Where y; and y; = amplitudes, this expression is 

eA Y1 ; 1 
Transmissibility e rf [(P-fOFANG oI [20] 

The higher resonant frequency f/f; is excited by ‘ wash- Car Boay. 
board ”’ roads which causes the wheels to resonate up and 
down between the road and stops on the vehicle body. This 
condition arises when f = f1, and without shock absorbers 
would be excessive. The lower resonance occurs. when f = fa, 
where the whole car body swings up and down in step with 
long waves in the road. At this frequency shock absorbers 
again act. This compound system reduces to a simple one, 
with transmissibility given by [5], when a rigid connection 
replaces k;. In this case, f; becomes so large, compared 
with f, that the first factor (f? — f:?)/fi? can be replaced by 
unity. ee ee ee | FU 

This discussion brings out the principal factors in vehicle Rroe Sis oh Wahisle 
suspensions. Frequencies f; and f2 should be as low as pos- Suspension 
sible, so that « is as small as consistent with stability between 
resonant points. At the same time, « is limited at these points by shock absorbers which 
are not so stiff that « is appreciably increased between resonant points. For derivation 
of [20], see Kimball, Vibration Prevention in Engineering, pp. 107-109. 


6. VIBRATION DAMPING 


Vibration damping is reduction of vibration by friction. Neither avoidance of reso- 
nance by tuning nor prevention of transmission by spring suspensions are damping 
processes. Vibration damping is of maximum effect in curing resonant vibrations where 
the rate of energy supply exciting vibration is relatively small. ; 

SLIDING FRICTION DAMPING exists in built-up leaf springs whose leaves slip 
against each other, creating friction when the spring oscillates. This friction is important 
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in limiting resonant vibrations of railroad cars on their springs. Sliding friction damping 
is used in some forms of automobile snubbers. 

Torsional oscillations in shafts may be limited by a heavy fly-wheel, attached to the 
shaft by sliding friction, which slips against oscillations of the shaft. Critical speed 
vibrations of shafts can be eliminated by spring-supporting bearings in a collar which 
permits slipping against a friction clamp. Sliding friction dampers often give trouble 
from variable friction due to variation of pressure of the clamps, to scoring, or to presence 
of foreign materials like oil. 

Sliding friction in the joints is important in limiting vibration of steel structures because 
of the extremely low internal friction of steel. Turbine wheels with separately-made 
buckets have far more resistance to vibration than those with buckets integral with the 
disc. 

IMPACT DAMPING arises from the impact of loose parts of a structure in an effort 
to vibrate independently. Such impact has a strong dissipating effect and rapidly damps 
vibration. A steel gear which otherwise would ring under a hammer blow will sound 
quite dead if a steel ring is snapped into a slot under the rim on each side. Impact damp- 
ing is effective in dissipating high-frequency vibrations of small amplitude. 

FLUID DAMPING differs from sliding friction damping in that in the former, the 
resisting force rapidly increases with the velocity of motion; in the latter, resisting force 
is independent of velocity. Dash pots utilizing fluid flow have powerful damping action 
for large amplitudes, which rapidly falls off with slow motion at small amplitudes. 

SOLID DAMPING.—All solid materials have more or less internal friction damping 
resistance to periodic deflection. The most perfect tuning fork loses its vibration amplitude 
from this cause when all external friction effects, as air resistance, have been removed. 
Softer elastic materials, as rubber, have considerable internal friction. Steel has so 
little solid damping that structures built up of steel members owe nearly all of their 
vibration resistance, as a whole, to sliding and impact friction jomts. Individual members 
and panels, however, may be damped largely through what internal friction exists. Indi- 
vidual members in a steel structure may be very resonant. 

Concrete has ten times as much damping as steel, and concrete structures are not 
particularly resonant. The overall damping in a steel structure does not differ greatly 
from that of a similar concrete structure, due to dissipation in friction and vibration 
interference between individual members. 


NOISE 
1. NOISE IN GENERAL 


When vibrations of bodies are transmitted into the air as sound waves of different 
frequencies, the heterogeneous sound resulting is noise. Noise reduction has (1936) 
become important in engineering. 

VELOCITY OF SOUND is a wave phenomenon in the atmosphere. It has constant 
velocity V of transmission, regardless of its frequency or wave length, of about 1100 ft. 


per sec. 
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where V = velocity, in. per sec.; p = atmospheric pressure, lb. per sq. in.; g = accel- 
eration of gravity, in. per sec. per sec. = 386; w = weight of 1 cu. in. of air. Since w 
varies as p, V is unaltered by pressure change. When temperature increases, however 
w alone decreases. Thus while not altered by pressure change, transmission velocity is 
proportional to the square root of absolute temperature, and varies about 5% in ordinary 
temperature ranges. 

PERCEPTION OF SOUND.—The human ear can perceive as tones, noise frequencies 
from 100 to over 16,000 cycles per sec. In its most sensitive range, 500 to 6000 cycles 
per sec. the ear is extraordinarily sensitive, the wave amplitude of easily detected sounds 
rte of mat eae asia oN In this range, amplitudes of a fraction of a millimeter are 

eard as terrific noises. ounds in this range are easily excited and difficult to elimi ; 

FREQUENCY AND WAVE LENGTH.—The frequency of a sound is ae abe oe 
complete waves transmitted per second. High frequencies correspond to short wave 
lengths and pice versa. 

Wavelength=)A=V/f, ... . eee | 


where, if V = in. per sec., and f = cycles is in i 
if a per sec., \ is in inches. Table 1 compa 
frequencies and wave lengths in the audible range. Ber 


‘ 
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Table 1.—Sound Frequencies and Wave Lengths 


ee Ee ee eee ee 
Frequency f, cycles per sec........ 100 | 200 500 1000 | 2000 | 4000 | 6000 | 10,000 
Wi vieslone therm rein Sehtombener telat « 132 66 2654-) 13.2 6.6 Sr) Died hae 


A heterogeneous sound may be made up of wave lengths from this entire range, super- 
imposed on each other, the smaller travelling over the larger. Individual frequencies 
are called components. In noise work, sound should be considered in terms of its wave 
length. 

SOUND VELOCITY IN SOLIDS is much higher than in air. In steel, it is about 
17,000 ft. per sec.; in other building materials it is less, but much greater than in air. 

FREQUENCY AND CHARACTER OF SOUND.—Rumbles and boomings are of long 
wave length. Ordinary whistling sounds are of intermediate wave length. Tinkling 
noises and rattling of paper are of higher frequency. Hissing sounds are complex sounds 
of very high frequency. The whirring of a fan is a very complex noise in which, for small 
fans, higher frequencies predominate; for large fans and blowers a considerable proportion 
of low-frequency harmonics are present. 


2. NOISE MEASUREMENT 


SOUND LEVEL METERS afford the best means of measuring noise. No short-cut 
method or cheap type of meter will be satisfactory. The energy associated with sound 
is very small and the ear itself is such a wonderful detector that high-grade microphones 
with vacuum tube amplification are essential. The author has obtained excellent results 
with a General Electric type of meter, which will measure either sound as a whole or, by 
use of a separate analyzer, measure intensity of the different components present. The 
meter reads sound level directly in decibels. 

Tuning Forks.— Much time can be saved in a frequency determination by using a set 
of tuning forks and noting beats. To determine, for example, whether or not a whistle 
from a gear is tooth frequency noise, the note frequency is compared with the known 
frequency of gear tooth impacts. 

Stethoscopes.—A physician’s stethoscope, with a sharp point about 1 in. long fixed 
to the center of the diaphragm, placed against a vibrating structure is a very sensitive 
detector of noise transmission which otherwise cannot be heard. By tilting the point in 
different directions the approximate direction of maximum amplitude can be detected. 
This instrument can locate node and loop areas on a sounding body of small vibration 
arnplitude. 

A steel diaphragm and point near alternating-current electrical apparatus will give a 
false indication. Disc and point and holder should be of phosphor-bronze or other non- 
ferrous metals. 

Electro-magnetic Pick-up based on the phonograph needle principle sometimes is 


~ used. Such a device is made for use with the General Electric sound level meter, and 


very small vibration amplitudes, associated with sound production, can be directly read. 

SOUND LEVEL UNITS. DECIBELS.—The sound level unit almost universally 
adopted in commercial work is the decibel (db.). Table 2 shows the meaning of the 
decibel scale in terms of: a. Every-day sounds; 6. Vibrational energy in sound waves; 
c. Amplitude of motion of air particles in a 100- and a 1000-cycle wave; d. Rise and fall of 
pressure in sound waves. The type of noise scale in Table 2 is so constructed that every 


Table 2.—Decibel Scale in Various Units 


Half Amplitude of | Rise and fall of pres- 
Sound Intensity |Wave Motion, cm.| gure in 1000-cycle 


ae Every-day Sounds wave, dynes per 
sq. cm. 

15 Wenvelowoneree cr cater ccc ft he eee selene 10-3 
25 Rustle of leaves..........++-+- eles 
35 ‘oni s 5 ab 6 FUG TAO Ee ClO Cena hme almann LUE calm [eicaec, cence) (oie peae nea 10-2 
45 Qulet residence... 626.066 oan Oe 
55 Average residence........-----| | TOF , Javeeweous ne srmaane 10 
65 | Average business Office......... arate 
75 { Passenger oa ee amen | (CI) PUM oe. setae cee cosiae 1 
85 ASTON On itary nsthssceces, tia a) shat Biter 
95 Motor trucks; 15,to 20 ft.....:) © (108 freee lee eens 10 

105 Heavy street traffic in city..... oe 3 


115 Subway express passing through} __—_—sJOM ss ...ss tee 
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Table 3.—Comparison of Noise Values from Several Sources. 


All sources together. All sources together. 


Source 1| Source 2| Source 3 Intensity Source 1 | Source 2| Source 3 Intensity 

of Source | X of Source 1X 
35 db. | 35 db. 0 db. | 2 = 38 db. 40 db. | 40 db. Odb. | 2 = about 43 db. 
35) Bye; Sais 3 = about 40 db. 40 * 40 “ AZ f Nt 
35 35“ 33 Hie Ca aT a 


increase of 10 db. corresponds to 10 times the noise intensity as shown in the third column. 
Thus a very loud noise of 115 db. is ten billion times as energetic as a very low sound 
in perfectly quiet surroundings. This scale covers the whole audible sound range in 100 
units, and distinguishes noises more nearly as the ear actually does than would a scale 
based upon energy or pressure units, as given in columns 3 and 6 of Table 2. 

For practical purposes it is useful to remember that every 3 db. increase in noise means 
that the intensity almost exactly doubles. If one noise is 12 db. greater than another, 
the first noise intensity must be doubled four times, 7.e., multiplied by 16, to equal that 
of the second in intensity, since 12/3; = 4. Two noises of equal intensity placed side by 
side give twice the intensity, or a total noise 3 db. greater than either of them by itself, 
regardless of their separate noise levels. Examples are shown in Table 3. 

MATHEMATICAL DEFINITION.—The difference in decibels between two noises of 
intensities J; and J: is defined by the mathematical relation, 


Difference in db. = 10logio (I2o/I1); . - - - - - - J 


= 10 logio (p12/p2") = 20 login (pi/p2), - - - - + - + Fd 
where 7p; and p2 are sound pressure amplitudes corresponding to J; and Io, Expression [4] 
is multiplied by twice as large a constant as that of [3] because sound intensity is propor- 
tional to the square of pressure amplitude of sound waves. 

Expressions like [3] and [4] involve only pressure and intensity ratios, and give db. dif- 
ferences. It is thus necessary to define a zero point to fix scale values. Zero decibels 
loudness level corresponds to sound produced by a 1000-cycle tone with a pressure ampli- 
tude of 0.0002 dyne per sq. em. This sound is just audible in a perfectly quiet room. 
On such a scale sounds below audibility give negative db. values. Table 3 is derived 
from these equations, as are the various relations brought out in the discussion of sound 
level units above. 


3. NOISE PREVENTION 


A noise that cannot be prevented or greatly reduced at the source, by design or by 
damping, will radiate into the air either directly from the surface of the vibrating body 
or from parts of the structure to which it is attached. Such noise radiation is indirect 
noise. See Fig. 1, where part of the motor noises radiate directly from the motor and part 
from panels of the room below, which may resonate to the frequency transmitted. 

The following classification is useful when applying a preventive for noise: 


CLASSIFICATION MertHop 
Prevention at Source fore. Changes 
Damping 
Screening Higher frequency 
= Direct noise Absorption range, 300 cycl 
Not readily preventable at ropa sa aa 
source 
Indirect noise is en : stayacene0o 
suspension Be, 
cycles. 


A surface vibrating at small amplitude will radiate high frequencies directly into the air 
much more strongly than low. The latter require much larger vibrating surface area for 
direct radiation. Hence, in general, direct noises are of higher frequency than indirect; 
the 300-cycle limit in the classification is an average value. 


Prevention at Source 


DESIGN CHANGES involve the field of noisy apparatus. This is too large to be 
considered here, other than to cite a few instances. Remedies must come from studies 
by manufacturers. 

a. Car Wheel Noise.—Special car wheels with steel rims isolated from the rest of the 
wheel by rubber are being made (1936) and tested by rubber companies and car wheel 
manufacturers. Such wheels have greatly reduced track noise of cars. 
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b. Electric Motors.—Special studies have produced designs with much lower alternating 
current electrical hums. 

¢. Blowers.— Whistles from blowers in ventilating ducts usually are blade frequency 
noises, that can be eliminated at the source by design changes. 

d. Gear Whistles.—High-speed gearing can be greatly improved by accurate design 
to avoid impacts, and by using helical instead of spur gears. 

_DAMPIN G.—A sounding body, like a gear casing or small blower casing, can be 
quieted by covering it with a suitable damping material which has the ability to reduce 
vibrations. 

_ a. Putty Lagging.—A layer of non-drying putty 1 in. or more thick, covered with var- 
nished cambric or similar material to prevent gradual drying of the putty, sometimes will 
greatly reduce noise. The putty exerts a powerful damping action, especially on high- 
frequency whistles and ringing noises, by reducing amplitude of case vibration. Lower 
frequency rumbling noises are less strongly damped. The higher the frequency, the thin- 
ner may be the putty. Suitable non-drying putty can be made by any good chemist. 
It should have fairly high density and a binder to prevent it falling apart. Before applica- 
tion, the surface should be rubbed with a small amount of putty to improve adhesion. 

b. Other Types of Lagging.—Felt-like materials, when applied as lagging, have far 
less ability than putty to damp vibrations at the source, though they are sometimes effec- 
tive as noise reducers. This is due to their high sound absorption coefficients reducing the 
ability of a surface to radiate noise, and not because they reduce the amplitude of vibration. 
While these materials are easier to apply, putty is more effective in such applications 
than any other material used by the author. This is due to its power actually to reduce 
the surface vibration amplitude. 

Resinous and tar-like 
materials when applied 
as lagging offer great i} 
friction to slow vibra- 
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amplitude, aside from Yy 
the increase in surface Direct Noise ; Indirect Noise 
mass that they produce. Fie-1. Direct and Indirect Noise 
These vibrations are so 
rapid that flow, with its attendant friction, does not occur. The relative vibration absorp- 
tion ability of different laggings is tested by coating the material on a steel diaphragm 
welded to a short pipe to support its edges. If the diaphragm be resonated by an electro- 
magnet of variable frequency it emits a loud sound unless the lagging is an effective 
damper. Impacting with a hammer is a good test if an electro-magnet is not available, 
The correct use of acoustic felts is the absorption of sound after sound waves are on the 
air. In this application putty is of small value, compared to felt and similar materials. 


Screening and Transmission 


SCREENING OF SOUND.—Noise is screened either to confine it in a given space, 
or to maintain a given space noise-free. In either case the principle used is the same, t.e., 
to construct screens or walls highly resistant to noise transmission, The problem thus is 
one of the noise transmission. 

PROCESS OF TRANSMISSION.—Sound is transmitted through a wall by air pres- 
sure oscillations produced on its farther side by leakage, or more commonly, by oscillations 
produced by vibrations of the wall itself. This latter phenomenon usually occurs regard- 
less of the presence of the former. Porous, felt-like materials transmit largely through 
leakage of wave oscillations. 

Ordinary wood and plaster walls transmit by motion of the wall itself, or by vibration 
of portions of the wall. This is evident from Table 1 showing wave lengths of various 
sound frequencies. These are much in excess of the thickness of most walls, except those 
of high frequency, which are not readily transmitted. Sound waves of a given frequency 
in wall materials must be several times longer than in air, in proportion to the higher 
sound transmission velocity of these materials. Only the highest frequencies in the audible 
range can exist as complete individual waves during transmission through ordinary wall. 

Leakage.—Small holes or cracks in a wall, otherwise highly resistant to noise trans- 
mission, will pass a surprising amount of sound, unless the crack is deep. Considerable 
(TI—22 
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damping action then is introduced by air friction on the crack sides. A sound-proof room 
or box must have tight fitting doors. 

MEASUREMENT OF SOUND TRANSMISSION involves resonant effects depend- 
ing upon mass, elastic characteristics and structure of the partition as determined by its 
dimensions, and reflection effects influencing the observations of the transmitted sound. 

In engineering, a sound meter of the type described on p. 16-19 will indicate the intimate 
effect of the acoustics of the immediate surroundings. For example, the noise level in an 
ordinary room may fluctuate widely from place to place because of systems of standing 
sound waves which may be present. The ear will detect nodes and loops when the head 
is swinging back and forth, if one or two fairly strong tones are present in a room. 

FACTORS INFLUENCING TRANSMISSION.—Noise is transmitted primarily by 
vibratory motion of a wall as a whole. Important factors in transmission prevention are 
mass per unit area and stiffness. 

Stiffness is a trouble rather than an aid in the transmission resistance of walls, unless 
the wall is thick, of relatively small area, and unable to resonate to any objectionable noise 
harmonics. A small rigid metal case may resist noise transmission largely due to rigidity 
rather than to mass per unit area. 

Ordinary walls have various flexural resonant frequencies well below some objectionable 
noise harmonics. Stiffness can never aid such cases. It slightly increases wall vibration 
amplitude, but this effect is negligible for relatively high frequencies. 

‘A third factor whose influence is important is wall structure. A double wall, with air 
space unbridged by rigid members, may resist noise transmission far more than a single 
wall of the same total weight per sq. ft. 

DESIGN OF WALLS OF LOW TRANSMISSIBILITY.—A double wall is more 
desirable than a single wall, being cheaper and less massive for the same transmission loss. 
A comparatively rigid skeleton of ordinary 2 X 4-in. studding should be used, with inner 
and outer walls hung from it by spring connections. These walls, of celotex or similar 
material, should weigh from 1 to 5 lb. per sa. ft. A thin layer of plaster-like reinforce- 
ment is helpful. Besides adding mass, it decreases porosity, which is an advantage. The 
celotex may be reinforced by thin sheet iron. Sheet iron must not be used without celotex, 
as it is subject to resonances. 

Spring connectors eliminate the bridging 
effect of studding, which results when the 
walls are directly nailed to it. Steel spring 
connectors should be set on felt pads to reduce 


possible high-frequency vibration transmission 77777 LEE 
through the springs. Such a wall has an Fra: 2-~ Wall Construction of Low ’ 
air space of about 5 in., which is fair spacing. ira sibility OL dW teit oedae 
Air spacings of the order of 1 in. are much 

less effective, while more than 6 in. spacing usually is unnecessary. See Fig. 2. If 
sound resistance required is not high, celotex may be nailed directly to studding on both 
sides, but the advantage of the air space, which is large, is then much reduced. 

A single wall should be of brick or masonry to have enough mass to be effective. A 
heavy masonry wall has high transmission resistance, but is expensive and cumbersome. 
This type of wall is not particularly susceptible to resonances, its transmission resistance 
being due almost entirely to its mass. 

Double walls of comparatively small mass, as recommended above, should have some 
damping, such as contained in a material like celotex, to avoid resonances. 

TRANSMISSION LOSS.—The aim of a sound-proof wall or partition is to have 
sufficient transmission loss to be effective. This increases as the frequency rises. Table 4 
gives an average transmission loss over the audible frequency range. It is about the same 
order as that for a pure 500-cycle sound. Transmission loss is measured by the observed 
drop in sound intensity in decibels produced by the wall, and is independent of the inten- 
sity of sound being sereened. A wall causing a drop in noise level from 64 to 34 db. will 
also cause a drop from 54 to 24 db., ¢.e., transmission loss is 30 db. The author has no 
figures at hand for a double wall of the type first recommended, but the transmission loss is 
high, from 40 to 60 db. 

PRECAUTIONS.—Several precautions are necessary in the ‘design of transmission 
resisting walls and screens, after the design of the wall itself has been decided. 

Transmission from Footing.—Studding should be set on a layer of yielding material 
to prevent transmission to wall from ground or other support. A layer of felt under the 
sill is good, but by itself becomes rather hard. By the principles of vibration isolation 
(see p. 16-14), a gravity elastic deflection of 1/g in. or more is desirable. Cork is rather 
hard, but if sufficiently thick should prevent transmission of higher frequencies. 

Transmission through Pipes and Ducts.—Metallic pipes are effective transmitters 
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Table 4.—Transmission Loss Produced by Various Partitions.* 


Transmission | Lb. per 


No. ipti 
Description Loss, db. sq. ft. 
is DUOC Ane OIOK ey cy ee pe ic ernie eee eee en te ne nae 30.0 
2, Bold one tein, thick... lss..cdc' ausenl Oa Oe oc od. sca 20.9 a 
3. Plate glass, single pane, 1/4 in. thick............ce.ceeeccece. p. 8 a 
4, Plate glass, 2 panes, 3/16 in. thick............-....... 2.20. 19.7 24 
5. PPaibitotee gee hike £4 550.0! so cen RAR 11.8 a 
6. 3 layers l-in. felt alternated with 4 layers building paper...... 2.9) Re : . 
A Zins gypsum) tile, unplasterad:. Weiss. ai aldusienoeen’c oancyceienk 20.2 10 4 
8. S-in/ey psu tile, wnplastereds..<. csicciscececdon cance conde 237, 14. 2 
9. A-inaclayatie, Unpias tered Jes .-c/.,<4.. 2-00 «eee ide ne 28.8 17. 0 
10. 4in, clay tile, 1/9-in. plaster................ eines, eae 30.8 22.0 
11, 8-in. brick wall, l-in. plaster.......... +++. ssec0c00 0. ce eeee. 46.1 88.0 
12. Double 2-in. solid gypsum tile, unplastered unbridged, 4-in. 
BODE AGO Retrieves teh ale Seonemnytermmceecmigak isica se ECs 51.8 20.4 
13. Same as 12, but bridged at top and bottom...............0. 46.9 20.4 
14, Same as 12, inner faces lined with I-in. felt.................. by) } 22). 3 
15 Staggered 2 X 4 in. wood studs, metal lath. 1/o-in. gypsum 
DAARLGEE: «PIPE te ee ooops ee ee cle 39.1 19.8 
16 Same as 15, with 1/o-in. celotex instead of metal lath.......... 36.6 13.0 


* Taken from work done under direction of Dr. Paul Sabine at Riverbank Acoustical Laboratory. 
See P. E. Sabine, Sound Transmission through Walls, Jour. Acoustical Soc., June, 1930, pp. 181-207. 
Also Sabine, Acoustics and Architecture, chap. xii. (McGraw-Hill.) 


of sound. Two or three pipes in a well-designed sound screen may greatly reduce its 
effectiveness. Transmission along a metallic pipe can be greatly reduced by rubber 
joints to prevent metallic contact of pipe sections. For air ducts, heavy canvas connec- 
tions are effective. Direct transmission of sound through ventilating ducts may be con- 
siderable. See p. 16-24. 

Edges of Double Walls.—The sound-insulating properties of elastically suspended wall 
partitions used with double walls requires edges to be free from rigid contacts with the 
frame, at the same time avoiding cracks through which sound can pass. Cracks can be 
stuffed with felt or similar material. 


4. ABSORPTION OF SOUND 


If directly radiated noise, as the noise in“a business office or in a factory, cannot be 
screened, a decided reduction in the noise level can be made by means of sound absorbing 
materials. Sound absorption takes place during wave reflection. It is measured by the 
fraction of the incident energy which disappears in a single reflection. An open window 
space reflects practically no sound and represents a maximum obtainable reduction. 

Table 5, by Watson, gives sound absorption coefficients of various materials based 
* on unity as absorption of an open window. See F. R. Watson, Absorption of Sound by 
Materials, Univ. of Ill. Bull. 172, 1927. Also P. E. Sabine, Acoustics and Architecture. 
Felt-like materials have high sound absorbing power, as have certain porous materials. 
A good absorbent covering has a smooth surface layer of oilcloth or thin metal perforated 
with many holes, under which is a porous material. Such covering gathers less dust than 
a felt-like surface and is just as effective. 


Table 5.—Sound Absorption Coefficients of Different Materials at 512 Cycles per sec. 
Pitch 


Coefficient 


Description 


Description Coefficient 


Openmwindow ssmeeeee eaters cri 1.07 | Carpet... cine sees vec cleric ns 0.20 
Bete et eas Sh cesar OM oe Cer Curtains, heavy folds............. 0.40-0.75 
Brick: wall. painted’. weirs ep<)s1sh° >» Ebasrteltey Weim. tMiGkKertsvake sles sis 0s 0359 
IWiOOGs Dlanedrravierccralsnayaleieis felicr co. « RackeiwOOleecitaniheirc:cce oibeteieusie «ser Oras 
Wood sevATTNBNOG 1. = stcsatelsisie + sichs o\o7 Balsam wool, 1 in. thick......:.... 0.61 
PlasteriODristhls.. ide cise eiscie 3 6 + veces Good acousti-celotex, 441 small holes 

Glass (single thickness)..........-- DOLISC Pa Ueeateiaiein ey sie) etale ais) wievevay exe. © 0.70 
IMiarblp pei sak ancs astsloaiee nt. Gabe 4 


Sound absorption and transmission resistance are entirely different processes. A good 
sound absorber, as felt, is a poor transmission preventive. Such a material may be 
effectively used, however, as a lining of an enclosed space to further reduce the final noise 
level obtained by screening. If no sound resisting walls were used with the absorbing 
layer, however, the noise level would be very much raised. 
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CALCULATION OF NOISE REDUCTION THROUGH ABSORPTION.—When the 
noise level in a room and the sound absorption coefficients of its walls (Table 5) are 
known, the possible reduction in noise level through the use of more absorbent materials 
on the walls can be approximately calculated. From [4], 


db. = 10 logio (a2/a1) cg Ae a emer 


To find a;, multiply wall area of each part of room by its absorption coefficient. If 
S = total area, and if the coefficient of 1/g S = 0.03, of 1/3 S = 0.01, and of 1/2 S = 0.02, 
then a, = {(S/6) X 0.03} + {(S/3) 0.01} + {(S/2) x 0.02} = (S/6) oO: Assume 
that the part of the surface whose coefficient is 0.02 to be covered with an absorbent with 
a coefficient of 0.50. Then 
a, = {(S/6) X 0.03} + {(S/3) X 0.01} + {(S/2) X 0.50} = (S/6) X 1.55, 

and a:/a; = 155/11 = 14.1. From [5], db. = 10 log 14.1 = 10 X 1.492 = 11.49. If all 
the walls and the floor were 
covered with such a mate- 
rial, a2 = (S/6) X 3.00; 
a2/a,=300/11= 29.2, and 
db. = 10 log 29.2 = 10 X 
1.4654 = 14.65. Thus 
covering half the whole 
area would reduce the noise 
level by 11.49 db., but 
covering the whole area 
would reduce it only a 
little over 3 db. more. 

The conclusion is that in reducing noise level by sound absorbing materials on the walls, 
the greatest reduction is effected by the first part of the walls covered. After this, less 
and less improvement is obtained from a given area of absorption covering. It usually is 
sufficient to treat only part of the wall area of a noisy room. Sound absorbing materials 
should be so used in interiors that they may reduce the noise by many back and forth 
reflections. 

Table 5 is based upon absorption coefficients at 512 cycles per sec. Higher frequencies are 
absorbed more and lower frequencies less. The use of the correct amount of absorption on 
the interior walls of lecture and music halls is an important field of acoustic engineering, 
known as architectural acoustics. See P. E. Sabine, Acoustics and Architecture, chap. 


V=Volume 
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Fria. 3. Low-pass Acoustic Filter 


viii. 

NOISE ABSORPTION IN DUCTS.—Noise in ventilating ducts can be greatly 
reduced by linings of acoustic absorbent materials. This is particularly true of the higher- 
frequency rushing noises and hisses. Hums and whistles are not so easily eliminated, and 
require other means of treatment. See Acoustic Filters, below. 


5. FILTRATION OF SOUND 


ACOUSTIC FILTERS IN GENERAL.—When direct noise, containing definite notes 
or harmonics, is transmitted along ducts or through openings, it often is possible to com- 
pletely eliminate objectionable harmonics by an acoustic filter, which obstructs but little 

air flow or ventilation. Sound filters 
Weevolune are of two classes: 1. Low-pass filters 
which transmit low frequencies, but 
filter out the higher ones; 2. High- 
pass filters which do the opposite. 
A low-pass filter prevents trans- 
mission of the relatively high whistle 
often present in a ventilating duct. 
Low frequencies, predominant in 
explosive discharges, are filtered out 
Fia. 4. Type 2, Low-pass Acoustic Filter by a high-pass filter, as an automobile 
muffler or Maxim silencer. 

Space is the usual limitation in filter applications. This restricts for low-pass filters 
less than high-pass. Low-pass filters return sound energy to the source, where it dissi- 
pates itself through reflections, etc. High-pass filters must themselves dissipate the sound 
this being an important reason for their comparative bulk. The individual stages of = 
filter must be considerably shorter than the wave length of sound being filtered, each stage 
producing a definite amount of attenuation, as illustrated by the specific types of design 
which follow. 


‘be eliminated. The wave length of 
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LOW-PASS FILTERS 
may be divided into two 
classes of design. Fig. 3 
shows the first, and Fig. 
4 the second. In design- 
ing a filter, the lower limit 
of frequency fy is deter- i i i 
ay siclon waite: Fie. 5. Special Filter Design 
will transmit, and above which the filtering action begins. 


For Type 1 of Fig. 3, fu 4200V AVA ee vel cht SB 


where A; = area of cross-section, sq. in.; 1 = length, in., V = volume, cu. in. and where 
the symbols refer to Fig. 3. : 


it 
V{Gi/A1) + 4(le/n Az) } * 
which in most cases can be replaced by the more approximate formula 


fo = 2100V nA2/1l.V be GEN. Bs oat ed. te eS] 


where the symbols refer to Fig. 4, and n = number of passages per stage of sectional 
area Ay. If l) is very small, such that A: is a simple orifice, the ratio A2/l2, is replaced 
by D, the diameter of the orifice. If there are a number of passages or orifices n in each 
stage, A2/l2, or D, must be multiplied by that number. 


For Type 2, Fig. 4, to = 4200 Sage cles. eee Allied 


EXAMPLE OF DEsIGN or TyprE 1 Frrrer.—A whistle of about 400 cycles frequency is emitted 
from a tube of 1/16 sq. in. cross-sectional area. A Type 1 filter, Fig. 3, should eliminate this sound. 
A; = 1/16 sq. in.; 1 = 3 in.; V = 3 cu.in. Fig. 5 is a section of the filter in three stages, the two 


end tubes being shortened. From [6], fo = 4200 Ve x 1/3 X 1/3 = 350 cycles. The lower fre- 


quency limit of this filter being 350 
cycles, the 400-cycle frequency should 


this sound is (1100/400) XK 12 = 33in., 
which is greater than the filter stage 
length. For higher frequencies, where 
the wave length is below 6 in., the — 
filtering action will fall off. 2 n= 2 per stage oe 

EXAMPLE oF DursIiGN oF TyPE 2 
Finter.—Apply this type of design to 
the previous problem. Type 2 filters 
are more selective than Type 1, as filter- 
ing action is efficient only for frequencies 
near and just above the lower limiting 
frequency fo. Fig. 6 is a design which SIDE END 
should be satisfactory. Applying ap- Fie. 6. Special Filter Design 
proximate formula [8] and design data 
from Fig. 6, fo = 2100 V1/4 XK 2 X 1/16 = 372 cycles. The more exact formula [7] will give a 
slightly lower frequency, but sufficiently near 400-cycles to have a strong attenuating action on it. 
This design also consists of stages which are short compared with the wave length of the sound to 
be filtered. The filtering action of Type 1 low-pass filter covers a broader range of frequency 
than Type 2 and is very efficient. Type 2, however, can sometimes be designed to occupy con- 
siderably less space than Type 1. The preferred type depends on conditions to be met. 


HIGH-PASS FILTERS are not so efficient in performance as low-pass filters, and are, 
as a rule, more bulky. Fig. 7 is a typical high-pass filter of simple design. The limiting 
frequency, above which such a filter ceases to perform, is 


fo = 2100V Dep aee Got a eee ares [9] 


The symbols are shown in Fig. 7, and, as before, A2/lz2 = D = hole diameter when lz is 
small, and n = number of holes of area Az per stage. 


This type of filter functions through -%H A 5 q 
successive side leakage of pressure [4 aN 
waves as they pass through the tube. [y oy 
When the wave escapes from the tube A, k-->| SIDE END 
end, its pressure amplitude and its Fic. 7.—High-pass Filter 
intensity are greatly reduced. An ap- 

Good high-pass 


preciable amount of sound, however, escapes through the side holes, ; 
filters require an outer shell of considerably larger diameter than the inner tube, the inter- 
space being stuffed with a damping material as metal wool or shavings. Steel wool will 


rust in gas engine exhaust mufHers. 
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Fig. 8 is a cross-section of an efficient muffler which has considerably less back pressure 
than the baffle-type automobile muffler. For high attenuation, many small holes are 


better than the few large ones in Fig. 6. The use of formula [9] is not necessary for explo- 
sion mufflers, as these filters 


always attenuate low frequency 
impulse waves. This formula 
will show that the limit fo, above 
which attenuation ceases, is well 


END above these low frequencies, 
Fic. 8. Explosion Muffler being seldom below 100 cycles 
per sec. 


PERFORMANCE.—An ideal sound filter produces a certain percentage drop in 
sound intensity per stage for every frequency within its range of attenuation. Thus, a 
6-stage low-pass filter may attenuate a 300-cycle tone by 4 db. per stage, or 24 db. in all. 
A sharply tuned Type 2 low-pass filter will attenuate much more. Attenuation in db. per 
stage is independent of the initial sound intensity. 

Performance of a low-pass filter sometimes is disappointing. Tube resonance effects 
must be avoided. A tube of length equal to a multiple of one-half the wave length of 
sound of a given frequency will resonate to that frequency. An otherwise well-designed 
filter may not perform well if such effects enter; placing it in different positions in the 
duct usually will eliminate them. High-pass filters, as mufflers, are less subject to this 
trouble. A fairly good knowledge of the elementary principles of sound is desirable in 
making sound filter applications. For a discussion of sound filtration, see Stewart and 
Lindsay, Acoustics, chap. vii (D. Van Nostrand Co., N. Y.). 


6. INDIRECT NOISE 


Indirect noise is the result of transmission through a structure of sound vibration from 
an exciting source which may be quite remote. An ordinary structure has ability to trans- 
mit vibration waves a long distance almost perfectly noiselessly to some point. For 
example, a panel with the same natural frequency as the wave, may resonate with sur- 
prising strength. The source of vibration sometimes is hard to find. The treatment of 
indirect noise is to isolate the source by elastic suspension. Vibration isolation is dis- 
cussed on p. 16-14; the same methods apply to cases of noise isolation. 
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STRUCTURES AND BUILDINGS 


STRESSES IN FRAMED STRUCTURES 


; Framed structures in general consist of one or more triangles, for the reason that the 
triangle is the one polygonal form whose shape cannot be changed without distorting one 
of its sides. Problems in stresses of simple framed structures generally may be solved 
es either by the application of the triangle, 

R, parallelogram, or polygon of forces, by the 


Ry 

2 
+ pees 4 principle of the lever, or by the method of 
4 ON i, moments. 


D MAXIMUM THRUST OR TENSION IN 
Fig. 2 TRUSSES is at the center of the horizontal 

chords. It is equal to WL/8D, where W = 
total load supported by truss, including weight of truss; L = length and D = depth of 


truss. 3 
TWO DIAGONAL BRACES AND A TIE ROD.—If the braces are of equal length 


(Fig. 1), and sustain a single load P, compressive stress S in each brace is as follows: 
Sap = 1/2P X (AD/AB); Sac = 1/2P X (AC/AB). 
Each abutment C and D supports one-half the load P. 
If the braces are of unequal length (Fig. 2), 
Sac = Ri X (AC/AB); Sap = R2 X (AD/AB), 
where R; and R:» are the reactions on the abutments C and D respectively. Let load P 
be applied at point B on CD. Then 
Ri =P X(GBD/CD); Rk: =P X (BC/CD). 
Stress in tie CD is 
Scp = R: X (CB/AB) = Rz X (BD/AB). 
If CB = BD,Ri = R2 and Sep = 1/2P X \2(CD/AB). 


If the braces support a uniform load, as 


Fia. 1 


in a pair of rafters, the stresses are equiv- B 
alent to those set up by one-half the load : Cc fi 
applied at the center. The horizontal thrust 
of the braces against each other at the apex A is 
equals the tensile stress in the tie CD. 
KING-POST TRUSS.—See Fig. 3. r 
Braces AC and AD are in compression; im 
strut AB and tie CD areintension. A uni- ae Ste aa — Eee ee 
form load P may be considered as a con- 
centrated load 1/2 P at the center. Then the stresses in the several members are: 
Sac = Sap = 1/4P X (AD/AB) = 1/4P X (AC/AB); 
Sap =1/2P; Scp = 1/4P X (BD/AB). 
B c Horizontal thrust of brace AD at D = Sep. 
If the truss is inverted, asin Fig. 4, the stress is 
oa compression in the strut AB and tension in members 
La AC and AD. 
A PS p QUEEN-POST TRUSS.—Members AB, BC, 
(P1) (Fa) and CD, Fig. 5, are in compression; AD, BE and 
CF are in tension. If the queen-posts BE and CF 
Sra: / 6.6 Cuean\ Tose, Truss divide AD into three equal parts, a uniform load 


lso in three equal parts, two of which are concentrated 
being divided between the two abutments at A and D. 
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may be considered as divided a 
at HZ and F, the remaining part 
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Only the loads P; and P2, concentrated at H and F respectively, are considered as affect- 
ing the members of the truss. Stresses are as follows: 

Spe = Pi; Scr = P2; Scp = Sap = Pi X (CD/CF) = Pz X (AB/BE); 

Sar = Ser = Srp = Pi X (FD/CF) = Ps X (AE/BE). 

Thrust on BC = tension in EF. To resist heavy 
unequal loads, diagonal braces should be provided from 
E to C and from B to F. 

If the truss is inverted, as in Fig. 6, AB, BC, CD, 
BE and CF are in compression. AH, EF and FD are 
in tension. 

BURR TRUSS OF FIVE PANELS (Fig. 7).—If 
the panels are of equal length, 1/5 of the load may 
be considered as being concentrated at each panel point, and 1/5; divided equally 
between the two abutments. To determine stress in AB and CD, consider the truss 
as a queen-post truss, with 
loads P; and P: concen- 
trated at H, and loads P3 
and P,4 concentrated at 
F. To determine stress 
in GE and HF, consider 
the portion of the truss 
between H# and F as a 
smaller queen-post truss 
with loads Po, P3 at K 


Fic. 6. Inverted Queen Post Truss 


B G H Cc 


and LZ respectively. The Fig. 7. Burr Truss 

stresses are 
Sap = Scp = (Pi + P:) X (AB/BE) = (P3 + Ps) X Cap/er) . [compression] 
Sgn = Sur = P2 X (GE/GEK) = Ps X eee i ps . . [compression] 
Spx = Sop =PitPe=Ps+P . . Ane Pe ctntge eS [tension] 
Sex = Sart = P2 = Ps oe ee ee [tension] 
Spe = Sow = (Pi + P2) X ‘(AE/BE) = (Ps + Ps X (FD/FC) . . [compression] 
Seu = (Pit P2+Ps) X (AE/BE) . . . . [compression] 
Sag = Srp = (P1+ P2) X (AE/BE) = (P; + Py) ~ (D/C) e [tension] 
Sex = Sxr = Str = (Pit P2+ Ps) X (AE/BE) pte eee [tension] 


Stress is received by GL and HK only when the truss is nnegehiy loaded. 

PRATT OR WHIPPLE TRUSS (Fig. 8).—In this truss, diagonals are ties and verti- 
cals are struts. The general formula for stress in the verticals with a uniformly distrib- 
uted static load is 


= [{(n—2) + (n— 2)? — (@ — 1) + (e — 1)?}PI/2n, 
and for a moving load 
{w= 2) + (n—- @P— @—1D) + ea DP , re) Lea 
= ee 
2n 
where n = number of panels in truss; + = number of any vertical, considered from the 
nearest end, and counting the end as 1; r = moving load for each panel; P = total 


load for each panel. 
Stress in principal diagonals (AJ, GN, etc.) is 
Sp = Sy sec 6, 
where # = angle which the diagonal makes with the vertical, e.g. angle AJB or angle HBJ. 
Stress Sc in counterbraces (BH, CJ, FO, etc.) depends on the position of the brace. 
If the load is uniform, Sc = 6@ in the first panel. 
In the second panel, Sc = P sec @ X (1/n). 
In the third panel, Sc = P sec 6 X {(1 + 2)/n}. 
In the fourth panel, Sc = P sec 6 X {(1 + 2+ 8)/n}, ete. 
' Calculation by Distribution of Stress——Assume a truss of six panels, uniformly loaded 
with a total load P. The portion of the load applied at each panel point may be considered 
as 1/sP. The loads transmitted to the abutments from each panel are as follows: 


Sor = 


Load Py Po les PZ 12 
To abutment Unites eke Tk ee 5/5 Py 4/6 Pe 3/6 P3 2/6 Pa 1/6 P, 
To-abutment @).H5ek See eeeencs 1/5 Py 2/6 Pe 3/6 Ps 4/6 P4 5/5 Ps 


Each of the above loads is transmitted through each strut and tie between its point of 


METHOD OF MOMENTS 17-05 


application and the abutment. Thus 5/g P; is transmitted throu 
; gh members JA 
AH to abutment H and 1/g P; is transmitted through members J Gi CK RD e pin a 


POPPE 


1 
2 
3 
4 
5 
°N 


Py Py Pg y Ke Ps 
Fie. 8. Pratt or Whipple Truss 


etc., to abutment O. Similarly, 4/s P: is transmitted through KB, BJ, JA, and AH to 
abutment H, and 2/¢ Pz is transmitted through KD, DL, LE, etc., to abutment O. As 
each load is thus analyzed, the numerator of the fraction of load transmitted may be 
written alongside the member affected as in Fig. 8 or tabulated as follows: 


Diagonals in Tension 
AJ BH | BK Cys CL DE DM EL EN FM FO |,GN 


Tension in the diagonals = 7; sec 0 X 1/g P. 
Compression in struts = T, X 1/6P. 

If diagonal struts are used at HB and FO, instead of the struts AH, GO and the 
diagonals AJ, GN, 5/g P will be carried through FN and NO. Stress in BH and FO 
will equal 15/g P sec 0. 

Stresses in upper chords are compression, and in lower chords are tension. They 
increase from the ends to the center. The thrust in each member as AB, BC, etc., is the 
horizontal component of the tension in the diagonal of the panel, plus the thrust on the 
members between it and the end of the truss. Thus, 


Thrust in AB and FG = 15/g P X tan 0. 
Thrust in BC and EF = 15/, P X tan 0 + 10/g P tan 0. 
Thrust in CD and DE = 15/, P tan 6 + 10/g P tan 6 + 6/g P tan 0. 


The tension in the lower chord of each panel is the same as the thrust in the upper 
chord of the panel. See Method of Moments below. 

If loads P;, P2, P3, etc., are unequal, the value of each must be taken into account in 
distributing stress. Thus tension in AJ, instead of being 15/¢ P sec 6, would be 

sec 0 (5/6 Pi + 4/6 P2 + 3/6 Ps + 2/6 Ps + 1/6 Po). 
Each panel load should include its fraction of the weight of the truss. 

Method of Moments.—Let the truss be uniformly loaded with a total load = W. 
Weight supported at each end, or reaction of the abutment = W/2. Length of the 
truss = L. Weight on a unit of length = W/L. Horizontal distance from nearest 
abutment to any point (say M, Fig. 8) in the chord where stress is to be determined = zx. 
Horizontal stress at that point (tension on the lower chord, compression in the upper) = life 
Depth of the truss = D. The difference of the moment about the point M of the reaction 
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of the abutment, and of the moment of the load between M and the abutment, is equated 
to the moment of resistance or stress in the horizontal chord, considered with reference 
to the point in the opposite chord about which the truss would turn if the first chord were 
severed at M. 


Moment of reaction of abutment = (W/2) X z. 
Moment of load from abutment to M = (W/Lz) X (2/2) = W2x?/2 L. 


Moment of stress in chord = HD = (Wx/2) — (W2?/2L), 
H = (W/2D){zx — (22/L)}. 


STRUCTURES 


whence 


diagonals are struts, and the 
verticals are ties. The cal- 
culation of stress may be 
made in the same method as 
described for the Pratt truss. 

THE WARREN GIRDER 
(Fig. 10) has no vertical 
struts, and the diagonals 
may transmit either tension 
or compression. Stresses in 
the diagonals may be calcu- 
lated by the method of dis- 
tribution of stresses as in the case of the rectangular truss. 

The loads Pi, Ps, Ps, etc., are respectively 1/10, 3/10, 5/10, etc., of the length of the 
span from a, and the loads transmitted to the abutments from each panel are as follows: 


Fic. 9. 


Howe Truss 


Load P; Load Pz Load P3 Load P, Load Ps 
Ui Wonevorbinae Verh? pee Gicio.cia oon a ore 0.9 Py 0.7 Pe 0.5 Ps 0.3 £4 Ose es 
Tora bwartem tie’. crevasse tere tele «tee OF) Px 0.3 Pe 0.5 P3 Ont P4 0.9 Ps 


These quantities can be. written alongside the members affected by the transmission of 
the several loads, tension values being written to the left and compression values to the 
right as shown in Fig. 10, or they can be tabulated as below. 


c2 c3 ||) «3 d4 4. [965 -—-}-end 
Tension Stresses 
Pas Sociol cco eos eee: Tn Parccutorete Gai. oe hae Re SS I Wears cee 
Peeve eietalereitate sts ZW. ote age lle eee ae x hea emer Sp allesasct 2 Fills ienkerne 
Pars Seistersfeel|\svernauetkie S ieee Se 5 ie lleep aati secsa< BE acer 3. lt en avevees 
Pairs ays eles Were te 3.) Nese a Sg" leer EW PS Satie | SSan ae Y REM 5 Oe 
DARA ones cotel| hh a berets 1m Ped c eter | a ey nt! Th ceeeiene 1S ahs srgre.etec fe ceeene ne 
MROUALY sence 0 16 1 9 4 4 9 1 16 0 
Compression Stresses 
Y oT Rego ORO 9 1 ‘pa I litte.cueetet le Fel cee Wala, eee TSS Sa ] 
Pgs Setters Libs leekserene 7 Sy Loses 3: ieee: ee eset Ry 3 
Py sea he tues Da ilsramtnrets Ciel) ee 5 Dy, Dilliscsceteate DS wile 2 5 
Pie topiiaroas 3 Ne eins Big all ane tee ch «| | cae 3 rel eee 7 
Dios. ce scateratacs UA ecko Pe ie) eae i (Eee oe 1 9 
eOGRL ce crak 25 1 16 4 9 9 4 16 1 a5 
Net Values 
AV ONGIOM ay cre [art iiss | CS Hear oe Lie eee: =| ke ee Si alt de, 15 
Compression} 25 |....... LE es ee 5 > | aikvotete | 15 . | ; 25 Y 


Fic. 10. Warren Girder 
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To determine the stress in any member, multiply net values as found above by 1/19 
of one of the loads as P; and by the secant of 1/9 the angle between the diagonals. Stresses 
in horizontal chords may be determined by the method of moments. See p. 17-05. 

ROOF TRUSS.—Solution by Method of Moments.—The calculation of stresses in 
structures by the method of statical moments consists in taking a cross-section of the 
structure at a point where 
there are not more than 
three members (struts, 
braces or chords). To find 
the stress in either one of 
these members take the 
moment about the intersec- 
tion of the other two as an 
axis of rotation. The sum 
of the moment of these 
members must be zero if 
the structure is in equilib- 
rium. But the moments of 
the two members that pass 
through the point of refer- Fie- 11. 
ence or axis are both zero, 
hence one equation containing one unknown quantity can be found for each cross-section. 

In the truss shown in Fig. 11, take a cross-section at ts and determine the stress in the 
three members cut by it, viz., CE, ED and DF. Let X = force exerted in direction CZ, 
Y = force exerted in direction DE, Z = force exerted in direction FD. 


Moment of X about the intersection of Y and Z at D = Xa. 
Moment of Y about the intersection of X and Z at A = Yy 
Moment of Z about the intersection of X and Y at H = Zz. 


Let z = 15; x = 18.6; y = 38.4; AD = 50 ft.; CD = 20 ft. Let Py, Po, P3, Ps be equal loads 
as shown, whence the reaction of abutment A will be 31/2 P. The sum of all moments about D, A, 
or # will be zero when the structure is at rest. Moments in a clockwise direction are designated +; 
counter-clockwise moments are designated —. 


Roof Truss 


Then — Xz+ (8.5P X 50) — (Pz X 12.5) — (Pe X 25) — (Pi X 37.5) = 0. 

Since P= P,=P,=P3, and z= 18.6, 
—186X+175P—75P=0, and X = 5.376P. 

Similarly, — Vy + (P3 X 37.5) + (Pe X 25) + (Pi X 12.5) = 0, and Y = 1.953 P. 


— Zz+ (3.5 P X 37.5) — (Py X 25) — (Pe X 12.5) — (P3 X 0) = 0, and Z = 6.25P, 
Stresses in the other members may be found in the same manner to be: EG = 6.73 P; GJ = 8.07 P; 
Jee) i) — kobe Gh 1.59P; AH = 8.75 P; AF = 7.50 P. 

: ANALYSIS OF FINK ROOF TRUSS (Fig. 12).—Let W = total load on roof; 
N = number of panels on both rafters; W/N = P = load at each joint, b, d, f, etc.; 
V = reaction at A=1/. W=1/p NP =4P; AD=S; AC=L; CD=D; t, t, 

t; = tension in De, eg, gA, respectively; C1, C2, C3, Cs = compression in Cb, bd, df, and 

fA respectively. Then the stresses in the several members will be: 


Member Stress Member Stress Member Stress 


lor De t; =2PS/D 5 or fd c3 = 7/2 PL/D — PD/L 9 or de 2 PS/L 
2‘ eg t = 3 PS/D 6: aedb oa 7/2 PL/D —2PD/L 10 ‘‘ cdordg 1/2 PS/D 
pete t ae PSD) 7 bCs ocr = IM PL/D—3PD/L 11" ec PS/D 
AeA ercs win Fia/ De Si. beor fg PS/L i} HON XG! 3/2 PS/D 


Exampiy.—Find the stresses in the members of a Fink truss as shown in Fig. 12, Span 64 ft.; 


Fie. 12, Fink Roof Truss 
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depth, 16 ft.; 4 panels on each side; total load, 32 tons, or 4 tons each at points f, d, b, C, ete., and 
2 tons each at A and B, which, however, transmit no stress to the truss members. 

Solution —W = 3% P= 4; S= 32; D=16 L=WVS?+ D?= 2.236 D; L/D = 2.236; 
D/L = 0.4472; S/D = 2; 8/L = 0,8944. Stresses in the members then are: 


Member Stress Member Stress 
1 2x4xX2 = 16 tons Ks 31.3 —(12 X 0.447) = 25.94 tons 
2 3xXx4xX2 == 24 o 8 4 X 0.8944 = 3.58 By: 
3 7/2X4X2 = 28 Oe 9 8 X 0.8944 ze kOe 
4 WOS ASC 22360 = OL. 10 2X2 =4 Ps 
5 31.3 —(4 X 0.447) = 29.52 “ 11 4X2 =8 se 
6 a1-8 —(8 X0.447) =27.72 “ 12 6X2 = 12 ik 


GRAPHICAL ANALYSIS OF TRUSSES.—The graphic method of determining stresses 
in truss members is applicable to any truss and any manner of loading; it is sufficiently 
accurate for practical purposes and the work can be done more quickly and with less 
danger of error than by the numerical method. The graphical method is based on the 
principle that straight lines drawn to scale to represent the magnitude and direction of 
forces acting on a point in equilibrium will form a closed polygon. By taking one joint 
of the truss after another the known external or internal forces acting at the joint are 
laid out and the unknown forces are determined by closing the polygon. 

Bow’s Notation is the most convenient method of designating areas, members and 
forces in graphical analyses. In this system, areas between truss members, members 
and external forces or between external forces are denoted by letters. Any member, panel 
load or reaction then may be designated by the two letters on each side. Thus in Fig. 13, 
AH represents the diagonal at the end of the truss, AB represents the panel load at the 
apex of the first panel H, and HJ represents the diagonal between panels H and J. When 
the stress diagram (Fig. 14) is drawn, the ends of a line representing the stress in a member 
or an external force are given the same letters used to denote the corresponding member 
or load in the truss diagram. Thus, in Fig. 14, the line ab represents the panel load AB, 
the line ah represents the stress in member AH, the line ga represents the reaction GA, etc. 

Procedure.—1. Draw the truss diagram representing the truss members and indicate 
the points of application of all external forces acting on the truss including all loads applied 
at panel points and the reactions at points of support. 

2. Determine, by computation, the vertical loads applied at the panel points and 
the reactions at points of support. If the panel loads are symmetrical with respect to the 
center of the span, both reactions are equal to half of the total load on the truss; if the 
truss is not loaded symmetrically the reactions are obtained by the method of moments. 

3. Start the stress diagram (Fig. 14) on the same sheet of paper as the truss diagram, 
by drawing to scale the vertical load line af representing the total load; divide af so that 
lines ab, be, cd, de and ef represent the corresponding panel loads. Locate point g so that 
fg and ga represent to scale the right and left reactions, respectively. In Fig. 13 the panel 
loads are assumed to be equal and, therefore, fg = ga. The polygon of forces acting on 
the trussisabcdefga. The polygon must close as the truss is in equilibrium. : 

The stresses in the members are obtained in the stress diagram by laying out in clock- 
wise order the forces acting at each joint of the truss, starting with the left reaction and 
constructing the force polygons for one joint after another 
until all the unknown stresses are determined. Thus in Fig. 
14 the line ga represents the magnitude and direction of 
reaction GA in Fig. 13; by drawing lines through points a 
and g parallel to AH and HG, respectively, the force triangle 
gah g is formed and lines ga, ah and hg, taken in order so as 


Fia, 13 Fig. 14 


to close the force triangle, represent the direction and magnitude of reaction GA and stresses 
in AH and HG, respectively. The direction of these forces is indicated on the truss 
diagram by inserting arrows around the joint in members AH and HG pointing in the 
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directions taken by the corresponding stress lines in closing the triangle gah g; therefore, 
in AH the arrow points toward, and in HG away from the joint. Next consider the forces 
acting at the left joint of the upper chord. The lines ha (just determined) and ad in Fig. 14 
represent the magnitude and direction of the stress in HA 
and panel load AB, respectively; by drawing lines through 
6 and A parallel to BJ and JH, respectively, the force 
polygon h a bj his found and the lines bj and jh represent 


Fie. 15 Fie. 16 


the magnitude and direction of stresses in the truss members BJ and JH. As before, 
the direction of forces acting at the joint considered is shown on the truss diagram by 
inserting arrows around the joint in all members pointing in the directions taken by the 
corresponding stress lines in closing the polygon ha bj h. Similarly, the remaining force 
polygons are constructed in the order given below to represent the forces acting at the 
joints indicated: 


Order of Joints Considered Polygon 
ZA Tromolelt OMUOWErCHOLd a sae oa he ayia: sieve Sle a a/so 18. ghikg 
ZO MTOMUeL OMe p Pers CAOLC.: a). 5c )cne.cus00-e si oe ob eves kj bclk 
SC IO 1eLb OM IOWEL CHOLG . - oc oes oy bv cjmetyerrecse.sie gklmg 
SU OMMeL OHRID DEE (CHOLG «17s mc1c) © ous «1s oiee: emis s ste.e mlicdnm 
Ath from jertom lower Chord «2.5.5.0 as.0.0 015, 6.0.64 01 0% gmnog 
At trometer Om Upper CNOTGs so cso 4.> «a:s.6 5) sieieierae ondepo 
Btotronimlett On lOMer CHOTA. c.o.c «on cress so 6.6.6 oe acs0cs. gopqag 
WEN tuGuy leLt OH UpDEE. GCHOTGs <5 «4 2.0, deyeieie. +. te, ame se qpefa 
6th teom lettiom lower ChOrd «oo... oe «ow oreyen ee re we gale 


At each of the above joints the magnitude and direction of at least two of the forces 
acting are determined from the polygon constructed for the preceding joint; the stress 
lines representing these are used as part of the) polygon drawn to represent the forces 
acting at the joint considered. 

It will be noted in the truss diagram that in those members where the arrows point 
toward each other, the stress in the member is tension; where the arrows point in opposite 
direction, the stress is compression. 

The truss and stress diagrams for a six-panel Pratt truss are shown in Figs. 15 and 16, 
respectively, in which the notation used consists of letters and numbers. It will be noted 
that in Fig. 16, points 1, 2, 2’ and 1’ are coincident, and, therefore, the stress in verticals 
1-2 and 1-2’ is zero. 

In both the Pratt and Warren trusses the end diagonals carry greater stresses than 
those nearer the center but in the upper and lower chords the members nearest the center 
carry greater stresses than the members nearer the supports. 

GRAPHICAL ANALYSIS OF TRUSSED BEAM. (Figs. 17 and 19.)—A beam 
with rods underneath to take the tension may be considered as an inverted truss. The 
reactions are determined numerically by the method of moments (see p. 17-05), and the 


¢ a Ps ie 
A : B 7s | 
C02 (2 
iS co of B a 
Fic. 17 Fig. 18] Fic. 19 Fie. 20 


i i i tlined for a Warren 
stress diagrams (Figs. 18 and 20) constructed in the same manner as ou 
or Pratt truss. When the load is suspended under the beam as in Fig. 19, the points cand d 
in the stress diagram are coincident and the stress in member CD is zero. 


BUILDING CONSTRUCTION 


By Theodore Crane 


1. FOUNDATIONS 


LOADS ON SOIL AND ROCK.—Table 1 gives the maximum loads permitted on 
various foundation beds by four typical municipal ordinances. These are presumptive 
bearing capacities of different kinds of soil and rock, and form a guide to determine footing 
areas, but a most thorough investigation of sub-soil conditions also should be made. On 
important operations, actual loading tests should be made on the site. 


Table 1.—Maximum Loads on Soils and Rock Allowed by Various Building Ordinances 
eee 
Loads in Tons per Square Foot 


Foundation Bed Boston We oe on Philadelphia | New York 
[Shy N Area eEP AC DC OOO aS Coe 2* 1 1* 1 
Fine grained wet sand............++-- ou 2 7 2 
Dry, fine grained sand or hard clay..... 4 3 or 4 4 3 or 4 
Coarse gravel without mica or clay..... 6 6 6 6 
Shale and hard pater «cia cisletleetsr- le atalel ole 10 10 fF 8 10 
Mie ditamr oG)k sae arstaies sisi olsete' eels civtaleleteye ot ae owe 24 15 
BEE eared (OCHS. ass, orn) sa ele ni ol oiler aiiele ievote! ole iat si se 20 48 40 
Solid ledge rocket aa. ch ste aco aac vis eke tears 100 te 


* Protected against lateral displacement, t.e., confined. jf Shale only. 


When part of a building is supported on a yielding or compressible foundation bed 
and part on solid rock, the maximum bearing capacity of the soil should be taken at one- 
half the capacity otherwise allowed. A similar reduction may be advisable when part of 
the building is supported on piles and part on soil; the pile driving record should be 
studied before deciding, as the piles may be subject to settlement. 

The area of the footing on hard-rock foundation beds is determined by the safe pressure 
on the concrete immediately above the rock, rather than by the bearing capacity of the 
rock. A compressive stress of 600 lb. per sq. in. in the concrete, corresponding to 43.2 
tons per sq. ft., is the usual figure. 

PILES.—Timber, concrete, steel tubular or caisson piles are used when suitable 
soil-bearing value cannot be had at an economic depth. Both timber and concrete piles 
may be driven to rock, or support their loads by skin friction. Steel piles are driven to 
bed rock and caisson piles are used to obtain the equivalent of a spread footing without 
excessive excavation. The first three types may be placed in a double row, preferably 
staggered beneath a wall, or in groups called clusters beneath 
column footings. The center of gravity of a cluster should 
coincide with that of the supported load or loads. Piles 
must not be so closely placed that the bearing capacity of 
the subsoil is exceeded. 

Timber Piles may be either hard or soft wood, pro- 
vided they are comparatively straight and do not split 
or broom excessively when driven. Minimum diameters 
are: 6 in. at small end; butt, 10 in. for piles under 25 ft. 
long, and 12 in. for longer piles; maximum butt diameter, 
18 in. Spacing varies from 20 in. to 36 in. on centers. 

7 It is imperative that piles be cut off below permanent 
hy ea cpaene Feetipey 1 id water level. Butts should extend 6 in. into the base of 
the superimposed footing. (See Fig. 1.) 


Safe Loads on Timber Piles are given in the following equations: 
Pile driven by drop hammer, P = 2 Wh/(S + 1); 
Pile driven by single-acting steam hammer, P = 2 Wh/(S + 0.1), 


where P = gafe load tons; h = height of fall of hammer, ft.; W = weight of hammer, 
tons, S = penetration under the last blow, or average under last 5 blows of the hammer, 
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in., provided that the driving has reached a point where successive blows produce approxi- 
mately equal penetration, and that the maximum load is not over 20 tons. 

Concrete Piles are desirable if high bearing capacity is 
required. They may extend above ground-water level, and 
often effect savings in excavation and foundation cost. 
Spacing usually is about 3 ft. centers. Concrete piles either 


may be cast in place or molded before driving. The mini- t 

mum diameter or lateral dimension of precast piles is 8 in. (YAM SKSZSs era ie gu 
at the point; average, 12 in. minimum; diameter, at the SSA Sy Min. 
point, of piles molded in place, 6 in. minimum. The allow- | < a 
able sustaining power, when driven to rock, varies with type {e)iqSe Ns ees] Pa 


of pile employed, but is based on a compressive stress vary- 
ing from 350 to 500 lb. per sq. in. on the concrete at the 
average cross-section plus 5000 to 6000 Ib. per sq. in. on the + { 

vertical reinforcement. When not driven to rock, sustaining ee Beintorced onorele 
power usually is determined by test; in any case, the load oh ee focote Piles, a a 
on a single pile is limited to 30 or 40 tons. ; 

Steel Tubular Piles which are filled with concrete after driving usually are 9 in. diam. 
with a minimum shell thickness of 5/jg in. They ordinarily are driven to a full bearing 
onrock. Bearing capacity may be taken as 500 Ib. per sq. in. on the concrete, and 7500 lb. 
per sq. in. on the steel, disregarding the outer 1/1 in. of the shell. Maximum length of 
such piles is (40 X inside diam. of tube). 

Caisson Piles, of short, sheet-steel cylinder sections, are sunk by their own weight 
as earth is dug from below the cutting edge, and later are filled with concrete. The 
shafts are 36 in. diameter. The base is bell-shaped to provide the required bearing area. 
Caisson piles can carry the entire weight of a heavily loaded column. 


Footings 

WALL FOOTINGS under curtain walls and for low buildings of bearing-wall con- 
struction, are usually of plain concrete. To determine the width, divide load per linear 
foot of wall by bearing capacity of the soil; minimum projection on each side of the 
wallis6in. Such footings are constructed either as a slab or with steps. Minimum thick- 
ness of bottom block = 12 in.; when stepped, maximum projection of each block is one- 
half its height. If loads are heavy in proportion to allowable soil pressure, reinforcement 
may be used in the footing slab. The overhanging portion of each course is designed as a 
cantilever to resist bending moment and shear caused by upward thrust due to soil 
pressure. 

FOOTINGS FOR EXTERIOR AND INTERIOR COLUMNS usually are of rein- 
forced concrete; steel girder footings are occasionally used. Steel slabs or grillages, the 
latter built of steel beams, are used under heavily loaded columns to distribute the load 
over a reinforced concrete footing or rock foundation bed. The beams are placed side by 


side and enclosed in concrete. The protective covering varies from 4 to 8 in. 
With extremely 


ke----- 6t.g%——-3} low soil capacities, a 
aces --7 reinforced concrete 
mat over the entire 
basement of a build- 
ing may be necessary 
to utilize all the 
SME hare available area. A 
CONS mat is designed by 
Fig. 3. Alternate Designs for Fie. 4. Footing Below Masonry the methods used for 
Wall Footings Pier beam-and-slab or 
girderless floors, tak- 
ing the soil reaction as superimposed load. Present practice (1937) favors plain concrete 
footings for walls and lightly loaded columns. Column footings projecting 18 in. or more 
beyond the face of column, usually are more economical if reinforced. Steel grillage foot- 
ings are seldom used except under high buildings resting upon a foundation bed of rock. 
For design formulas for reinforced concrete footings and slabs, see Eshbach, Handbook 

of Engineering Fundamentals, Section 5, forming Vol. 1 of this series. 
PROPORTIONMENT. OF FOOTING AREA.—To equalize the settlements of 
different parts of a structure resting on a compressible foundation bed, the unit soil 
pressure should be the same under all footings where soil conditions are similar. Settling 
of a building is gradual, often long continued, and results from constant dead loads rather 
(Continued on page 17-18) 
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Table 2.— Weights of Building Materials 


Material Lb.per cu.ft. Lb. persa. ft. 
2 ee ete 
Ashlar masonry, granite, gneiss.....-.. seers eect cette tent eeee (rept Mowlide: a cpateagtnse: 
< limestone, marble... .....-.---esee cece ese ce reeecees TOO Wee ctrntsteete 
Y aS sandstone, bluestone.........2+++eeceeceeeeereeces PAO Ee | 298 Fe 
Brickwork, common brick. ........+++eee cece eere eee eee eee eeeetes 120) eUpdates 
Z pressed brick. ...... cc cece cece eee e cree eee eetereeeeeees £40 Ab dMuesseit=ar 
“ BOLE riche.) sousio.« « © oud \e ols-ore eppiprsiaie Bield\n ie we Pelpiste tls) srajerd lie TOD 6 seutlin dedss eocare = 
ig Ain, with 44in. tile. backing « « ors av sreicare ovopoiewiew vie Sis + opie ee] isetaia) Siaie 60 
a Sin. with 8-im. tile backing. . «2: ssascescceasamemescesice| | Bae siese 75 
Cement mortar finish, | in. thick...........--ceeeeee cece eeceee ence! seeccce 12 
GT CLONT Ee ee rd aie bie c Rtarecdco: entice sans tial vyalerelere¢% a'6, a soauelaratel’s We 5) e,5 10-6 GOV Bieta ete 
Goncreté (cinder). )0.)). 0s caves cence vie ese ce csssceonceenatencseere TOO, PREIS hs ee 
oh USEORE)! ora.5: ccs 5-5 -p orecslal cca ted evarbee where ce Wrentia che erotal «ote parmesan e feist © sig 1440) Tl Gkesceks 
Creosoted wood-block flooring, 3-in. thick. .......--.-eeeeeeee cece ee] serene 15 
Gypsum partitions, S-tay  hOWUGw eayascabi: ode oth eres dederem Deere Broe levext ='dl| Bisa sera 11 V2 
RH HOUOW clawad sie e's acne Spero eer 5 a ante 4 eine ie EES 1411/2 
Hardwood flooring, 7/g-in. thick. .... 2... .. ccc eceec eee c css sceeceeee| seecere 4 
Hollow tile partitions, CT ee ee BR oo OreO Cone Colcr Sao cob Go icin amecraor 18 
Fa cae aids See Pc I PORTA SC Hic.) SIOORIOD Ng CC OSOOD 19 
we bi us Gan, TD hae chet eta ckicaden acct einem escn seme eee 25 
we ce Baia 2, LE AEE I cae as Sct natant ARIA tet hae 31 
“ te ae 2-insplit=fiurning <i. 2 siestetriets see peee she) bes he diel 8 
Pine, spruce or hemlock sheathing. .........--..eecceeeeeeeeeeeeeee| ceeeeee 21/2 
Plaster, lime or gypsum, 3/4-in. thick. ......-2- eee e eee eee e eee eee] teres 5 
Plaster on metal lath, 3/4-im. thick... «ee ces. cscecnsewesiccseclecniss=| socecicce 8 
Roofing felt, 3-ply,,and gravel! .vs.< om. ..ccies crew Siw see spl cly sia slap ieiaisis'<.| osTviais/ece 51/2 
MO Aa DIY), BNC: BEAV El.«, <csa 4.50) 14 sca aretn sie ee «sje ni sle a alataimiatetae aa | Ss aes 6 
By “6 5aply, ANG BLAVEl's cc's se oes +s cle one eer aire ee atetesteateitial Gkeerwle ators 61/2 
bi COP S-D lyr GNG BIA. aalsrelons os) smo" Cicve.c ate.e mleeaein Wieer< a deena al aatelleceet 41/2 
Bo CoP Aeply, ANG MA cicc wieve wie esie a) ave ie dalere ei oterala aes Cictateterera eiafil ne <telelerate 5 
es CHG ply,| ald. BEAR sts aioe Seaete ool s.n lalate atolls aie diet elel = Pahecaenere eta Nauiaten eral 51/2 
Roofing tile, laid in place, Spanish: . .2. 2522s. 25. sc cee cides eesencs| | bests sic 8 to 10 
oe ‘*. laid:in place, shingle:type, clay <=: 0+ .2.< 5 asic oo, seesieiisio eee ianiaie = 12 to 14 
‘e “laid in: place). flat, CQment,, «a5, <10wje.s blocs buateinieis e132) Reena Cae oe 15 to 20 
td “e" laid. in place, book. tile, -2-tn) 0 <aicoc 6 apes oiscele sce, etnieereleia gin miei ai oie 12 
hd ve" laid: in. place, Nook tile, S-IN... . si 0.6 «lacie tn ine i= etn eitaets ei meee oie ale 20 
Skylights with 3/g-in. wire glass and frame. .........-. eee eee ee cece] ceeeeee 7 V2 
Slate, laid’ in’ place, L/4-in sic aacte foo ce ote stelctele are ete rere cata «aerate ate talemn Rretante r= 91/2 
OGAEE TMNT DB pie WEG oc bear ce mierete eva ee ielare alaiel ele lore Callan Ctagrs ctatiete lame enter 141/g 
Ce ene Oe 1 ena An ree Oe MO Mee Se ll) © msec 19 /p 
Stair construction. (eteel]s i adadleack «ed FSS SAIN wale Oh sid oa aS Meets at 50 
* (Gomer ete) fe «: « deieisges <f ee cee wine, ofal siereds mine 9 age ere Meee vale 150 
a: ‘ (6 fos) RE See nee ene ee aC SS SaGek|) etuedodts 20 
Suspended ceiling (metal lath and cement plaster)............0.0e000) se eeeee 10 
Windows (glass, frame and sash)... 20. uc as cu ce eieib es vial aisle Sa tre wletshn mmstaiers mre 8 


Table 3.—Minimum Live Load Requirements Used in Design 
Minimum Live Loads per Square Foot of Floor Area 


sy ge New Phila- ‘ San Dept. of 
Class of Building York, delphia, ae Chicago, Francisco,|Commerce 
1930 1929 + 1928 1928 1925 * 
Byceligea ts. . susan ta scm ere 40 40 50 40 40 40 
Hotels, tenements, lodging- 
houses, hospitals ............ 40 40 50 40 40 40 
Offices, typical floors........... 50 60 60 40 40 50 
Schools, classrooms............ 60 50 50 75 75 50 
Buildings or rooms for public 
assembly: 
With fixed peatews ssid. ee cess 75 60 100 75 75 50 
Without fixed seats.......... 100 100 100 125 125 100 
Aisles and corridors......... 100 100 100 125 125 100 
Stores, wholesale.............. 120 110 250 250 125 100 
UE TOUGU, «are ca.cnelenerateemsyare 120 110 125 125 100 75 
Manufacturing 
FLO avy Se sve-vis%s nn viereeea eee 120 200 250 250 250 100 
Md Mee initan aaa er sthty co: 120 120 125 125 125 75 
Worehouisos.<.5.. hast csries «hemes 120 150 125-250 | 125-250 | 125-250 | 100-250 
Garages, Dube. aii sie «<n eis.bie sie 120 100 150 100 100 100 
a MMV tO. cert ofrhkapisteeis 120 100 75 100 100 80 
Sidewalks: nahs asus os hp nrqenieiee 300 120 250 150 150 250 


* Building Code Committee of the Bureau of Standards, U. S, Dept. of Commerce. 
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than occasional live loads. While footing areas must be large enough to avoid a possi- 
bility of total live and dead loads exceeding the allowable pressure on the foundation bed, 
areas must be proportioned on a basis of full dead loads and a percentage of live loads 
representing probable conditions of occupancy. Divide the sum of the dead load and 
assumed percentage of live load by the area of the footing having the largest ratio of live 
to dead load, to obtain the average unit pressure. This average is used to find the size 
of the remaining footings; in each case use the full dead load plus the assumed percentage 
of live load. } 

The following is recommended as a basis for proportioning footing areas for various 
kinds of buildings: 

1. Office buildings, apartment houses, hotels, and schools, Dead Loads Only; 

2. Industrial buildings for light manufacturing, Dead Load + (0.20 X Live Load) ; 

3. Industrial buildings for heavy manufacturing, with partial storage, 


Dead Load + (0.40 X Live Load); 


4. Warehouses and buildings for storage purposes, Dead Load + (0.60 X Live Load). 

CAISSON AND OPEN-WELL FOUNDATIONS.—When necessary to carry deep 
foundations to rock, and below the depth which can be excavated economically, the 
open-well method may be used if the character of the successive strata of subsoil will 
- permit excavation without compressed air. If character of the soil or pressure of large 
quantities of water makes this impracticable, pneumatic caissons are used. In either 
case shafts are later filled with concrete. 


2. STRUCTURAL DESIGN 


BUILDING ORDINANCES.—All cities control design of both structural steel and 
reinforced concrete, by imposing limiting stresses, and by arbitrary limitations in size of 
structural members and fireproofing requirements. Also, all features concerning fire 
hazards, or working conditions of the employees, generally are governed by municipal 

~ ordinance or State industrial codes. Typical restrictions of this kind, affecting design of 
industrial work, are the types of buildings in specified zones, height and area limitations, 
minimum requirements for light and ventilation according to type of occupancy, specifi- 
cations of materials. The Underwriters’ label has become practically a universal standard 
for all manufactured parts or devices, whose character affects fire risk or safety of occu- 
pants in case of fire. 

WORKING STRESSES.—For steel structures, see Specifications for Structural 
Steel for Buildings, p. 17-14; for reinforced concrete structures, see Eshbach, Handbook 
of Engineering Fundamentals, Section 5, forming Vol. 1 of this series. 

SOIL LOADS AND LIVE LOADS for different types of occupancy, together with 
weights to be assumed for various materials when computing dead loads, are given in 
Tables 1, 2 and 3. 

LIVE LOAD REDUCTIONS may be permitted, for buildings for other than storage 

* purposes, when designing supporting members carrying more than one floor. For example, 
when computing column sizes for a multi-story building, 100% of the live load is used for 
the roof and top floor, 90% for next floor below, and correspond decreases for lower 
floors, but, in no case, less than 50%. 

WIND LOADS.—See Specification for Structural Steel for Buildings (p. 17-14). The 
same values may be used for reinforced concrete structures. 

SNOW LOADS may be taken at 30 Ib. per sq. ft. of horizontal projection for slopes 
up to 20°. Above a 45° slope no snow load need to be considered. For slopes between 
20° and 45° the load should be proportionately reduced. 

IMPACT OR DYNAMIC LOADS.—‘See p. 7-15. 

ARBITRARY REQUIREMENTS controlling the thickness of walls and floors, the 
slenderness ratio of columns, and the maximum unsupported lengths of walls and parti- 
tions, are in every building ordinance. Such regulations often control dimensions of 
structural members, even if actual stresses are less than stipulated by the code. 

FIREPROOFING REQUIREMENTS for iron or steel require a 3 3/4 in. thickness of 
brick, 4 in. of hollow clay tile, or 2 in. of concrete or solid gypsum for columns, and at 
least 1 1/2 in. of concrete, or equivalent insulation, for beams and girders. ‘ 

EXIT REQUIREMENTS are important as affecting the plan of a building. Every 
room of area exceeding 1000 sa. ft., or occupied by more than 75 persons should have at 
least two doorways, remote from each other, each being a direct exit or furnishing unob- 
structed egress through other rooms. Every floor area with direct exit to a street, occupied 
by more than 75 persons, should have at least two exits. Every story without direct 
exit to the street should have at least one interior stairway or fire tower connected thereto, 


17-14 BUILDING CONSTRUCTION 


and at least one additional exit if its area exceeds 2500 sq. ft. Buildings over 60 ft high, 
except when sprinklered, should have at least one stairway constructed as a fire tower. 
A fire tower ordinarily is not required if there are two stairways and the structure is not 
over 100 ft. high, and is sprinklered. : 
Stairways should be of adequate width to meet conditions of occupancy; at least 44 in. 
wide when used as legal exits for industrial buildings, and 36 in. wide for storage buildings; 
the width of standard handrails may be deducted. Stairwells 8 ft. wide between terra 
cotta or other masonry surfaces provide for up and down runs from intermediate landings 
which are as wide as the stairs. Minimum width of stair treads usually is 9 1/2 in.; maxi- 
mum height of risers usually is 7 3/4 in. The product (tread X riser) should be 70 to 75. 


3. BUILDING FRAMES 


Structural steel and reinforced concrete are universally used for frames of fire- 
resistant buildings. Steel generally is more suitable for structures supporting compara- 
tively light live loads or over 20 stories high. Reinforced concrete is suitable for compara-~ 
tively low buildings sustaining heavy live loads, and for certain types of monumental 
buildings of moderate height. For multi-story garages, warehouses and industrial build- 
ings, concrete usually is more satisfactory. For the one-story garage, hangar or manu- 
facturing plant, steel-frame construction is more economical. 

For apartment houses, hotels, hospitals and most institutions, four stories high or 
more, either reinforced concrete or steel may be better, depending on local conditions. 
Both types of frame usually are enclosed by a veneer; as the architectural appearance 
is the same in either case, the choice between steel and concrete may be made ona purely 
economic basis. 

Columns of a steel frame usually are H-sections, continuous through two stories, and 
often reinforced with plates through the lower stories. Built-up columns seldom are used 
on typical construction. Floors are supported by girder-beams or I-beams, unless the 
length of span or the amount of load requires plate girders or trusses. Spandrel beams 
at each story carry wall loads to the columns. The various floor systems appropriate for 
steel and concrete frames are described on page 17-24. 


Specifications for the Design, Fabrication, and Erection of 
Structural Steel for Buildings * 


1. MATERIALS.—a. Structural steel shall conform to A.S.T.M. standard specifications for 
steel for buildings (serial designation A9) as amended to date. 6. Rivet steel shall conform to 
A.S.T.M, standard specifications for structural rivet steel (serial designation A 141) as amended to 
date. c. Alloy steels, cast steel, cast iron and other metals shall conform to the applicable speci- 
fications of the A.S.T.M. as amended to date. d. Stock material shall be of quality substantially 
equal to that called for by specifications of the A.S.T.M. for classifications covering its intended 
use; and mill test reports shall constitute sufficient record as to quality of material carried in stock. 
Unidentified stock material, if free from surface imperfections, may be used for short sections of 
minor importance, or for small unimportant details, where the precise physical properties of the 
material would not affect the strength of the structure. 

2. LOADS AND FORCES.—Steel structures shall be designed to sustain the following loads 
and forces: Dead load, live load, impact, wind, erection loads, and other forces. a. The dead load 
shall consist of the weight of steel-work and all material fastened thereto or supported thereby. 
b. The live load shall be that stipulated by the Code under which the structure is designed or that 
required by conditions involved. In general, the live loads should not be less than those recom- 
mended by the Building Code Committee of the National Bureau of Standards, November, 1924, 
under the caption ‘' Minimum Live Loads for Use in the Design of Buildings.” c. For structures, 
carrying live loads, inducing impact or vibrational forces, design stresses shall be increased by a 
percentage of the live load stresses sufficient to provide for such forces. d. Proper provision shall 
be made for stresses caused by wind, both during erection and after completion of building. Wind 
pressure is dependent on conditions of exposure and geographical location. Allowable stresses 
specified in Sections 4c and 5 are based on the stepl frame being designed to carry a wind pressure 
of not less than 20 Ib. per sq. ft. on the vertical projection of exposed surfaces during erection, and 
15 lb. per sq. ft. on the vertical projection of the finished structure. e. Proper provision shall be 
made for temporary stresses caused by erection. /f. Structures in localities subject to earthquakes, 
eae ace and similar extraordinary conditions, shall be designed with due regard for such 
conditions. 

3. REVERSAL OF STRESS.—Members subject to live loads producing alternate tensile and 
compressive stresses shall be proportioned as follows: To net total compressive and tensile stresses 
add 50% of the smaller of the two, and proportion the member to resist either of the increased 
stresses resulting therefrom. Connections shall be proportioned to resist the larger of the two 
increased stresses. 


* Abstracted from Specifications of Am. Inst. of Steel Construction, revised 1936. 


SPECIFICATIONS FOR BUILDINGS 17-15 


4. COMBINED STRESSES.—a. Members subject to both axial and bending stresses shall be 
Bo proportioned that the quantity {(fg/Fa) + (fo/F)} shall not exceed unity, in which Fg = axial 
unit stress that would be permitted by this Specification if axial stress only existed; Fy = bending 
unit stress that would be permitted by this Specification if bending stress only existed; fa = axial 
unit stress (actual) = axial stress divided by area of member; f, = bending unit stress (actual) = 
bending moment divided by section modulus of member. b. Rivets subject to shearing and tensile 
forces shall be so proportioned that the combined unit stress will not exceed the allowable unit 
stress for rivets in tension only. c. Members subject to stresses produced by a combination of 
wind and other loads may be proportioned for unit stresses 33 1/3% greater than those specified in 
Section 7, provided the section thus required is not less than that required for the combination of 
dead load, live load, and impact (if any). 

5. MEMBERS CARRYING WIND ONLY.—Members subject only to stresses produced by 
wind forces may be proportioned for unit stresses 331/3% greater than those specified in Section 7. 

6. EFFECTIVE SPAN LENGTH.—a. Beams, girders and trusses ordinarily shall be designed 
on the basis of simple spans whose effective length is equal to the distance between centers of 
gravity of the members to which they deliver their end reactions. b. If, on the assumption of end 
restraint, full or partial, based on continuous or cantilever action, beams, girders and trusses are 
designed for a shorter effective span length than that specified in Section 6a, their sections, as well 
as the sections of the members to which they connect, shall be designed to carry the shears and 
moments so introduced, in addition to all other forces, without exceeding at any point the unit 
stresses prescribed in Section 7. 

1. ALLOWABLE UNIT STRESSES.—AIl parts of the structure shall be so proportioned that 
the unit stress in lb. per sq. in. shall not exceed the following: 


a. Structural and Rivet Steel 


Tension.—Structural steel, net section...............-. pea shales aayatialates eve cesletaretais Fone 20,000 
iInvvets, jon ares: based onmnominal Gianreter’s 44s 6.cche)s)0.si51sx wreisicie idierols calelo ue Goodacre 15,000 
Compression.*—Columns, gross section, (I/r) = 120............... 17,000 — 0.485 (12/r2) 
Columns, gross section, (l/r) > 120.......... 18,000/{1 + (2/18,000 r2) } 
Plate: virder siili eners, Gross: BECuUON. ss wc. 2 es tle sod eo selaelch Ue Ske d 20,000 


Webs of rolled sections at toe of fillet (Crippling, see Section 16h)... 24,000 
Bending.*—Tension on extreme fibers of rolled sections, plate girders, and built-up 


ROIOTHINBCE MS ECCULOI, SLOG) ia. ve usva.avaseiauetel iia ee 8 Suis. sates nds ore wheel 20,000 
Compression on extreme fibers of rolled sections, plate girders, and built- 
up members, for values of 1/b = 40............ 22,500/ {1 + (/2/18,000 b2) } 
uATS¢. hiriins ¢ 2 Oe Slee esas ODOT aD ab aOrenIne ape tele atcs cats . 20,000 
Strensronrexcree {bers OL DDS <6. so m0 icyo) 0:0 «sic ierscs.ecs Giese esssuere eesti ions 6 30,000 
Shearing. — Rivets, pins, and turned bolts in reamed or drilled holes.............. 15,000 
PR ieea as PLANE SE eee Ma oY AP" Caan oh cago 0's roca jia'alia ar'Snms.9\le\Yorevello taps deaet@ io anceavan ne 10,000 
Webs of beams and plate girders, gross section. ........e..ccceucvvces 13,000 
‘ Double Single 
Shear Shear 
Bearing.— Rivets and turned bolts in reamed or drilled holes......... ‘40,000 32,000 
(linn Fernie ec nin cs) tas ateenete lets tetorerere ete hale ote /olevelesa «io selofehels wilele laters 25,000 20,000 
Eels erred tar caret Nate anarche. Salers taielsle Siete aie eel aie 32,000 
Contact area, milled stiffeners and other milled surfaces................ 30,000 
ET ELECUSTELTGTICEM PMR echo Fhe. ccahara ata teie var seat cTa lass! ofa¥o ol sve e, ailayaieifeisie: eialeperatielers 27,000 
Expansion rollers and rockers, Ib. per lin. in... . 1... ese e ere cececene 600 d 


b. Cast Steel—Compression and bearing same as structural steel. 
Other unit stresses 75% of those for structural steel. 


c. Masonry (Bearing).—Granite 800; sandstone and limestone 400; concrete 600. 


8. SLENDERNESS RATIO.—The ratio of unbraced length to least radius of gyration (I/r) for 

compression members shall = 120 for main compression members, and 200 for bracing and other 
ion members. 
Be URSUPPORTED COMPRESSION FLANGES.—The ratio of unbraced length to width of 
flange (1/b) for compression flanges of rolled sections, plate girders, and built-up members subject 
i = 40. 

is Peano es THICKNESS OF MATERIAL.—a. The minimum thickness of steel except for 
linings, filler, and webs of rolled beams and channels, shall be: For exterior construction 5/16 in.; 
for interior construction 1/4 in. (These provisiv.js do not apply to light structures such as sky- 
lights, marquees, fire-escapes, light one-story buildings, or light miscellaneous steel-work.) b. Gus- 
set plates for trusses with end reactions > 35,000 lb. shall 5S 3/3 in. c. In compression members 
consisting of segments connected by cover plates or lacing, or segments connected by webs, the 
thickness of webs of segments shall 51/39 of the unsupported distance between the nearest rivet 
lines, or roots of the flanges in case of rolled section. The thickness of cover plates or webs con- 
necting segments shall 5 1/40 of the unsupported distance between the nearest lines of their con- 
necting rivets, or roots of their flanges in case of rolled sections. d. Provision shall be made for 
parts subject to corrosive agents either by increasing the thickness of material or by effective 


pretection. 


* Notation for the formulas in this specification is as foll 
of gyration, in.; b = width of compression flange, in.; d = 


ows:1 = unbraced length, in.;r = radius 
diameter of roller or rocker, in. 
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41. GROSS AND NET SECTIONS.—a. The gross section of a member at any point shall be 
determined by summing the products of thickness and gross width of each element, measured normal 
to the axis of the member. The net section shall be determined by substituting for gross width, 
the net width computed in accordance with paragraphs c to g of this Section. 6. Unless otherwise 
specified, tension members shall be designed on the basis of net section. Columns shall be designed 
on the basis of gross section. Beams and girders shall be designed in accordance with Section 16 a. 
c. In the case of a chain of holes extending across a part in any diagonal or zigzag line, the net 
width of the part shall be obtained by deducting from the gross width the sum of diameters of all 
holes in the chain, and adding, for each gage space in the chain, the quantity (S2/4g).* The critical 
net section of the part is obtained from that chain which gives the least net width. d. For angles, 
the gross width shall be the sum of the widths of legs less the thickness. The gage for holes in 
opposite legs shall be sum of the gages from back of angle less the thickness. e. For splice mem- 
bers, the thickness shall be only that part of the thickness of member which has been developed by 
rivets beyond the section considered. f. In computing net area the diameter of a rivet hole shall 
be taken as 1/g in. greater than the nominal diameter of rivet. g. In pin-connected tension mem- 
bers, the net section across the pin hole, transverse to the axis of member, shall = 140%, and the 
net section beyond the pin hole, parallel with the axis of the member shall S 100%, of the net sec- 
tion of the body of member. In all pin-connected riveted members, the net width across the pin 
hole, transverse to the axis of the member, shall preferably not exceed (12 X thickness of member 
at the pin). 

12. EXPANSION.—Proper provision shall be made for expansion and contraction. 

13. CONNECTIONS.—a. Connections carrying calculated stresses, except for lacing, sag bars, 
and girts, shall have not fewer than 2 rivets. b. Members meeting at a point shall have their 
gravity axes meet at a point if practicable; if not, provision shall be made for their eccentricity. 
c. The rivets at the ends of any member transmitting stresses into that member preferably should 
have their centers of gravity on the gravity axis of the member; otherwise, provision shall be made 
for the effect of the resulting eccentricity. Pins may be so placed as to counteract the effect of 
bending due to dead load. d. When beams, girders or trusses are designed on the basis of simple 
spans in accordance with Section 6a, their end connections ordinarily may be designed for the 
reaction shears only. If, however, the eccentricity of the connection is excessive, provision shall 
be made for the resulting moment. e. When beams, girders or trusses are subject both to reaction, 
shear and end moment, due to the restraint specified in Section 6b, their connections shall be 
specially designed to carry both shear and moment without exceeding at any point the unit stresses 
prescribed in Section 7. Ordinary end connections comprising only a pair of web angles, with not 
more than a nominal seat and top angle, shall not be assumed to provide for this kind of end moment. 
f. In truss construetion, when rivets carrying computed stress pass through fillers, the fillers shall 
be extended beyond connected member and extension secured by sufficient rivets to develop strength 
of filler. Fillers under plate girder stiffeners at end bearings or points of concentrated loads shall 
be secured by sufficient rivets to prevent excessive bending and bearing stresses. . Compression 
members when faced for bearings shall be spliced sufficiently to hold connecting members accurately 
in place. Other joints in riveted work, whether in tension or compression, shall be spliced to transfer 
the stress to which the member is subject. 

14. RIVETS AND BOLTS.—a. In proportioning rivets, the nominal diameter of the rivet shall 
be used. b. The effective bearing area of pins, bolts, and rivets shall be the diameter multiplied 
by the length in bearing; except that for countersunk rivets, half the depth of the countersink 
shall be deducted. c. Rivets carrying calculated stress, and whose grip exceeds five diameters, 
shall have their number increased 1% for each additional 1/;g in. in the rivet grip. Special care 
shall be used in heating and driving such rivets. d. All field connections may be made with unfin- 
ished bolts, except as provided in e hereof. e. Rivets shall be used for the following connections: 
Connections for supports of running machinery, or of other live loads which produce impact or 
reversal; column splices in all tier structures 200 ft. high or more; column splices in tier structures 
100 to 200 ft. high, if the least horizontal dimension is < 40% of the height; column splices in tier 
structures less than 100 ft. high, if the least horizontal dimension is < 25% of the height; connec- 
tions of all beams and girders to columns, and of any other beams and girders on which the bracing 
of columns is dependent, in structures over 125 ft. high; roof-truss splices and connections of trusses 
to columns, column splices, column bracing, and crane supports, in all structures carrying cranes 
of over 5-ton capacity; any other connections stipulated on the design plans. The height of a tier 
structure shall be taken as the vertical distance from the curb level to the highest point of the roof 
beams, in the case of flat roofs, or to the mean height of the gable, in the case of roofs having a rise 
of more than 1toa41/grun. Where the curb level has not been established, or where the structure 
does not adjoin a street, the mean level of the adjoining land shall be used instead of curb level. 
Penthouses may be excluded in computing height of structure. f. Turned bolts in reamed or 
drilled holes, as specified in Section 22d may be used in shop or field work where it is impossible to 
drive satisfactory rivets. The finished shank shall be long enough to provide full bearing, and 
washers shall be used under the nuts to give full grip when the nuts are turned tight. g. The end 
reaction stresses of trusses, girders, or beams, and the axial stresses of tension or compression mem- 
bers which are carried on rivets or bolts, shall have such stresses developed by the shearing and 
bearing values of the rivets or bolts. 

: 15. RIVET SPACING.—a. The minimum distance between centers of rivet holes shall be three 
diameters of the rivet; but the distance shall preferably be not less than 41/9 in. for 11/4-in. rivets, 
4 in, for 11/g-in. rivets, 3 1/g in. for 1-in. rivets, 3 in, for 7/g-in. rivets, 2 1/g in. for 3/4-in. rivets, 2 in. 


ee eS ee ee a ee 


* s = longitudinal spacing (pitch) of any two successive holes. = i 
of the same two holes. 4 diptietarsttel doi ee 
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for 5/g-in. rivets, and 1 3/4 in. for 1/g-in. rivets. b. The maximum pitch in the line of stress of com- 
pression members composed of plates and shapes shall not exceed (16 X thickness of the thinnest 
outside plate or shape), nor (20 X thinnest enclosed plate or shape), with a maximum of 12 in. 
and the distance between lines of rivets, at right angles to the direction of stress, shall not exceed 
(30 >< thickness of the thinnest plate or shape). For angles in built sections with two gage lines 
with rivets staggered, the maximum pitch in the line of stress in each gage line shall not exceed 
(24 x thickness of the thinnest plate), with a maximum of 18 in. c. The pitch of rivets at the 
~— ends of built compression members shall not exceed 4 diameters of the rivets for a length equal to 
ie! 1/2 X maximum width of the member). d. In tension members composed of two angles, a 
pitch of 42 in. will be allowed, and in compression members, 24 in., but the ratio l/r for each angle 
between the rivets shall be not more than 3/4 of that for the whole member, e. The minimum 
distance from the center of any punched rivet hole to any edge shall be that given in Table A. 


Table A—Minimum Rivet Distances 
SS 


EURVOs GHAMELEr ID. seek eee Sate ee ss Soc Sele ees 1/g 5/ 3 7 1 ted 11 
Min. edge distance for punched holes, in. : i fe i 
In sheared eden J. octet ie. Sesto 1 PY FA Ya Va foy 8/4 292 21/4 
In rolled edge, sections with parallel flanges .. 7/g 1 1V/g Il/4 1 1/9 1 3/4 2 
In rolled edge, sections with sloping flanges....  3/4* 7/g* 1* 11/g* 11/4 11/o* 1 3/4* 


* May be decreased 1/g in. when holes are near end of beam. 


f. The distance from center of any rivet under computed stress, and that end or other boundary 
of the connected member toward which the pressure of the rivet is directed, shall S the shearing 
area of the rivet shank (single or double shear respectively) divided by the plate thickness. This 
end distance may however be decreased in such proportion as the stress per rivet is less than that 
permitted under Section 7a; and the requirement may be disregarded if the rivet in question is 
one of three or more in a line parallel to the direction of stress. g. The maximum distance from the 
center of any rivet to the near edge shall be (12 X thickness of plate), but shall not exceed 6 in. 
16. PLATE GIRDERS AND ROLLED BEAMS.—a. Riveted plate girders, cover-plated beams, 
and rolled beams shall, in general, be proportioned by the moment of inertia of the gross section. 
No deduction shall be made for standard shop or field rivet holes in either flange; except that in 
“special cases where the reduction of the area of either flange by such rivet holes, calculated in 
accordance with the provisions of Section 11, exceeds 15% of the gross flange area, the excess shall 
be deducted. If such members contain other holes, as for bolts, pins, or countersunk rivets, the 
full deduction for such holes shall be made. The deductions thus applicable to either flange shall 
be made also for the opposite flange if the corresponding holes are there present. 6. Plate girder 
webs shall have a thickness 5 1/179 of the unsupported distance between flanges. c. Cover plates, 
when required, shall be equal in thickness or shall diminish in thickness from the flange angles 
outward. No plate shall be thicker than the flange angles. Unstiffened cover plates shall not 
extend more than 6 in. nor more than (12 X thickness of the thinnest plate) beyond the outer row 
of rivets connecting them to the angles. d. Rivets connecting flanges to the web shall be propor- 
tioned to resist the horizontal shear due to bending as well as any loads applied directly to the 
flange. e. Stiffeners shall be placed on the webs of plate girders at the ends and at points of con- 
centrated loads. Such stiffeners shall have a close bearing against the flanges, shall extend as 
closely as possible to the edge of the flange angles, and shall not be crimped. They shall be con- 
nected to the web by enough rivets to transmit the stress. Only that portion of the outstanding 
legs outside of the fillets of the flange angles shall be considered effective in bearing. Intermediate 


stiffeners shall be required at all points where h/t exceeds (8000/ Vs); h = clear depth between 
flanges, in.; ¢ = thickness of web, in.; s = greatest unit shear in panel, lb. per sq. in., under any 
condition of complete or partial loading. The clear distance between intermediate stiffeners, when 
stiffeners are required by the foregoing, shall not exceed 84 in. or that given by the formula 


d = (270,000 t/s) AY st/ hi d = clear distance between stiffeners,in. Intermediate stiffeners may be 
crimped over the flange angles. Plate girder stiffeners shall be in pairs, one on each side of the web, 

. and shall be connected to the web by rivets spaced not more than (8 X their nominal diameter). 
f. Web splices in plate girders shall be proportioned to transmit the full shearing and bending 
stresses in the web at the point of splice. Flange splices shall be proportioned to develop full 
strength of the members cut. g. Flanges of plate girders supporting cranes or other moving loads 
shall be proportioned to resist any lateral forces produced by such loads. h. Rolled beams shall 
be so proportioned that the compression stress at the web toe of the fillets, resulting from concen- 
trated loads, shall not exceed the value of 24,000 lb. per sq. in. allowed in Section 7. 


The governing formulas shall be: 
For interior loads R/t(A + 2N) = 24,000; 
For end reactions R/t(A + N) = 24,000; 
R = concentrated interior load or end reactions, in.-lb.; ¢ = thickness of web. in.; A = length 
of bearing, in.; N = distance from outer face of flange to web toe of fillet, in. 


17. TIE PLATES.—a. Open sides of compression members shall be provided with lacing having 
ie plates at each end, and at intermediate points if lacing is interrupted. Tie plates shall be as 
near the ends as practicable. In main members carrying calculated stresses end tie plates shall 
have a length = distance between lines of rivets connecting them to the segments of the member, 
and intermediate ones = 1/g this distance. Thickness of tie plates shall 5 1/50 of distance between 
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lines of rivets connecting them to the segments of the members, and the rivet pitch shall be 54 
diameters. Tie plates shall bé connected to each segment by at least 3 rivets. 0. Tie plates shall 
be used to secure the parts of tension members composed of shapes. They shall have alength S 2/3 
of the length specified for tie plates in compression members. The thickness shall 5 1/59 of the 
distance between the lines of rivets connecting them to the segments of the member and they shall 
be connected to each segment by at least 3 rivets. ; 

18. LACING.—a. Lacing bars of compression members shall be so spaced that the ratio 1/r of 
the flange included between their connections shall = 3/4 of that of the memberasawhole. 6. Lac- 
ing bars shall be proportioned to resist a shearing stress normal to axis of member equal to 2% 
of the total compressive stress in the member. In determining the section required, the compres- 
sion formula shall be used, / being taken as the length of the bar between the outside rivets con- 
necting it to the segment for single lacing and 70% of that distance for double lacing. The ratio 
l/r shall = 140 for single lacing and 200 for double lacing. c. The thickness of lacing bars shall 
for single lacing 5 1/40, and for double lacing shall $ the distance between end rivets; their mini- 
mum width shall be (3 X diameter of rivets connecting them to the segments). d. The inclination 
of lacing bars to the axis of members preferably shall 5 45° for double lacing and 60° for single 
lacing. When the distance between the rivet lines in the flanges > 15 in. the lacing shall be double 
and riveted at the intersection if bars are used, or else shall be made of angles. 

19. ADJUSTABLE MEMBERS.—The total initial stress in adjustable members shall be 
assumed as 5S 5000 lb. 

20. COLUMN BASES.—a. Provision shall be made to transfer the column loads, and moments 
if any, to footings and foundations. 6. Column bases shall be set level and to correct elevation, 
with full bearing on masonry. c. Column bases shall be finished to accord with following: 
1. Rolled steel bearing plates, 2 in. or less thick, may be used without planing, provided a satisfac- 
tory contact bearing is obtained; rolled steel bearing plates, over 2 in., but 4 in. or less thick, may 
be straightened by pressing (planed on all bearing surfaces if presses are not available) to obtain a 
satisfactory contact bearing; rolled steel bearing plates, over 4 in. thick, shall be plamed on all bear- 
ing surfaces (except as noted under 3). 2. Column bases, other than rolled steel bearing plates, 
shall be planed on all bearing surfaces (except as noted under 3). 3. Bottom surfaces of bearing 
plates and column bases which rest on masonry foundations and are grouted to insure full bearing 
contact need not be planed. 

21. ANCHOR BOLTS.—Anchor bolts shall be of sufficient size and number to develop the 
computed stress. 

22. WORKMANSHIP.—a. All workmanship shall be equal to the best practice in modern 
structural shops. 6. All material shall be clean and straight. If straightening or flattening is 
necessary, it shall be done by a process and in a manner that will not injure the material. Sharp 
kinks or bends shall be cause for rejection. c. Rolled sections, except for minor details, preferably 
shall not be heated, or, if heated, shall be annealed, but this restriction does not apply to gas cut- 
ting, Section 221. d. Holes for rivets or unfinished bolts shall be 1/1 in. larger than the nominal 
diameter of the rivet or bolt. If the thickness of the material is not greater than the nominal 
diameter of the rivet or bolt plus 1/g in., the holes may be punched. If the thickness of the material 
is greater than the nominal diameter of the rivet or bolt plus 1/g in., the holes either shall be drilled 
from the solid, or sub-punched and reamed. The die for all sub-punched holes, and the drill for all 
sub-drilled holes, shall be 1/16 in. smaller than the nominal diameter of therivet or bolt. Holes for 
turned bolts shall be 1/59 in. larger than the external diameter of the bolt. If the bolts are to be 
inserted in the shop, the holes either may be drilled from the solid, or sub-punched and reamed. If 
the bolts are to be inserted in the field, the holes shall be sub-punched in the shop and reamed in the 
field. All drilling or reaming for turned bolts shall be done after the parts to be connected are 
assembled. Drifting to enlarge unfair holes shall not be permitted. Holes that must be enlarged 
to admit the rivets shall bereamed. Poor matching of holes shall be cause forrejection. e. Planing 
or finishing of sheared plates or shapes will not be required unless specifically called for on the 
drawings. f. All parts of riveted members shall be well pinned or bolted and rigidly held together 
while riveting. Drifting done during assembling shall not distort the metal or enlarge the holes. 
g. All rivets are to be power-driven hot. Rivets driven by pneumatically- or electrically-operated 
hammers are considered power-driven. Standard rivet heads shall be of approximately hemi- 
spherical shape and of uniform size throughout the work for the same size rivet, full, neatly finished, 
and concentric with the holes. Rivets after driving, shall be tight, completely filling the holes, and 
with heads in full contact with the surface. Rivets shall be heated uniformly to a temperature not 
exceeding 1950° F.; they shall not be driven after their temperature is below 1000° F. Loose, 
burned, or otherwise defective rivets shall be replaced. h. Compression joints depending on con- 
tact bearing shall have the bearing surfaces truly machined to a common plane after the members 
are riveted. All’other joints shall be cut straight. 7. Ends of lacing bars shall be neat and free 
from burrs. j. Finished members shall be true to line and free from twists, bends and open joints. 
Compression members may have a lateral variation = 1/1900 of the axial length between points 
which are to be laterally supported. A variation of 1/39 in. is permissible in the overall length of 
members with*both ends milled. Members without milled ends which are to be framed to other 
steel parts of the structure may have a variation from the detailed length not greater than 1/16 in. 
for members 30 ft. long or less, and not greater than 1/g in. for members over 30 ft. long. &, All 
steel castings shall be annealed. J, The use of a cutting torch is permissible if the metal being cut 
is not carrying stresses during the operation. To determine the effective width of members so 
cut, 1/g in. shall be deducted from each gas-cut edge. The radius of re-entrant gas-cut fillets shall 
be as large as practicable, but never less than 1 in. 

23. SHOP PAINTING.—a. Before leaving the shop, all steel-work shall be thoroughly cleaned, 
by effective means, of all loose mill scale, rust and foreign matter. Except where encased in con- 
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crete, all steel-work shall be given one coat of approved metal protection, applied thoroughly and 
evenly and well worked into the joints and other open spaces. All paint shall be applied to dry 
surfaces. 6. Parts inaccessible after assembly shall be given two coats of shop paint, preferably of 
different colors. c. Contact surfaces shall be cleaned, by effective means, before assembly, but not 
painted. d. Machine finished surfaces shall be protected against corrosion by a suitable coating. 

24, ERECTION.—Frames of all steel-skeleton buildings shall be carried up true and plumb, 
‘and temporary bracing shall be introduced wherever necessary to take care of all loads to which the 
structure may be subjected, including erection equipment, and the operation of same. Such brac- 
ing shall be left in place as long as required for safety. 6. As erection progresses the work shall be 
securely bolted up to take care of all dead load, wind and erection stresses. c. Wherever piles of 
material, erection equipment or other loads are carried during erection, proper provision shall be 
made to take care of stresses resulting from same. d. No riveting shall be done until the structure 
has been properly aligned. e. Rivets driven in the field shall be heated and driven with the same 
care as those drivenin the shop. /f. Holes for turned bolts to be inserted in the field shall be reamed 
in the field as specified in Section 22 d. g. All field rivets and bolts, also all serious abrasions to 
the shop coat, shall be spot painted with the material used for the shop coat, or an equivalent, and 
all mud and other firmly attached and objectionable foreign materials shall be removed, before 
general field painting. Responsibility for this touch-up and cleaning, as well as for general field 
painting, shall be allocated in accordance with accepted local practices, and this allocation shall be 
set forth explicitly in the contract. 

25. INSPECTION.—a. Material and workmanship at all times shall be subject to the inspection 
of experienced engineers representing the purchaser. All inspection, as far as possible, shall be 
made at the place of manufacture, and the contractor or manufacturer shall co-operate with the 
inspector, permitting access for inspection to all places where work is being done. Material or work- 
manship not conforming to the provisions of this specification may be rejected at any time defects 
are found during the progress of the work. 

WELDED CONNECTIONS.—Structural members in steel-frame buildings are welded by 
flowing fused metal between parts to be welded. The new metal, usually a steel rod 1/g to 1/4 in. 
diam. and of the same grade as the connected parts, is deposited as a triangular fillet in a corner 
between adjoining surfaces. Both electric arc-welding and the oxy-acetylene process are used. 
As strength of the connection depends on quality of workmanship, only experienced welders should 
be employed. Connections should be designed to facilitate the work. 

Z The strength of the joint is (allowable load per linear inch of fillet X length of weld, in.).. Con- 
nections usually are so arranged that shear is the principal stress in the welding material. The 
connection may be designed either on the basis of shear or by shear and moment. The former 
method is easier of application and is satisfactory if allowable stresses do not exceed the values of 
Table 4. 


Table 4.—Allowable Lodds per Lineal Inch of Triangular Fillet 


SIZ OMOTENILS Ey ATIOMor em Wel ole Ris aicts 5 1/9 7/16 3/3 5/16 1/4 
Allowable Load, Ib. per lineal in........ 4000 3500 3000 2500 2000 


Table 5.— Working Stresses in Masonry in Compression 
(From Building Code Recommended by the National Board of Fire Underwriters) 


Portland Natural Cement Tin 
Cement Cement Lime ae fh 
Mortar! | Mortar? | Mortar 3 ia 
Stress, lb. per sq. in. 
MESTIC Kc WOT Ka (BEE PIN OUCH) c.c tole sisieie sieveinje a0 suckslse se fes 175 140 140 75 
FELON aw owls Of PIN Chae cleseleietere ole siaile stele vscersre o.0 010 125 100 100 ae 
Ashlar masonry, dressed granite.............-.-. 800 640 640 400 
a i dressed limestone.............-. 500 400 400 250 
te ae GressedimanDlew ye sete isersieivie.s a ses 500 400 400 250 
oe “f dressed sandstone............. 400 320 320 160 
TRATION EMO, Jia sic. oa Op OO Gon DOGO DpeOOent 140 100 HOO NW os dinan 
EL OMOW DIOGO PTOBSIATOG a cl ele o) oe cre sors 0/6 seco 80 70 7. OW Geactererera 8 
ONG NDLOCK, S PTOBB ATCA. ces a leie)s:sc10 cic 0s 0 os ovo 125 100 Oe |t> an oie c 
Wonmerete (Portland @ement)iceacceptice cc ccess] see cee Nel am ® alle Adicts 
Wonerete.s (natural cement) 0 ose. hse ess sees] ceeeee 1 OR || cianer sets 
Grout, neat Portland cement in thin layers under 
PASCHON | Vise Mie Mens octal secs een ete ee eel scnleMers TO0Ceeo See Th. hte 


Nores: 1, 1 part Portland cement, not more than 3 parts sand, proportioned by volume; allow- 
able addition of hydrated lime not over 15% of the cement by volume. 2. Same limitations as for 
Portland cement mortar, but using natural cement. 3. 1 part cement, 1 partslaked lime or hydrated 
lime, not more than 6 parts sand, proportioned by volume. 4. 1 part slaked lime or hydrated lime, 
not more than 4 parts sand, proportioned by volume, 5. A cellular building unit of burnt clay or 
concrete, whose minimum gross cubic content is 50% greater than the standard size of brick, and 
whose cellular spaces exceed 25% of the gross cubic content of the unit. 6. A building unit of 
burnt clay, or of stone, gravel, or cinder concrete, whose minimum gross cubic content is BO % greater 
than the standard size of brick, and having no cellular spaces exceeding in the aggregate 25% of the 
gross cubic content of the unit. 7. 1 part Portland cement, not more than 5 parts coarse aggregate, 
proportioned by volume. 8. Same limitations as for Portland cement, but using natural cement. 
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4, BEARING WALL CONSTRUCTION 


For low buildings, generally less than 4 stories high, exterior bearing walls, with an 
interior frame of timber, structural steel or reinforced concrete supporting the floor con- 
struction, are economical. Dormitories, hospitals, club houses and others designed for 
comparatively light live loads, fall in this class. Architectural design and local conditions 
control the choice of the structural frame; buildings 4 or 5 stories high may be built 
economically by either method. Residences and institutional buildings 1 to 3 stories 
high almost always are of bearing wall construction. 

MINIMUM THICKNESS OF BEARING WALLS for business and storage buildings 
are shown in Figs. 5 and 6; for comparison, non-bearing walls also are shown. Minimum 
thickness of walls over 100 ft. long between cross walls or piers, 16 in. Maximum height 
of masonry wall between successive floors, or other substantial lateral support (20 X wall 
thickness), unless reinforced by adequate cross walls, or piers, at intervals not exceeding 
(20 X wall thickness). Parapets, usually 12 in. thick, are carried 3 ft. above the roof 
except in residences. 


Masonry “Masonry 
Bearing Walls Non-Bearing Walls 
Fireproof __ Fireproof Fireproof eee aene 
jy (All Classes) 


asonry Masonry 
Bearing Non-Bearing 
falls Walls 


0 ft. 


2 Story and. Attic Masonry Dwellings 
6 
Story Solid Masonry Out: 


1 Only. Max. Height 80 ft. 


' Max. Length, 


1 Story Approved yp 


Masonry Buttressed 
at 20'-0" Intervals 


7 


Buttress 


“A B € D E 
RE Me aes Foundation Wa 
Fre. 5. Minimum Wall Thickness for Fie. 6. Minimum Thickness for Busi 
Residence, Institutional and Public and Storage Buildings (Nail. Decedial Fae 
Buildings (Natl. pee of Fire Under- Underwriters) 
writers 


WORKING STRESSES.—Natural Stone in Compression, in lb. per sq. in., may be 
taken as: Sandstone, 400; marble, 600; limestone, 700; slate, 1000; granite, 1000. 
Masonry in Compression.—See Table 5. 


5. INDUSTRIAL BUILDINGS 


MULTI-STORY CONSTRUCTION.—Multi-story buildings for industrial purposes 
usually are built of reinforced concrete. For structures 3 or more bays wide, with columns 
located to give approximately square bays of about equal size, the girderless type usually 
is preferable for superimposed loads of 100 lb. or more per sq. ft. It is more economical 
than the beam and girder type, except for unusually heavy loads. The ceiling is com- 
paratively flat. Approximately equal column spacing, giving spans of 18 to 22 ft., igs 
economical for average loads from 125 to 300 Ib. per sq. ft. Except in warehouses “all 
exterior wall spaces between columns or piers usually are of glass. Sawtooth roofs may 
be built if required, but usually are not important in multi-story construction. 

Exterior columns usually are of rectangular section; interior columns usually are 
round, varying from 16 in. to 4 ft. diam., depending on height of building and floor loads 
The floor system may be designed with or without drops over the columns; the fused 
column capital characterizes girderless design and is required by all building ordinances 

Roof Surfaces usually are built in the same manner as the floors, if overhead light Bs 
els peated 2 the pea ae ie drainage, fill is used or the entire area given a slight 
pitch. embrane waterproofing often i i i i 
pe ama Be oe g s laid without grade other than that required 
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SINGLE-STORY CONSTRUCTION.—Single-story buildings may be of reinforced 
concrete, but usually are of steel construction. If land is comparatively cheap, the 
single-story, steel structure has many advantages, viz.: no floor space occupied by elevator 
shafts, stairways and their enclosing walls; no first or operating cost of elevators; less 
space for columns; better lighting and ventilation; easier supervision of manufacturing 
processes; a more efficient routing of materials, aiding straight-line production. Also, 
use of upper floors of a multi-story building is limited by the size and weight of products 
that can be handled in elevators. The cost of usable floor area in a single-story building 
often is 25% less per sq. ft. than in a multi-story building of the same gross floor area. 

A comparatively recent development (1933) in this field is the controlled conditions 
plant, without exterior windows; ventilation, air conditioning, and lighting are designed 
to produce the most desirable working conditions. 

SLOW-BURNING CONSTRUCTION.—Slow-burning, or mill, construction is seldom 
used, as reinforced concrete provides greater fire resistance at a relatively small additional 
cost. Mill construction, originally developed in New England, comprises exterior walls 
of brick or concrete, with interior framing of heavy timbers carried on wooden posts, 
supporting floors and roofs of thick planks. Wall openings are supported by masonry 
arches, or steel or reinforced concrete lintels. Steel lintels over 4 ft. should have 2-in. 
fireproofing. 

Wooden Columns should be not less than 8 in. least 
width; all corners should be rounded or chamfered. Con- 
nections between columns and girders should be fire-resis- 
tant or protected by materials with a minimum fire-resis- 
tance rating of 1 hr. 


Steel or Cast-iron Columns can be used if protected DY 
as required for fire-resistant construction. Stone, cast-iron INN 
or steel bases are used under columns resting on floor . 
timbers or masonry foundations. Ey 
_. Beams and girders should be not less than 6 in. least ZW 
dimension, nor less than 10 in. deep. If built of two or 22 NN RP 
more pieces, sections should be bolted together. Where ee WN 
beams or girders rest on masonry walls, wall plates, boxes = 
of self-releasing type, or suitable hangers should be used. RR = 
Connections between girders and columns are made by ZZ WN 
steel or iron straps; girders are fitted closely around columns BZ AWN 


or butted tightly against them. 

Plank Floors generally span from girder to girder with- 
out cross beams; this design facilitates placing sprinkler 
pipes and avoids sharp angles to ignite in event of fire. 
Beams, when used, should rest on top of girders or be 
supported by steel hangers in which the ends of beams fit 
closely. If supported on masonry walls, wooden beams 

_ and girders should have at least 8 in. of masonry between 
their ends and the outside face of the wall, and the same g : 
thickness between sides of adjacent beams entering a wall eae Be ee with Brick 
from opposite sides. Floors may be tongue-and-groove 
plank not less than 3 in. thick, with 7/s-in. top flooring laid crosswise or diagonally, or 
planks not less than 4 in. wide set on edge and spiked together every 18 in. Joints 
should be broken and located over supports or at the quarter points of the spans. A 1/9-in. 
space, covered by a molding, between the edges of the floors and walls permits the floor to 
expand, if wet, without injury to the masonry. All openings or shafts should be protected. 

Roofs are constructed in the same manner as floors, except that plank thickness may 
be 2 1/9 in. and the roof beams may be 6 in. least dimension. _ Roof surfaces, covered with 


membrane waterproofing, usually pitch 1/2 in. per ft. 
6. WALLS, PIERS AND PARTITIONS 
Stone Work 


MASONRY of rectangular stones is called ashlar; laid in courses with continuous 
horizontal joints, it is coursed ashlar; laid with broken courses and stones of various 
sizes, it is broken or random ashlar. Rubble masonry is undressed stones of irregular 
shapes and various sizes. In building construction, moldings, sills, cornice members and 
ornamental facings of doors and windows are called trimming. 

STONE VENEER, Fig. 7, usually is 4 in. thick; at least 20% of the face area should be 
header stones with not less than 4 in. of bond into the backing. Although non-corrodible 
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anchors attach both brick and stone veneer, at least 4 in. of actual bonding, is required 
to make the veneer part of the legal wall thickness specified by building ordinances. 
MORTAR.—One part Portland cement, 3 parts sand, 3/99 part hydrated lime, all by 
volume, generally is used for stone piers, footings, foundations, and heavy masonry below 
grade. Stone veneer, trim, and exposed work should be set with mortar of non-staining 
cement, clean, well-graded sand, and hydrated or thoroughly slaked lump lime. Propor- 
tions vary for different varieties of stone; an average specification is 1 part non-staining 
Portland cement, 2 parts sand, and 1/5 part hydrated lime, all by volume. For point- 
ing, the same mixture is used with a fine, white sand. The setting mortar should be 
applied as parging, 3/4 in. thick, against inner surfaces of all light-colored stone veneers, 
to prevent staining by the Portland cement used for backing. It is desirable to lay the 
exterior 4 in. of backing in the non-staining mortar. Black waterproofing compounds, 


extensively used to protect inside faces of stone 
LZ, GZ 


Concave or = = ing. 
Flush Gaara veneer, are not a substitute for parging 


Z Y lontvex or OINTS in rubble masonry ordinarily are 
Wenthes 7) Vis “Beaded rae Catto: wiped-out. Ashlar joints 
struck 7/7/77 Ti, Raked! usually are raked out 1 in. from the face of 


Wildl Wid the stone and later pointed. Fig. 8 shows 
Fic. 8. Types of Brick Joints various forms of finished joints. All bed joints 
should be a full bed of mortar, 1/4 in. to 1/2 in. 
wide. Vertical joints, of the same width, should be thoroughly filled and pointed. 
Wooden wedges or, preferably, lead buttons give an exact thickness of bed joints. 
BACKING for ashlar masonry may be rough stone, common brick, hollow terra cotta 
or concrete blocks, carried up at the same time as the veneer. 
CLEANING of marble, limestone, and sandstone should be done with soap and water 
and bristle brushes, after pointing is finished. Sand blasting, wire brushes, and acids 
injure the surface. 


Brickwork 


Common brick are used for structural walls, piers and for backing stone or terra cotta; 
well-burned brick are used for surfacing walls. The term face brick usually denotes one 
made for exposed surfaces where a special color, shape, texture or contour is required, 
Enameled and glazed brick form smooth, impervious surfaces. The Common Brick Mfrs. 
Assoc. standard size for common brick is 21/4 X 33/4 X 8 in. Face, enameled, and 
glazed brick are made in various sizes, approximating these dimensions. 

JOINTS should be thoroughly filled and each brick laid on a full bed of mortar. For 
heavy loads, the mortar beds should be smooth, and filled vertical joints are necessary for 
strength and weather resistance. On purely structural work, mortar joints usually are 
cut off with a trowel, flush with the wall face, as the work is laid up. On exposed work, 
joints are finished as for ashlar masonry; the surface of the mortar should be thoroughly 
compacted to better resist infiltration of rain. 

QUALITY OF BRICK selected for any particular operation depends on structural 
or architectural requirements. Well molded units, neither over- nor under-burned give 
best results. Soft ‘‘salmon” brick never should be used. Both highly impervious brick, 
of low absorption, or highly porous brick having too much absorption, are unsuitable for 
exterior use. Brick with 5 to 10% absorption will form the most water-tight masonry. 

BONDS most generally used are Common bond, English and Flemish. Common 
bond, consisting of 5 or 6 courses of stretchers, followed by a course of headers, is cheapest 
for ordinary work. In English bond, courses of stretchers and headers alternate. In 
Flemish bond, headers and stretchers alternate in each course. Face brick may be tied to 
common brick or hollow tile backing by galvanized iron ties built into the joints, but 
they then are not part of the legal wall thickness; such veneer should not be considered 
in computing thickness for stability or bearing. 

MORTAR.—One part Portland cement, 1 part hydrated lime, 6 parts sand, all by 
volume, is more desirable for exterior brickwork than mixtures with more cement. Piers 
or units subject to heavy loads, however, should be laid in mortar of 1 part Portland 


Table 6.—Quantities of Materials Required for 1 Cubic Yard of Mortar 
These quantities allow for loose measurement of aggregates 


Cement, bbl. 


25 
2.50 


Proportions 


i Cements) 1 hime. GSandsesen ce. e eee 
1 Cement: 3 Sand: 10% Lime 


Sand, cu. yd. 


Let 
ret 


Lime, lb. 
500 
100 


Mortar required for rubble masonry = 1/3 (total volume of masonry); mortar required for 1000 
brick = 17 cu. ft. (3/g-in. joints). 
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cement, 3 parts sand, 3/29 part hydrated lime, all by volume. Natural cements, also 
used for brickwork and occasionally for stone masonry, are more plastic than Portland 
cement; they are mixed 1 part cement, 3 parts, by volume, of sand without lime. Water- 
proofing compounds added to mortars, particularly those for brick masonry, reduce 
capillary action. In any case, it is essential to use a well-graded sand and to thoroughly 
fill the joints; otherwise leaks and efflorescence will result. 


Table 7.—Approximate Quantities of Materials Required for 1 Cubic Yard of Concrete 
These quantities allow for loose measurement of aggregates, and for grouting and waste 
Crushed Stone, 


Proportions Cement, bbl. | Sand, cu. yd. avd 
NG@ement? 2:Sand:14\Stone<.i.0k 2.0 See. ccs ee 0.45 0.9 
Cement 1 1/o Sand: 93 Stone. cn os0c.ce% cas 220. 0.45 0.9 


Terra Cotta Tile 


ARCHITECTURAL TERRA COTTA TILE, used as veneer, are from 12 to 30 in. 
wide, usually 4 in. thick, and of a height determined by the architectural design. The 
blocks are hollow and without backs, comprising an outer shell braced by partitions about 
6 in. apart. They are attached to the backing by non-corrodible anchors; the joints are 
finished with cement mortar. Sills, copings, cornices, other architectural members, and 
veneer, are designed and fitted by the manufacturers for each individual job. Adequate 
support and thorough drainage are the most essential factors controlling character of the 
work. ' 

STRUCTURAL TERRA COTTA TILE are hollow blocks open at two ends, with 
interior webs 7/g in. thick, dividing the units into longitudinal cells. Exterior surfaces 
are smooth, or scored to give a key for stucco or plaster. Load-bearing tile, for exterior 
walls and bearing partitions of light buildings, and partition tile for interior non-bearing 
partitions, are made 12 in. wide and 12 in. high; thickness varies from 3 to 12 in. A 
“variety of other designs, as shoe-tile and backer-tile, are available for backing either 
stone or brick veneer in load-bearing or curtain-wall construction. 

Besides the various varieties of floor tile, fireproofing tile and book-tile (see Floor and 
Roof construction, p. 17—24), terra cotta furring tile is used to line inside surfaces of exterior 
masonry walls. These usually are 3 or 4 in. thick, scored by the manufacturers, and split to 
11/. or 2 in. thick. When placed agairist an exterior wall, the 
voids between the ribs provide a dead air space, forming in- 
sulation against cold or dampness. The ribs are set verti- 
cally in mortar, and held in place by metal ties or 10d. wire 
nails bent down over the tops of the tile. Partition blocks, 
3 in. thick, tied to the wall by metal anchors, also are used 
for furring. 

LOAD-BEARING TILE are used for exterior walls of 

- residences, small stores and garages; most building codes 
prohibit them in walls over 40 ft. high. Thecells are placed 
vertically, and special tile are used for jambs, sills, and 
corners. Mortar is the same as for brick masonry. 

BACKER TILE of various designs is used for veneered 
bearing walls and for structural portions of curtain walls in py 9. Brick Veneer with Tile 
skeleton construction. They weigh less than common brick, Backing. Note Column Fire- 
lay more quickly, and furnish better insulation, thereby proofing 
eliminating furring. ‘ 

PARTITION TILE are lighter and generally more porous than load-bearing tile, and 
are used for interior partitions in fire-resistant buildings. A 6- or 8-in. tile usually is 
required for stair or elevator enclosures; 4-in. tile for corridors; 3-in. tile for room par- 
titions. Salt-glazed and enameled surfaces also are made, as well as plain and scored 


surfaces. 


Concrete Blocks and Cast Stone 


HOLLOW CONCRETE BLOCKS are made both with sand and cinder aggregates. 
The latter is more widely used, as units weigh less, are better insulators, are more nailable, 
and make a better bond when used as a base for exterior stucco. ! : 

Concrete blocks are made in various sizes; a typical unit is 8 X 8 X 16 in. When 
used for exterior walls of light buildings, they usually are stuccoed on the exterior; when 
used for other than garages or machine shops, interior surfaces should be furred. Cinder 
blocks are used for backing panel wall construction and for interior partitions. di he shape 
is adapted to each particular use. As all cement products shrink during hardening, they 
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should be at least 28 days old before use. Both cement-sand and cement-cinder units 
are laid in the same mortar as brick masonry. 

CAST STONE is used architecturally as a cheaper substitute for natural stones and 
to produce color and texture effects impossible with natural products. It usually is com- 
posed of either white cement or standard Portland cement, mixed with appropriate aggre- 
gate to the consistency of thin concrete, and poured into sand, wood, metal, plaster or 
glue molds. Dry pigments give the desired color. 

Rectangular blocks, for veneer of buildings and molded units of simpler shape, are 
cast in sand molds, using strips of wood or metal embedded in the sand to form curved 
surfaces. The more complicated shapes are cast in plaster molds; glue, or a similar elastic 
composition, is required for undercut work. If the surface color or texture requires a 
costly mixture, the body of the unit is made of cheaper materials, otherwise the entire 
member is of the same composition. After hardening and curing, the surface film of 
cement is removed by fine water spray or acids. To avoid surface cracking or crazing 
and the shrinkage of cast stone products after placement, only the best materials should 
be used; the mixture and surface treatment should insure proper weathering; and the units 
must be thoroughly cured before use. 


Gypsum Tile 


Besides the use of gypsum tile in floors and roofs, gypsum is used for partitions, furring 
and fireproofing. The tile are either solid or hollow; the latter have circular cell spaces. 

PARTITION TILE generally are made 12 in. high, 30 in. long and 2 to 6 in. thick. 
Gypsum tile are lighter than terra cotta, are sawed easily, and offer better nailability. 

FURRING TILE are made 3 and 4 in. thick. They are scored by the makers and 
split to 11/2, or 2 in. thick. They are set the same as terra cotta furring. 

FIREPROOFING TILE are made in shapes to fit the lower flanges of I-beams. Both 
soffit and angle tile are made for fireproofing; solid and hollow partition tile are used to 
insulate structural steel members. 

MORTAR for all gypsum units should be 1 part gypsum plaster, 2 or 3 parts, by weight, 
of clean sand. Portland cement mortar should not be used with gypsum blocks. 

GYPSUM PRODUCTS should not be used where moisture is present. When dry, 
they are excellent for non-bearing partitions, but have not the structural strength of 
terra cotta. 


Metal Lath and Plaster Board Partitions 


FIRE-RESISTANT PARTITIONS may be built by supporting metal lath on a light, 
rolled-steel framework and applying two coats of Portland cement mortar to each side. 
This design is useful for enclosing small areas, as office spaces, in certain types of industrial 
buildings. The supports are bolted to floor and ceiling; total thickness approximates 
2 in.; 2-in. channels are used for door frames. 

PLASTER BOARDS, composed chiefly of gypsum, and many types of fiber boards, 
may be used as a base for gypsum plaster; in some cases no surface treatment is given. 
Most of these are fire-resistant, but the actual fire rating allowed by the Underwriters 
should be checked for each particular construction before use. 


7. FLOORS 


About 20 systems of fire-resistant floor construction are in use. Each has its advan- 
tages and limitations, and the system best adapted to the particular building should be 
chosen. Certain types are suitable only for reinforced-concrete framing; others are 
adapted only to structural steel. The type of occupancy being known, the floor loads may 
be determined from the local building ordinances. Floor loads will dictate the floor con- 
struction, some systems being adapted to light and others to heavy loads. Many designs 
are suitable only for short-span construction; some are one-way systems only; others 
are either one- or two-way systems; these features control their adaptability to the 
architectural plan. Supplementing purely structural features, final choice between 
acceptable designs usually will depend on economic conditions. 


Types of Fire-resistant Floor Construction 


In addition to the various types of reinforced concrete, hollow tile, gypsum and con- 
crete block systems of floors (see below), the metal pan system generally is used in both 
steel-frame and reinforced-concrete buildings. The metal dome system has been used 
with reinforced concrete framing. Metal lumber and open-web steel joists are used in 


HOLLOW TILE ARCHES 17-25 


buildings for light occupancy; steel plate designs in certain t: iné i 
are not adapted toa reinforced concrete frame. Bee, ae ee 
ee ee and cae Wehces o concretes, as Aerocrete and Porete, and gypsum a pe 
abs suppor structural steel in ion; . i 

aggre wales eddies short span construction; slabs are poured in 

THE GIRDERLESS REINFORCED CONCRETE FLOOR is particularly adapted 
to multi-story industrial work. For design procedure, see Eshbach, Handbook of Engi- 
neering Fundamentals, section 5, forming Vol. 1 of this series. ; 

THE BEAM-AND-SLAB SYSTEM usually costs more than girderless designs. It is 
used for comparatively heavy live loads where an economical column spacing is impracti- 
cable, or where flared column heads are objectionable. This system may be used with 
reinforced concrete frames, bearing wall construction, or structural steel framing. 
’ Floor systems in steel-frame, multi-story buildings are: 1. Short-span construction 
including cinder concrete arches and flat or segmental terra cotta arches: 2 Long-span 
construction. oe 

CINDER CONCRETE ARCHES usually span between I-beams framed into girders 
at 1/3 points of girder spans. Usual floor thickness is 4 in. on clear spans up to 8 ft.; 
corresponding roof thickness is 31/2 in. Concrete mixture by volume is 1 part Portland 
cement, 2 parts sand, 5 parts clean, well burned steam-boiler cinders. Wire fabric rein- 
forcement is used, based on empirical data. See Table 8. According to the New York City 
ordinance, L = {(h X A)/S?} X c, where L = gross load on floor, lb. per sq. ft.; h = depth 
of reinforcement below top of slab, in.; A = cross-sectional area of tension steel, sq. in. 
per ft. width; S = span, ft.; c = constant whose values are as follows for cinder concrete: 
14,000 for reinforcement not continuous over supports; 18,000 for reinforcement of rods 
or other shapes securely hooked over or attached to supports; 26,000 for steel fabric rein- 
forcement continuous over supports; for stone concrete the corresponding values of c are 
16,000, 20,000 and 30,000 respectively. If permitted by building ordinances, cinder-arch 
construction is economical for live loads up to 75 lb. per sq. ft.; it is used only between 
structural steel beams. 


Conerete Fill 


Fic. 10. Typical Section End Construction Fic. 11. Typical Section Segmental Hollow 
Hollow Tile Flat Eos (Natl. Fire- Tile Floor Arch (Natl. Fireproofing Co.) 
proofing Co. 


HOLLOW TILE ARCHES usually are of shorter span than cinder concrete arches. 
They are supported by I-beams framed into girders at 1/3 or 1/4 points of girder spans. 
This construction is excellent for hotels and office buildings, permits alteration more easily 
than competing long-span systems, but first cost is higher. Flat hollow tile arches use 
tile from 6 to 16 in. deep, depending on load and span. Minimum depth is 1 1/2 in. per 
foot of clear span, but never less than 6 in. Lower flanges of supporting members are 


- Table 8.—Area of Steel Wire Reinforcement for 4-in. Cinder Concrete Arches 


Load uniformly distributed. Spans limited to 8 ft.,0 in. Concrete mix: 1 cement: 2 sand: 5 

- einders, by volume. Reinforcement, steel fabric, continuous over supports, placed 1 in. from 

bottom of slab. Weight of 4-in. slab = 36 lb. per sq. ft. Values are based on empirical data 
approved by New York City Building Dept. for short-span construction. 


Spans, feet and inches 


Safe Superimposed 4/0” | 4’ 6” | 5’ 0" | 5/ 6” | 6’ 0” | 6! 6” | 7’ 0” 7’ 6" 8’ 0” 
pepe, seer A066 Steel Areas, sq. in. per foot width 

50 0.043 | 0.043 | 0.043 | 0.043 | 0.043 | 0.047 | 0.054 | 0.062 | 0.071 

75 .043 .043 .043 .043 .051 . 060 .070 .080 .091 

100 .043 . 043 .044 053 .063 .074 . 086 098 mi 

125 . 043 .043 .052 . 063 .074 . 087 . 101 .116 7132 

150 . 043 .048 . 060 .072 .086 .101 ays . 134 . 153 

175 . 043 .055 . 068 .082 .097 114 a133 . 152 73 

200 .048 .061 .076 .092 . 109 .128 . 148 .170 . 194 

225 .054 .068 .084 . 101 PA), .141 . 164 . 188 214 

250 .059 .074 .092 aul . 132 s155 . 180 . 206 239 

2i5 064 .081 . 100 .121 . 144 . 169 S195 .224 .255 

069 . 087 . 108 . 130 ee) . 182 S217 . 242 . 276 
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Table 9.—Safe Loads for End-construction Hollow Tile Flat Floor Arches 


Loads shown in table are safe superimposed loads. Net sectional areas of tile are for keys and 
are taken per foot of tile parallel to beams. The system is Natco combination arch of side con- 
struction skews and keys, with end construction inters, made by National Fireproofing Co. 


ee 
Depth of Arch... 3... 6 in. 7 in. 8 in. 9 in. 10 in. 12 in. 15 in. 
Net Sectional Areas, 

BCs rl seeraere eae oe 27 Daal ia ete” Clas ee One (eee 3 Clee dh aa 
Wt. of Arch, lb. per 

Bde Livers ae cle 26 30 32 36 40 48 56 

Span Safe Load, Uniformly Distributed, lb. per sa. ft. 

Lis Us hammaeeuouc 210 246 283 318 485 582 730 
ARORA Psat cctae seep te se's is 214 247 278 425 510 641 
WEG Wet Gi aste ciel! Marceree 188 217 243 375 449 566 
ASME ON ils, tert ahh ie isistal Oo ke heM Merete ote 191 215 33:2 399 502 
=O) ip tax siavaee reve her al aiaios aver ctbymi) bltgeSez athe 169 191 296 354 448 
Sel 5: ederlemiaeaces be nsaeee . weleseate 150 169 265 317 401 
Ce EA Ae aoe Sen tle aoe Teco 151 237 285 361 
bi jel Vaca) ieee ae nl I eciaeC S| MBA 135 214 257 325 
Gm Oe a iccartintce celal neriecie Mill, mecetererene fll miatcistens 121 193 232 294 
(Noh eee ie Seen nine Meter MAC) ball, ook 174 210 266 
66 ree re aay OND ecterate ND (ere etecoe ly eereretere 158 190 242 
GO BEST SE ie shart ie cle ecwel MI teterarecey = MI Mtettee we wt Sexayettrs 173 wi 220 
ie HQ. bec nish tae | wie cts [oe ete ec erate WS temterote 158 201 
Fo HG: ce ydiorbis tchajershatelll whalers eon | Maes Sak Tt ea elo Rae ieteieae | “ste tene « 130 167 
ee eee |e Ae ee eos lL noc) ores 109 141 


Table 10.—Safe Loads, for Segmental Hollow Tile Floor Arches 
Loads shown in table are safe superimposed loads, uniformly distributed. Values apply to tile 
as made by National Fireproofing Co., having the following sectional areas per foot of arch parallel 
with beams: 4-in. arch, 28 sq. in.; 6-in. arch, 36 sq. in.; 8-in. arch, 43 sq. in. 
Safe Load, Safe Load, 
Rise |_ Ib. per sa. ft. Rise | Ib. per sa. ft. 
of 6-in. 8-in. of 6-in. 8-in. 


Safe Load, 
Rise | Ib. per sa. ft. 
of 6-in. 8-in. 


Arch,} Arch, | Arch, Arch,| Arch, | Arch, Arch,| Arch, | Arch, 
Span) ("502 | wi | Wes | tas | Wea WR, ene fae wee 
per | 30 1b. | 36 1b per | 30 1b. | 36 lb per | 30 Ib. | 36 lb. 
ft per per ft. per per ft. per per 
sq. ft. | sq. ft. sq. ft. | sq. ft eq. ft. | sq. tt: 
4ft. Oin 3/4 902 1078 |6ft. 6in 3/4 551 658 9ft. Oin. 3/4 386 461 
1 1184 1414 1 724 864 1 518 619 
11/4} 1485 1774 11/4 902 1077 11/4 645 770 
11/g} 1740 2079 11/g} 1058 1264 11/9 758 906 
13/4] 1986 2373 13/4} 1218 1455 13/4 871 1041 
2 2233 2667 2 1358 1622 2 977 1167 
4ft. 6in. 8/4 792 946 |7ft. Oin. 3/4 508 606 | 10ft. Oin. 3/4 344 411 
1 1044 1247 1 669 799 1 462 552 
aya) 13.13) 1568 11/4 834 996 11/4 576 688 
}V/o} 1539 1838 1 1/9 981 117] 11/9 683 816 
V8/lealz75 le 2i2 13/4| 1127 | 1346 13/4| 784 937 
2 1975 2359 2 1264 1510 2 879 1050 
5ft.Oin.| 3/4| 709 | 847 |7ft.6in.| 3/4] 471 | 563 |11ft.0in. | 3/4| 315 | 376 
1 957 1143 1 621 741 1 421 503 
11/4] 1172 1400 11/4 774 925 11/4 519 621 
11g] 1379 1647 11g 920 1099 1 1/g 617 737 
13/4] 1592 1902 13/4} 1049 1253 1 3/4 709 847 
2 1773 2118 2 1176 1405 2 794 948 
5ft.6in.| 3/4 641 766 |8ft.Oin.| 3/4 439 525 | 12ft.O0in.| 3/4 285 341 
l 864 1032 1 588 703 1 383 458 
11/4} 1062 1269 11/4 724 864 11/4 477 569 
I1/o| 1266 1512 11/9 859 1026 1 1/9 566 676 
13/4] 1439 1719 1 3/4 987 1179 1 3/4 649 776 
2 1619 1933 2 1099 1312 2 727 869 
6ft. Oin. 8 ft. 6in. 


; 
| 
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fireproofed by special soffit blocks. Segmental hollow tile arches, and occasionally brick 
arches, are used for heavy loads; both systems have been largely superseded by more 
economical designs. Segmental arches require tie rods just below centers of adjacent 
beams, and in line across a floor area. For hollow tile arches, in interior bays, sizes and 
spacings are as follows. 


Span, LU ACRREAEDAL Fors ote cts (ccccaieis\ as: ar 6 or less 6-7 7-9 
IDiamgOLerod yale aaa cies osausc ccs 3/4 7/3 7/3 
Center distance of rods, ft....... 5 5 4 


LONG-SPAN CONSTRUCTION, comprising essentially reinforced concrete joists 
separated by terra cotta, concrete or gypsum blocks or by voids formed by wood or metal 
cores, may be used with bearing walls, reinforced concrete or structural steel framing. 
Fillers usually are 12 to:20 in. 
wide; joists 4 to 5in., spaced 
16 to 25 in. centers. A con- 
tinuous slab, or topping, 2 to 
3 in. thick forms the floor sur- 
face. These systems are used 
for buildings other than in- 
dustrial, carrying live loads 
of 40 to 125 lb. per sq. ft. 
They support the floor loads 
of an entire bay, and inter- 
mediate beams are unneces- 


Hl 


{ 
| 


TIL 


LLLLAY 


ZIT] 


E2277 


Reinforced 


Cc te Joist 3 
ip sary. Dead load is also much 
Hollow Tile ' : 
Girder Covering less than with solid concrete 


slabs. 

The use of filler block 
(terra cotta, concrete or gyp- 
sum) gives a more substantial 
floor than when joists are 
separated by voids. Block 
systems are heavier and more 
costly than metal or wooden 
pan designs, but permit plas- 
ter to be applied directly to 
soffits of the blocks; otherwise metal lath must be used for a flat ceiling across soffits 
of the ribs. 

Both terra cotta and concrete blocks are used as fillers in two-way systems. Such 
designs, comprising two sets of reinforced concrete joists, parallel to the sides of the panels. 
are economical for square or nearly square rectangular bays, 1.e.—(longer side + shorter 
side = 1.25). Metal pans also are 
~ made in domes adapted to two-way 
design. They are used only in rein- 
forced concrete buildings. 

PRESSED STEEL SECTIONS 
(metal lumber) are used in build- 
ings for light occupancy, where 
great fire resistance is not required. 
* These sections, normally 8 to 16 
in. deep, supported by steel gir- 
ders spanning between columns, 


1 LF | 7 | ee 
Yam : FOO 

are used on 12 to 30 in. centers to IN WM 

carry a thin concrete floor slab, y 


usually 2 1/2 in. thick, poured over 


af 

a closely spaced metal ee “eee Fia. 13. Open-web Joist Construction with Concrete Slabs, 
acts both as forms and reinforce- Sleepers and Wood Flooring (Concrete Steel Co.) 
ment. 

OPEN-WEB STEEL JOISTS have largely superseded pressed steel sections. They 
are used in the same manner and are satisfactory for short, medium and comparatively 
long spans for light live loads, and where the plastered lath used as insulation for the soffits 
of the joists furnishes sufficient fire resistance. . ; 

Open-web Steel Joists and Structural Aerocrete Construction, topped with stone con- 


crete is economical for light and medium live loads on spans up to 25 ft. It can be quickly 
(Continued on page 17-32) 


Fic. 12. Long-span Hollow Tile Construction (Natl. Fire- 
proofing Co.) 


i, 
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erected, gives smooth ceilings and has low dead load; structural aerocrete weighs 60 lb. per 
cu.ft. Spans of 22 ft. will carry a 60-lb. superimposed load on a total thickness of 10 1/gin., 
including 1-in. fireproofing below, and 1 1/2 in. above, joists. Topping would be of 1:2:4 
stone concrete, 2 1/2 in. thick, with joists spaced 4 ft. 0 in. with adequate bridging. Near 
the upper surface 1/4-in. rounds, 1 ft. 6 in. centers, are run across the joists and a continuous 
sheet of welded wire fabric reinforces the aerocrete slab between joists. 

STEEL PLATE FLOOR CONSTRUCTION.—Comparatively shallow I-beams 
spanning between girders and carrying sections of steel plate welded together to form the 
floor, are used in industrial buildings. Such floors are very shallow, as the I-beams are 
stiffened by the plates welded to the upper flanges; when properly insulated, they are 
economical for certain types of industrial work. 


CELLULAR STEEL FLOOR CONSTRUCTION, comprising thin steel sheets formed 
and welded to produce a hollow structural unit 12 in. or 24 in. wide, can be used on short 
and medium spans to make a light and inexpensive floor which may receive any desired 
surface treatment. This system offers particular advantages for running conduit within 
the floor thickness and can be used economically with a structural steel frame where 
fireproofing requirements can be met. 

FLOOR FILLING in fire-resistant buildings usually is cinder compacted by tamping 
and often mixed with Portland cement (1 part cement, 8 parts cinder by volume). The 
depth of fill is 3 or 4 in., providing space for pipes and conduits. With open-web steel 
joists or hung ceilings, fill usually is unnecessary except for the embedment of sleepers for 
finished wood floors, or for insulation. 

Small-sized conduit may be placed in structural members of concrete ribbed floors; 
with solid reinforced concrete slabs the conduit is embedded in the slab. For most com- 
mercial, institutional and residence construction floor fills usually are required. 


Table 13.—Tile Depth and Steel Area for Long-span Hollow Tile Construction 
Blocks 12 X 12 in.; 4-in. reinforced concrete joists; 2-in. concrete top. Compressive unit 
stress in extreme fibers of concrete = fe = 650 lb. per sq. in. Tensile unit stress in steel = fy 
= 16,000 lb. per sq. in. Shear limited to 60 lb. persq.in. T = tile thickness, in.; S = steel area 
in each joist, sq. in.; 3/4 in. concrete protection below reinforcement. 
Total Safe Load, uniformly distributed, lb. per sq. ft. * 


Continuous Span; M = WL/127 


ee RS re ee 
150-7 } 165 29 | as8en || 1959] BO 2250 05240, S260 | 300 

Span, Semi-continuous Span; M = WL/10 

ft. (25a | Sissel Ss Ope 160 Peis 185. 200% He. 220) Size 

Simple Span; M = WL/8 
100 110 120 130 140 150 160 
Pi 1s PAS TiS Bis Ts Ji EBS ES See: 

6 A ela Rie hall ls Soe lle cathode ll eer cite attt oxel[ta evs hat wrote ello erelifettenetats 3710.20 |) 3540.22.13 
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11 3) .46.1 4) 339)) 4.) S84 14 47) So os St) 4S ee sO uO 

12 | 4 | .43) 49) 247] 4) 52) SP 2464) S teeo0l 4 eS 5S Gr) eS sri6 

Ted Shh 4 1095501 5) 250 5.54] Soo Gal Root (Glee) 

Maa 259 151 253) | So) e685 Fa G3 V6 oS Orie. Ol tere econ 

15 3 56. 5 6 5. 67 Gh Gl ee Gse | eal eca heed e-OGaES 
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Wricut or Lona-span Hottow Tine ConstTRuctTION PER SQ. Fr 


Blocks 12 X 12 in.; 4-in. reinforced concrete joists; 2-in. concrete top. Data from National 
Fireproofing Co. 


TEMG, Aid te ainda seis eieteasumteraterene 3 4 5 6 7 8 9 10 12 15 
Weight, Ibu. 2. cee erate 45 50 55 60 65 70 75 80 90 105 
te * ee safe superimposed load, deduct from total load shown in table, the weight of the con- 
uction. 
jt If moment WL/12 is used, investigate design for shear. 
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Table 14.—Total Safe Loads, Uniformly Distributed, Lb. per Sq. Ft. for Open-web Steel 
Joists * 


This table is based on the standard specification for steel joists of the Steel Joist Institute, Spacing 
limited to 24 in. in floors and 30 in. in roofs, except where roofing consists only of wood, or sheet metal, 


the spacing, may be increased to 7 ft. 


Span, Spacing Center to Center of Joists, in. 
ft. (Gat re ) CCR et PEST 2300] 
8-inch Joists—Type 81 

8 231 205 194 184 176 168 160 154 

9 182 162 153 145 138 132 127 121 
10 148 131 125 118 113 108 103 99 
11 121 108 102 97 92 89 85 81 
12 102 96 91 86 82 78 74 71 68 
13 87 82 78 73 70 66 63 61 58 
14 75 71 67 63 60 57 55 52 50 
15 66 62 58 55 52 50 48 46 44 
16 58 54 51 49 46 44 42 40 38 


10-inch Joists—Type 102 


AEEEBEEEUEEEEE 


All joists must have adequate bridging, bearing and anchorage, 


EEE Tan Sah 


194 184 175 167 159 152 146 140 Vee) 3) apse ee 
le 187 176 166 157 149 142 136 130 124 119 PSs | 107 99 
14 161 152 143 135 129 123 117 112 107 103 99 92 86 
15 141 132 125 118 112 107 102 98 94 90 87 80 75 
16 123 116 110 104 99 94 90 86 82 79 76 70 66 
17 109 103 97 92 87 83 79 76 73 70 67 62 58 
18 97 22 86 82 78 74 71 68 65 62 60 56 52 
19 87 82 78 74 70 66 63 61 58 56 54 50 47 
20 79 74 70 66 63 60 57 55 53 51 49 45 42 

12-inch Joists—Type 123 
aS 0ce el ODS Z T7216 N lmI56n T48ine 142 a) 136u) 131 | al2en \iazenelog) 
16 180 170 160 152 144 137 131 125 120 115 111 | 103 96 
17 159 150 142 134 127 121 116 111 106 102 98 91 85 
18 142 134 126 120 114 | 108 103 99 o5 91 88 81 76 
19 128 120 113 107 102 97 93 89 85 82 79 73 68 
20 115 108 102 97 92 88 84 80 id 74 71 66 61 
21 104 98 93 88 83 79 76 73 70 67 64 60 56 
22 95 90 85 80 76 73 69 66 63 61 59 54 51 
23 87 82 77 73 70 66 63 61 58 56 54 50 46 
24 80 75 71 67 64 61 58 oy hae) 51 49 46 42 
14-inch Joists—Type 145 

19 217 204 193 183 173 165 158 151 145 139 134 | 124 | 115 
20 195 184 174 164 156 149 142 136 130 125 120 | 112 | 104 
21 177 166 157 149 142 135 129 123 118 113 109 | 101 94 
22 162 152 144 136 129 123 117 112 108 103 100 92 86 
23 147 139 131 124 118 112 107 103 98 95 91 84 79 
24 135 127 120 114 108 103 99 94 90 87 83 77 72 
25 125 117 111 105 100 95 91 87 83 80 77 71 66 
26 115 108 102 97 92 88 84 80 id 74 71 66 61 
27 107 101 95 90 86 82 78 75 71 69 66 61 57 
28 100 94 89 84 80 76 72 69 66 64 61 57 53 


d load deduct f total load shown in table 
pac vole hs Carita “4.00 | eon eS, 00 Ib.; 14-in., 6.92 lb.; 16-in., 8.30 lb. Weights are 


follows: 8-in., 
per lineal feet ee ‘olat, 


42 lb.; 10-in., 4.00 lb 


16-inch Joists—Type 166 


167 
160 
148 
137 
127 
118 
111 
103 
97 
91 


159 
152 
141 
131 
121 
113 
105 

98 
92 
86 


152 
145 
135 
125 
116 
107 
100 

94 
88 
82 


Data from Truscon Steel Co. 


ees USO LAN) 
123 | 114 | 107 
114 | 106 99 
106 98 92 
98 91 85 
91 84 79 
85 79 74 
79 74 69 


the weight of the joists as 
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WOOD JOIST FLOORS 


may be used for floors carrying light loads. Commercial slabs, 
weight concretes or gypsum, reinforced with small rods, 
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PRECAST SLABS, supported by steel framing, form good structural surfaces and 


2 to 3 in. thick, of light 
span 2 to 4 ft. 


Fie. 14. Gypsteel Precast Floor Construction Showing Steel Channels and Supporting Girders 


Wood Joist Floors 


For other than fire-resistant buildings, wood is the prevailing material used for floors. 
Lally columns and structural steel girders have replaced timber posts and wood girders. 
Wood joists 2 in. thick X 10 or 12 in. deep are used; on long spansa3 X 14-in. joist may be 
required. Joists are usually set 16-in. centers with lines of 7/s X 3-in. bridging spaced 


not over 8 ft. apart. 


Table 16.—Working Stresses for Structural Lumber and Timber, 


Lb. per Sq. In., 


for Dry Locations 


(Recommended by National Lumber Manufacturers’ Assoc.) 


. Joist and 
Specie and Grade Plank, 4 
in or Less 
Thick 
Douglas Fir, Coast Region..........|.....-- 
“Dense Super-structural........... 2000 
Super-structural and Dense Struc- 

GUT oer tolsieel ee cicvele cloteyeloveleveys's « 1800 
EITC SIME erate auer eral ers teat ieee 10,8. 1600 
Common Structural .......7.........< 1200 

Douglas Fir) Inland Empires <. « «cies. 6-10 
Dense Super-structural........... 2000 
Dense Structural | ..cc. c-  ceiesis & 1800 
No. 1 Common Dimension and Tim- 

DOPE Haas ate te hee ie le dialele' 1135 

Srvareh WW ESLeLIN ati hitiaatssls a cele eal] 2 ces 
No. 1 Common Dimension and Tim- 

DOTS loicta tele cel ate choker emeemteilatia! ole 15 -eVialiete'/e 1135 
Pine, southern Yellow ts... «0.25. |\- 0 lve 
Extra Dense Select Structural..... 2300 
Seleot Structural. ci. 2.12 01- civic os e101 2000 
Hxtra Dense Heart .........5..2<00 2000 
Perse ECA by sicteiel suey -eiefeisieleveiiere in, ah 1800 
Structural Square Edge and Sound . 1600 
INGval Commons: cece ersiaiee soe)" 6 1200 
ied yal, 2a SSE OG AS aoSO OO DOE DOO Sal noo Oe 
Swuper-structural.. 3 .\c..9.c-.+.+0-s 2133 
IPTIMONSETUCCULAL s« <.siere ie slne's «sie os 1707 
Select Structurallcy)./:...0 cree cles eee 1280 


Lear ty StruCeuralivcw ext. ole 00 «iene sits 


Extreme Fiber 
Stress in Bending 


sem ae Eh. eae 

an ° ression 

yan fevre pice pert 
EO Shear OT AN PO\GTaIn 
More 
Thick 

; Le ie i sell ie Soles a ae 
1800 105 1300 345 
1600 90 1200 345 
1400 84 1100 325 

ae a eS Ae og Piles eo eal oe aes a 
1800 105 1300 345 
1135 70 1010 315 
1135 70 1010 325 

Soe PPA | sic, oe [ae Alte go 
2000 175 1450 375 
2000 175 1450 475 
1800 150 1300 375 
1600 125 1200 375 
1200 100 1000 325 

ae AA cathiaitias Pelee, oe 
1494 82 1245 267 
1322 70 1100 267 


For finished floors an underflooring of 7/g K 6-in. tongue-and-groove 


pression | Modulus 


of Elas- 
ticity 


1,600,000 


1,600,000 


1,300,000 


1,600,000 


1,200,000 


a 


17-36 BUILDING CONSTRUCTION 


roofers is laid diagonally over the joists and nailed with at least two 8d. wire nails in each 
board. The diagonal sub-floor strengthens wood-frame buildings, and the finished floor 
may be laid in any direction. Waterproofing paper should be placed between the two 
floors in basements, and ordinary building paper in the upper stories. 

FLOORS LAID ON THE GROUND.—To prevent dampness, floors on the ground 
must be drained; to prevent settlement the surface must be uniformly firm and well 
compacted. On dry, well-drained soils, 6 in. of cinder, thoroughly tamped and evenly 
surfaced suffice. Stone-concrete (1 part Portland cement, 3 parts sand, 5 parts crushed 
stone or gravel, by volume), 4 in. thick is satisfactory for cellar floors with granolithic 
finish. For damp sub-soil, 12 in. of broken stone should be under the cinder fill; if water is 
present, sub-drainage is necessary; even if there is no hydrostatic head, a dampproofing 
course of membrane waterproofing, and a layer of hollow tile, or both, may be used if 
finished floor is wood, or if the rooms are used for living quarters. If actual hydrostatic 
head exists at basement level, adequate waterproofing is required. See p. 17-44. 


Floor Finishes 


In factories and warehouses, cement floor finishes are common; wood blocks are 
preferable for heavy traffic. Cement floors are used in public, commercial and institutional 
buildings, with clay tile, cork, rubber tile and various composition floorings in baths, 
lobbies, offices, etc. Wood flooring, excepting wood block floors, is used in residences, 
apartments, club-houses, assembly halls and gymnasiums. 

CEMENT FLOORS may be laid integrally with the concrete base, or bonded to the 
base later, or laid on cinder fill. The integral floor is cheapest if conditions permit a 
monolithic finish as the floor is laid. A thin layer of dry mortar (1 part cement, 11/s 
parts sand, by volume) is spread on the slab within 1/2 hour after laying the latter, and 
finished with a steel trowel. The surface may be left exposed or covered with linoleum. 
The amount of material depends on the smoothness of the slab; a fair estimate is 21/9 
bbl. Portland cement and 15 cu. ft. well-graded, screened sand per 1000 sq. ft. of floor. 

Bonded cement floors are of cement mortar (1 part cement, 1 part sand, 1 part finely 
crushed stone, called grits), laid about 11/4 in. thick. For each 1000 sq. ft. allow 15 
bbl. Portland cement, 2.25 cu. yd. screened sand and 2.25 cu. yd. grits. The slab is 
roughened, cleaned, thoroughly wet, coated with a grout of cement and water, immediately 
before laying mortar. The latter, mixed to a stiff consistency, is tamped and finished 
with a steel trowel. Space for pipes is provided by laying the floor finish on a moistened 
and compacted bed of steam cinder covering the pipes, the surface being reinforced with 
wire fabric. All cement finishes should be protected by paper or burlap as soon as the 
surface has hardened, and covered with soft wood shavings, earth or sand kept wet for 
10 days. Proprietary compounds, as hardeners, give a hard, dustless surface. 

TERRAZZO FLOORS comprise a 1-in. surface layer of cement and graded aggregates, 
on a 2-in. layer of stone concrete on slab or floor fill. The surface is finished by polishing 
machines which expose the aggregate. To prevent cracking, brass strips 1/g in. wide, 
extending through the entire thickness of concrete and finish, divide the floor into panels. 

CLAY TILE, vitreous and semi-vitreous, usually are laid on a 1/o-in. mortar setting 
bed over a 2-in. bed of stone concrete or 2 1/2 in. of cinder concrete on the slab. A 3-in. 
minimum should be used over earth or fill. The setting bed should be reinforced with 
wire fabric to prevent cracking. The ceramic mosaic designs of small sizes of unglazed 
tile are used for the floors of bathrooms and toilets. Ceramic tile are arranged in various 
patterns, glued on sheets of paper which are soaked off after placement. 

CORK TILE, composed of cork shavings pressed into squares and rectangles, are made 
in various shades of brown, from 5/1 to 9/1 in. thick. They are laid in paste over cement 
floors, giving a resilient, noiseless finish, but are too expensive for ordinary work. 

LINOLEUM is finely ground cork pressed into wide strips. It ranges from 1/g to 
1/4 in. thick. The 1/4-in. thickness is battleship linoleum. It is pasted to cement floors 
without lining, but on wooden floors a felt lining is used. 

RUBBER TILE FLOORING, laid directly on cement floors, or with a lining on wood 
floors, makes a resilient, waterproof surface. Individual units are square or rectangular, 
from 3/16 to 1/9 in. thick. 

COMPOSITION FLOORING usually is magnesite or asphalt, laid in a plastic state. 
Magnesite flooring usually is laid in two coats of We in. total thickness, on wood or con- 
crete base. It comes in a variety of colors, is resilient and waterproof. Asphalt compo- 
sitions usually contain asbestos fiber mixed with mineral pigments. They are laid as tile 
or in the plastic state. Thickness for heavy foot traffic is 1/4 to 3/4in.; for trucking, 1 
to 2in. Asphalt often is mixed with marble chips or crushed rock, formed in blocks, and 
ground down to obtain the effect of terrazzo. 


ee a 
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WOOD BLOCKS of yellow pine or redwood, with grain vertical, are used to resist 
heavy traffic in warehouses and factories. Laid on a concrete base, in pitch or asphalt 
binder, they form a lasting surface. Thickness usually is 2 to 4 in. 

STRIP FLOORING of oak, yellow pine or maple is used for residences and institutions. 
A 7/3 X ‘6 in. tongue-and-groove diagonal underflooring first is laid on the wood joists, 
with building paper between it and the finish floor; in basements waterproof paper should 
be used. With fire-resistant floors the underflooring is nailed to sleepers embedded about 
20 in. apart in cinder concrete. Occasionally nailing strips are embedded in the upper 
surface of the slab, or 2 in. of Nailcrete or Nailcote over the floor fill provides nailing for 
the underflooring. Strip floorings usually are 13/1, or 25/39 in. thick; for heavy traffic the 
thickness may be up to 25/g in. Face widths vary from 11/ to 31/4 in.;_ both sides 
and ends are tongue-and-groove, and the backs slightly hollowed to prevent warping. 


8. ROOFS 


Method of Supporting Roofs 


FLAT ROOFS for multi-story reinforced concrete buildings, are designed the same 
as floors; the live load is less and the structural members correspondingly lighter. The 
structural slab is pitched 1/4 in. per foot for drainage, or cinder filling may be used. 


' A 5-ply built-up membrane, flashed into parapets and penthouses, generally is used as 


surfacing. If shallow pools of water on the wearing surface are not objectionable, roofs 
may be laid absolutely flat. 


Eaves 


Shed Roof 
or Lean-to 


Hp 
Bove’ 


Gable Roof*with 
Valley and Hip 


Hip Roof 
Fic. 15. Types of Roofs 


PITCHED ROOFS may be framed with concrete, steel or wood. Concrete is not 
economical unless the structural members are elements of a rigid frame; such construction 
is not used generally in the U. S., but in Germany and France, it is used in auditorium and 
hangar construction. Ae 

Steel trusses are used for pitched roofs of both wall-bearing and steel-frame buildings. 
Wood trusses, particularly the bow string type, are economical for garages and some 


Fria. 16. Wood Frame Roof Construction Showing Method of Applying Slate (Nat’, Slate Assoc.) 


> 
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industrial buildings. Lamella 
designs, both steel and wood, 
are used for auditoriums and 
industrial plants. Steel arches 
may be economical in one- 
story structures. 

A complete roof system, 
supported by trusses, consists 
of roof deck, rafters, purlins 
and trusses. A bay is the 
roof area between two trusses. 
Purlins are horizontal beams 
between trusses. Roofs may 

Fic. 17. Typical Gable Roof Design be laid directly on purlins, or 

on sub-purlins parallel to the 

trusses. Roof trusses comprise inclined or horizontal top chords, horizontal or cambered 

lower chords, and web systems. Panel points are joints where web members intersect 
chords; the distance between them is the panel length. 

The height of a truss is the vertical distance from peak to a horizontal line passing 
through both supports. Pitch is the ratio of rise to span length. Slope is the ratio of rise 
to 1/2 span. A truss of 10 ft. rise and 40 ft. span has a pitch of 1/4, a slope of 1/2 or of 
6 in 12. If architectural design does not control the slope, a pitch of 1/4 generally is 
economical. 


Finish Wall on Line 
with Top 


Maximum Overhang, 9 in. 
for Standard Eavye Tile 


Loads on Roofs 


THE DEAD LOAD on a roof truss comprises the weight of the truss, purlins, rafters, 
roof deck and covering, and any suspended ceilings or floors. The approximate weight of 
roof trusses up to 75 ft. span, under nor- 
mal conditions, is about 10% of the load 
to be carried. When the truss is de- 
Picily Wengen etes signed, actual weight should be computed 
234'use Lap Joint Tile and compared with assumed weight. 

THE LIVE LOAD is the sum of 
probable snow and wind loads. The 
former depends on geographical loca- 
tion, roof slope and character of roof 
covering. Table 17 gives snow loads 
for various locations and roof slopes. 

Wind Pressure on an inclined roof 
IRR ER : 7 ee ~ - ee te Rie 

( n foot centers e surface. uchemin’s formula, the 
cormty Have li come eb eters #220 eth # al most widely used, is 
Fie. 18. Typical Flat Roof Design P, = P{2 sin A/(1+ sin? A)}, 


where P = unit pressure, lb. per sq. 


ft.; A = angle of roof surface to the horizontal. Table 18 gives values of Py 


when P = 20 and P = 30. The value of the wind load carried to each panel point 

of the truss is (P, X L X d), where LZ = panel length and d = distance between 

trusses, ft. Maximum wind 

pressure stresses are as- 

sumed by considering the 

wind acting in one direc- 

Lap Joint Tile tion on one side of the roof 

S_ with Notch and then in the reverse 

SS direction on the opposite 
side. 

Combined Roof Loads 
include both snow and wind 
loads. They are taken as 
a uniform vertical load act- 
ing over the entire roof sur- 
face. Values are given in 
Table 19; the total uniform 
Fia. 19.~ Typical Sawtooth Roof Design vertical load is the tabular 


. Waterproof 
Sq, Roof Covering 


Ry 
f OlL 
Curb bite SN 


Arrange Purlins to fit standard even foot lengths by 
spacing 4'0” to 6/6” centers. When an odd space is nec- 
-essary have same come at Peak or Gutter only. 


=. "=" 
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Table 17.—Allowance for Snow Loads 


Location US Ve | 13 tere Le es eee 
Slope..../ I2in 12 | 8in 12 6in 12 | 4.8in 12| 4in 12 
Lb. per sq. ft. of Roof Surface 
* + * + * + 
Southern States and Pacific Slope......... 0 0 0 5 0 5 5 5 
CentraleStntesan csecacnchies sere skeen (hey Py 8) 15 20 22 30 
Rocky Mountain States.......<.cc.cccsc. 0 10 (Go 1S 20) 525 27 35 
New England (Stators: se s.cc <5 ocx cw oleae 0 10 COTS) 200-2) 35 40 
Northwestern States..........00ce.cneces OL? 28. 25050 37 45 


* For slate, tile or metal roofs. { For shingle roofs. 


Table i18.—Normal Wind Pressure, Lb. ‘per Sq. Ft. of Roof Surface 


Late TR Seen REO Otiee ninaee: 1/6 1/5 1/4 1/3 1/2 
lone tetentare, omteeasyaters cinis srs apes 4/12 4.8/12 6/12 30° 8/12 45° 60° and over 
P=20.—-T1.5 13.1 14.9 16.0 17.0 18.9 20.0 


Normal Pressure Pn | >—39.. 179 {9.80 <23,4) "34 01 25.5) P28 Bee ier0 


Table 19.—Equivalent Vertical Loads for Combined Wind and Snow Loads 


: Pitch... V/g 1/3 V4 V/5 1/6 
moseHon eae 60° 45° | 8in 12 | 6in 12 | 4.8in 12| 4in 12 
Lb. per Sq. Ft. of Roof Surface 
Southern States and Pacific Slope...... 30 30 25 25 22 20 
Kream treli ba GOBsecys ic. c4s,cfeieece oe cia pies. ©. 30 30 25 25 22 30 
Rocky Mountain States.............. 30 30 25 25 27 35 
New England! States 6 .)siccyc0 secleoe eens 30 30 25 25 35 40 
Northwestern States. . 6.60... foes 30 30 25 30 37 45 


value plus dead load. The panel loadis A X (D+ C), where A = area of panel, sq. ft., 
and D and C = dead load and combined load respectively, lb. per sq. ft. The estimated 
weight of the truss is distributed among the panel points, and the weight of the purlins 
added. 

PURLIWNS are placed at panel points on top chords of roof trusses; sometimes one or 
more are placed between panel points. Each purlin supports a roof area of (panel length, 
i.e., distance between purlins, X length of bay, 7.e., distance between trusses). With pur- 
lins between panel points, the top 
chord must be designed for bending 
combined with direct stress. The 
vertical load on a purlin may be 
resolved into components normal and 
parallel to the roof slope. If the 
roof deck gives lateral support, the 
parallel component may be assumed 
as carried by the deck; if the deck 


i i ee i 


Finished 
Waterproof 
Coating 


lacks rigidity for lateral support, 
5/g-in. or 3/4-in. tie rods are run from 
purlin nearest the heel on one side 


of the truss, over the ridge, and down 
the other side. These should be 
placed at the center of 1/3 points 
of purlin spans. Tie rods seldom 
are necessary on roofs of slope less 
than 1/4. The component perpendicular to the roof is found graphically, and the purlin 
designed asa simple beam. See p. 17-47. 


Roof Decks 


STEEL ROOF DECKS.—One type of deck uses hollow ribbed units over standard 
steel rafters and purlins. Its weight, including insulation and waterproofing, approxi- 
mates 5 lb. per sq. ft. Sheets are end-lapped and attached to purlins by clips. For addi- 
tional rigidity, arc-welding replaces clips. cs. ; 

Another type is No. 16 or 20 gage galvanized steel sheet with interlocking ribs 1 1/2 
in. deep, spaced 6 in. apart, in lengths up to 12 ft. No. 18 gage is used on spans up to 
8 ft.; the weight is 3.1/4 lb. per sq. ft. Steel roof decks may be covered with composition 


roofing or prepared for slag, slate or tile. 


Fic. 20. Typical Steel Deck Construction 
(Lruscon Steel Co.) 
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GALVANIZED STEEL SHEATHING, pressed into channels, is economical on a 
purlin spacing of about 4 ft. When rolled from No. 24 gage steel, the sections are 18 in. 
wide. This construction is suitable for flat roofs, when covered with insulation and 
membrane roofing. 

SLABS CAST IN PLACE, supported directly by purlins have been used on better 
classes of work, but have given way to precast units. 

PRECAST SLABS of light weight concrete, gypsum or similar materials are used for 
roof decks on fire-resistant buildings. The units are small, easily handled, and of sufficient 
structural strength to span between sub-purlins. They can be adapted to any type of 
roof surface. 

Porete and Aerocrete are patented materials. Porete comes in slabs about 1 1/g in. 
thick, 24 in. wide, 32 in. long. They are placed between T-shape sub-purlins, spaced about 
2 ft. 9 in, centers. Larger units, up to 3 in. thick are suitable for a 6-ft. span. Slabs 
are reinforced with woven galvanized netting and fastened to the purlins by clips. Porete 
is highly porous, and is an excellent insulator. On flat or slightly sloped roofs, membrane 

waterproofing is laid on a 1/4-in. 
ee enerene: rer incall aoe were layer of cement and sand mixed 
——— — = with a small amount of nailing 

compound. For slate or tile the 
layer is 1/2 in. thick. 

Porete slabs cast in channels 
may be used on a 6-ft. span; this 
assembly weighs 12 lb. per sq. ft. 


=D 
Z faked: A combination of steel roof deck 
ol, SS prgt a. and Porete, comprising a ribbed 
16 bay — gi” Chenoa Sen unit 18 in. wide, ribs 6 in. 
y ae ee oo of Cosme part, and a layer of light-weight 
Purlitis must be Flush at These Points 22 ft. Bay — 97 Channels nailing concrete, can be used on 


24 ft. —10"” Channels 
Fic. 21. Arrangement of Purlins eee Concrete Tile Alcea sha ye See a 
(Am, Coment Tile Mie. Co.) to both flat and pitched roofs with 

any type of surface. 


Standard dimensions of precast slabs of nailing Aerocrete are 24 X 32 in., 21/2 to 


Table 20.—Loads and Reinforcement for Aerocrete Short Span Roof Construction 


Assumptions: Slab Thickness = 4 in.; Unit tensile stress in steel = 18,000 lb.; Unit com- 
sie stress in extreme fibers of concrete = 300 Ib. (max.); Weight of Aerocrete = 60 lb. per 
cu. ft, 


Uniformly Distributed 
Dead Load + Live Load, 


lb, per sq. ft. Span 
Moment Coefficient 
1/8 1/10 Wit S108] 56 62 WRG COLON <6”. 6 ss Ol mer ean arte 
Steel Area per Foot Width of Slab, sq. in. 
53 67 80 0.039 0.047 0.056 0.068 0.078 0.09 0.104 
66 83 100 .049 .059 .071 .084 .098 “114 “131 
80 100 120 .059 .072 . 086 . 103 4 2139 .16 
93 117 140 . 069 .084 . 102 S21 .141 . 164 . 189 


Table 21.—Safe Loads, Uniformly Distributed, for Gypsteel 3-in. Precast Roof Slabs 


Cables consist of 3 1/g-in. cold-drawn steel wire rods. Unit workin i 
; ss g stress 20,000 Ib. pe Pains 
Weight of 3-in. slab = 14 Ib. per sq. ft. ik 


Slab Cable Cables Distance Between Centers of Supports 
pice Speen 2 4’ 0/14" 3/"| 4 6/’|4’ Pale 0”|5’ Ea bY 6’’|5’ 96" 0’ |6’ 3/71 6 6”| 6" CLARE 0” 


Safe Load, lb. per sq. ft. 
136 |122 |108 | 98 | 88 | 80 | 72 | 66 | 61 
159 1142 |126 |114 {102 | 93 |} 84] 781 72] .. 
184 |162 |144 |130 |117 |106 | 97 | 89 | 82] 76] ..1].. 
eee Pirsumy fipste ill, eis Himes i <e ou 1) ebemell 3 9)11 (eo 4a ey NG 


70) | G45 90 S5r107 
82 | 76 | 70 | 65 | 60 
94 | 87 | 80 | 74 | 68 


teense 
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3 in. thick. Structural Aerocrete, cast 3 to 4 in. thick may be used on spans up to 8 ft. 
It can be made to weigh 30 to 80 lb. per cu. ft.; strength increases with the weight. 

Precast gypsum units on bulb T-sections make an excellent surface under tile or slate 
for short-span roofs. The Gypsteel system comes in several designs; the long-span sus- 
pension type is suitable for spans up to 7 ft. between purlins. The short-span system 
comprises 30-in. slabs resting on bottom flanges of sub-purlins. Another system comprises 
sheet rock forms on sub-purlins, spaced approximately 32 in. centers, over which gypsum 
stucco, containing 12 1/2% of wood fiber, by weight, is poured. Reinforcement is gal- 
vanized fabric. Weight is approximately 55 lb. per cu. ft. This design can be used for 
roofs pitched up to 30 deg. 

PRECAST SLABS (Haydite) Composition to 
of light-weight aggregates made jwhich Slate are 
from burnt slag and reinforced ‘X#iled 
with wire mesh, weigh about 10 lb. 
per sq. ft., when designed for spans 
up to 6 ft. For slate, tile or sheet 
metal, 1/4 in. of nailing material 


Nailing Gypsum Steel 


is cast integrally over the top sur- Concrete Slab Construction 
face. Including surfacing, the Fiat oe Msthods of Applvine lat Vari r 

z 5 DRE pplying Slate over Various Types 
slabs weigh 18 lb. per sq. ft. when of Construction (Natl. Slate Assoc.) 


adapted to 5 ft. purlin spacing. 
For flat or steeply inclined roofs, gypsum slabs, 2 X 15 in., form economical decks for 
spans up to 7 ft. They weigh 11 lb. per sq. ft., are fire-resistant and good insulators. 


Roof Surfacing Materials 


CONCRETE TILE is used for both flat and pitched roofs, particularly on industrial 
work; standard size of interlocking type is 24 X 52 in., 11/g in. thick. Slabs hook over 
steel channel purlins, overlap and interlock, and are sealed with plastic cement on four 
sides. No surfacing is required. Purlins are spaced 4 ft. centers. Tile are made with 
Haydite aggregate and permanent colors on outer surfaces. 

CLAY TILE, SLATE AND ASBETOS SHINGLES may be laid over any of the 
above roof decks, if nailing is provided. With stone or cinder concrete without other 
surfacing, 1 X 2 in. beveled wood strips are embedded in the slabs, over which a 30-lb. 
roofing felt is laid. A nailable surfacing is preferable to wood strips. Non-corrodible 
nails should be used with surfacing materials. 

The length of slate usually is taken as (2 X exposure + head lap); on roofs of normal 
slope, head lap = 3 in. On steep roofs, as Mansard, 2-in. head lap is sufficient. Slopes 
less than 4 in. per ft. are treated as flat decks. 

SLATE.—A formula derived from the recommendations of the National Slate Assoc. 
for estimating number of squares of slate required for a building is 

S= K{L X a(R + 0.5) —12M@+D-+ H} + 100 

where S = squares of slate; L = length of roof, ft.; R = length of rafters, ft.; M = (area 
of chimneys c+ area of dormers 
d), sq-ft.; if (c--'d) < 20, M = 0; 
if (c +d) > 80, M= (c+ d) — 20; 
D = area of dormer roofs, sides 
of slated dormers, slated saddles 
and other slate surfaces, sq. ft.; 
H = total length of hips and val- 
leys; a = constant = 1 for single 
slopes, and 2 for double slope 
roofs. K = constant ranging from 
1.02 to 1.15, depending on the 
number of intersections of other 
roofs, dormers, etc. 

TILE SLABS, QUARRY TILE 
vary from 6 X 6 to 9X Qin., lin. 
thick. They are laidover membrane 
Flashing Form ~Roof Deck waterproofing on flat roofs, with elas- 
Fie. 23. Four-ply Membrane Rooffing (Barrett Mfg. Co.) tic-filled expansion joints around 

all parapets, penthouses, etc. 

MEMBRANE ROOFING in 3 to 5 layers, laid either with coal-tar pitch or asphalt, 
is standard roof waterproofing. Wearing surface on horizontal or slightly pitched roofs 
is slag or gravel; 200 lb. of pitch, 300 lb. of slag or 400 lb. of gravel are required per square. 


Pitch 


Slag or Gravel 
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ASBESTOS SHINGLES, made in a variety of sizes, colors and textures, are laid by 
two methods, hexagonal or French, and American. Hexagonal shingles usually are 12 
or 16 in. square.. The lower corner is cut off to give a honeycomb effect when laid. 
Average weight per square of 1/g-in. thickness French laid is 275 lb.; average weight 
American laid is 565 lb. Asbestos corrugated roofing 
is used for pitched roofs of warehouses and indus- 
trial buildings. 

Three-ply roofing, guaranteed for 15 years, requires 
175 lb. of pitch per square when laid on concrete. 
On wood roof decks, the first two plies are laid dry; 
a total of five plies then corresponds to and carries 
the same guarantee (20 yr.) as 4-ply work laid on 
concrete. F 

Roofs of industrial or commercial buildings used 
for recreation, use coal-tar pitch mixed at the factory 
with crushed limestone. It is laid cold, 11/2 in. 
thick, and later compacted to 1 in. by a 500-lb. roller. 

HEAVY FELTS, impregnated with asphalt and 
surfaced with crushed minerals, are used as individ- 

: ual or strip shingles in a wide variety of colors and 

LS ag neh cone Bereta sizes. Standard sizes of individual shingles (American 

type) are 12 X 15 and 9 X 12 in., 3/1 in. to 1/4 in. 

thick. The 4-tab strips usually are 10 X 36 in.; when laid with a 2-in. head lap, weigh 
approximately 290 lb. per square. 

METAL ROOFING for industrial buildings comprises corrugated iron sheets, tin and 
terne plate. See pp. 17-81 to 17-86. 

Copper, Lead and Zinc sheets also are used on both flat and pitched roofs. Copper 
costs more than tin, but is more lasting. It is laid over a felt base with flat-locked seams 
on roofs of pitch less than 1 in 3, and with ribbed- or standing-seams on sloping roofs. 

Lead is not used extensively, but lead-covered copper is occasionally used on monu- 
mental work. Zine generally is cheaper than copper and has been used both as roofing 
and siding on industrial buildings. Corrugated sheets, 9 to 15 gage, weigh 79 and 187 lIb., 
respectively, per square. No. 9 gage sheets with 7/s-in. corrugations may be used with 
30-in. purlin spacing; No. 15 gage, with a 78-in. purlin spacing. 

Aluminum roofing in ordinary sheets, corrugated sheets and shingles, is laid by the 
same methods as other sheet metals. Thus, 24 X 96 in. No. 20 B. & S. gage sheets may 
be laid on wood battens 2 in. high. 

All sheet metal roofs, particularly lead and zinc, must have provision for expansion. 
For additional information on weights of roofing materials, see p. 17-81. 

FLASHINGS are required where roof surfaces intersect dormers, chimneys, vents, 
parapets, penthouses; beneath copings and sills; over lintels and cornices; and along val- 


7 Stone, Concrete, 
or Terra Cotta 


Oopper Flashing and Grayel Stop oe 
oping 


Copper Nails to Secure Flashing 


Copper Cap Flashing 
to Extend Through 
Brickwork-and Lap 
Stone 1 in. 


Copper Base Flashing 
Turned up 5 in. on 
Wall and Out 6 in, 


4 Built-up Base for a 
Flat Slate Roof 


Fic. 25,—Flashing at Edge of Membrane Roofin Fie. 26. P t Flashi 
Above a Sloping Deck (Natl. Slate Assoc.) : oer 


leys, ridges or built-in gutters; and in steel-frame buildings, over spandrel beams at each 
floor level. 

The Copper and Brass Research Assoc. recommends 16-02. soft, roofing temper, copper 
sheet, laid on rosin-sized paper or asbestos felt, and cornice temper copper for cornice 
work only. Large loose-lock joints should be used at roof intersections. Finished dimen- 
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sions of seams are: standing, 1 in.; flat-locked, 1/2 in.; lapped, 1 in.; double or copper- 


locked, 1/2 in. 
surface, using rosin as 
a flux, and plenty of 
best composition half- 
and-half solder. Seams 
should be thoroughly 
heated before solder- 
ing. Fastenings should 
be only cleats or strips 
fastened with copper 
nails. Bends should 
not exceed 90°. 

Metal flashings for 
short open valleys 
should be 20 in. wide; 
for long valleys, 24 in. 
Roofing is lapped 6 in. 
over the copper, flash- 
ing being exposed for 
8 in. along bottom of 
valley. To flash closed 
valleys insert under 
every course of slate 
or other roofing, a 
trapezoidal sheet of 
copper approximately 
16 X 10 X 10in,; ex- 


act size depends on 


length of slate and 
pitch of adjoining 
slopes. Each sheet 
should overlap below 
at least 3 in., and ex- 
tend at least 2 in. 
above top of the slate 


or tile on which it rests. 
by additional courses of shingles or slate without flashing. 


Joints should be tinned thoroughly with enough tin to cover the entire 


Flashings to be woven into 
slate courses. Each flashing Z 
sheet to lap the next Li 

lower at least 2 in, i 


Copper covered cricket. 
Copper extends up under 
slate at least 6 in, 
Copper turned up against 
chimney and counter flashed 


Slate to lap 
copper at 
least 4 in. 

Cap flashings 

to lap at 
least 2 in. 


Copper cap 
flashings 


= 


Lap seam 
soldered 


Cap flashings to lap at least 2in. 
Base flashing to be woven into 
slate courses and extend 
up under flashing 
at least 4 in. 


Cap flashings to lap 


at least 2 in, ap base flashing 


Cap S gat least 4 in, 
flashing mi 

Base i 
flashing oe 


copper ath, 
least 4 in. 


o, \ 
< ava Zderea 
Fig. 29 


Fig. 27. 
Fie. 28. Flashing and Cricket for Chimney on Roof Slope 


Flashing for Dormer Window 


- Fic. 29. Chimney Flashing on Ridge 
Fic. 30. Built-in Base Flashing for Chimney on Roof Slope 


Hips and ridges may be protected by metal molds, or covered 
Special shapes are made for 


ridges and hips of clay and cement tile. 


9. ROOF TRUSSES 


STRESSES IN ROOF TRUSSES may be determined analytically or graphically. 


See p. 17-03. 


ALLOWABLE WORKING STRESSES, when not controlled by a building code may 


be those in the Specifications for Structural Steel for Buildings. 


See p. 17-14. 


WOOD ROOF TRUSSES.—The wood bow-string truss is economical for 25 to 100 ft. 


spans. 
span. 


Trusses usually are spaced 16 to 20 ft. centers. 
For a slow-burning classification, the size of web members is increased. 


The required rise is about 1/g 
If these 


trusses have sufficient fire-resistance, they usually are more economical than steel. 


Many types of wood trusses are available for architectural designs. 


The best known 


are the hammer beam, scissors trusses and the crescent type; the Howe truss may be 
designed in wood with either a straight or curved lower chord. 
THE LAMELLA TRUSS is a well-known patented design, built either of wood or 


steel. 


The sections of steel trusses are either pressed metal or standard structural shapes, 


For fireproofing, 2 in. of Gunite or precast gypsum tile can be used. 
In wood designs, timber members range from 2 X 8 to 6 X 24 in., depending on span 


andload. They are assembled with standard bolts and washers. 


Four basically different 


structural types are: Segmental arch, tie rods taking thrust; segmental arch, heavy side 
walls or buttresses taking thrust; parabolic arch, buttresses taking thrust; gothic arch, 
thrust transmitted directly to foundations, which are supplemented by buttresses. 

An advantage of the Lamella system is that the units are short and light weight. 


When of wood, they usually cost more than a steel truss. 


Lamella designs in steel cost 


approximately the same as steel trusses. 
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STEEL ROOF TRUSSES.—The Fink Truss and the Fan Truss are used for moderate 
spans. To lay out the Fink truss, Fig. 3la, draw a perpendicular x from center of top 
chord to lower chord; draw the other web members as indicated. In diagrams 6 and d, 

the lines y indicate ‘sag rods, added for stiff- 

AI ness; theoretically they carry no stress. Panels 

PEAS 27/4} \/7<~. in a half-truss may be increased to 4 by sub- 
a. Fink b. Fink dividing each panel, and to 8 by repeating 

the process. Fig. 3lc, d shows construction 


of a fan truss. 
Fig. 31 shows other types of roof trusses. 


KS, TS If trusses support purlins at panel points 

ie LD. only, a good length for top-chord panels is 
c. Fan , 8 ft., corresponding to a maximum span of 
about 30 ft. for truss a, 40 ft. for c, 55 ft. for b, 


d, Fan 

and 75 ft. for d. Warren and Pratt trusses 
eiee may be used for long spans; the limit is the 

DAA capacity of piers to carry end reactions. 
e.Combered Fink SF. Howe Spacing of roof trusses depends on many 
factors. Arbitrary figures cannot be given. 
Bays of equal length are desirable in any one 
section of a building so that as many trusses 
es x. as possible may be identical. For spans up 

g. King Post h. Pratt, to 60 ft., 15 to 18 ft. spacing usually is most 

economical for average loads; this spacing 

may be controlled by location of windows, 

NTA \UN/AN/ \AN/ NV piers, or architectural design. For spans over 

MV AAW NNWVAN VAYAVA 80 ft., economical spacing may be 20 to 40 ft. 

i.Flat Warren j Flat Pratt To determine most economical spacing for the 

roof deck used, several designs should be made, 
including trusses, purlins and wind bracing. 

ARCH ROOF CONSTRUCTION, usually of steel, is appropriate for spans of 100 ft. 
or more. The arches may be designed as hingeless, one-, two- or three-hinged arches; 
the two-hinged type predominates. Standard structural shapes and sizes are employed 
in a patented design with special connections. Spans from 100 to 200 ft. are the most 
common, but spans up to 400 ft. or more may be constructed with short lengths of the 
usual structural materials. The roof may be fireproof, fire-retardant or non-fireproof. 
Such designs are used for roofs of garages, exhibition halls, gymnasiums, armories and 
airplane hangars. Foregoing data were supplied by Arch Roof Construction Co. 

CONCRETE SHELL ROOF CONSTRUCTION, identified as the Zeiss-Dywidag sys- 
tem, may be of the dome or barrel type, and can be applied to roofs of circular, rectangular 
or polygonal plan. Shell structures are essentially arched plates composed of reinforced 
concrete, and supported by the stiffening of their rims. They can be adapted with great 
economy to a variety of buildings where a large, unobstructed floor space is essential, such 
as planetariums, airplane hangars, market halls, train sheds, etc. By means of this sys- 
tem, shell domes spanning 500 ft., and shell vaults covering vast areas, without interior 
supporting columns, can be designed in reinforced concrete, which would otherwise be 
impossible, because of the dead load of the construction. Shell domes, approximately 
250 ft. diameter, have been built with a shell thickness of only 3 9/16 in., and a barrel-shell 
concrete roof only 2 3/16 in. in thickness has been used on a span of 164 ft. 

GUASTAVINO TIMBREL ARCH CONSTRUCTION, applicable to both domes and 
arches, comprises a shell composed of three or more layers of terra cotta tile, 1 in. thick, 
6 in. wide, and 12 in. or 24 in. long. These are laid flat in cement mortar and bonded 
together to form a solid, homogeneous mass, which is reinforced with small steel rods 
where required. For ordinary 3-course work, the crown of the arch is about 4 in. thick. 
Domes may be constructed economically up to a span of 130 ft. or more. Hollow tile 
often are introduced within the thickness of the shell for insulation, and acoustical tile, for 
sound absorption, on the soffit of the arch or dome. 


Fie. 31. Types of Roof Trusses 


10. WATERPROOFING 


INTEGRAL WATERPROOFING compounds are mixed with the concrete as liquids, 
pastes or powders. To some extent they lubricate the aggregate, producing a more 
workable mixture, reduce the capillarity of the hardened concrete and, in some cases 
more thoroughly hydrate the cement. Accredited compounds are of distinct value in 
producing watertight concrete and, if used according to the makers’ directions, do not 


a 


y 
~ 


a oe 


‘ 


- 


ESTIMATING 17-45 


decrease strength. The first requisite is well-graded aggregate. Continuity at con- 
struction joints and avoidance of stone pockets or layers of laitance is necessary. Integral 
waterproofing will not cure poor materials, improperly graded aggregate or careless 
workmanship. Keys should be made at all construction joints; surfaces already cast 
should be'roughened and slushed with rich mortar to insure a bond. A plastic mixture 
should be used, which can be thoroughly compacted, and sufficiently dry to avoid laitance 
forming on newly deposited surfaces. 

SURFACE COAT WATERPROOFING may be classified as: 1. Plaster coat of 
cement mortar with or without waterproofing compounds; 2. Penetration surface treat- 
ments with inert liquids or liquids reacting chemically with the surface treated; 3. Plastic 
or liquid bituminous coatings; 4. Non-bituminous coatings forming a protective film on 
the surface. Classes 2 to 4 are used only for dampproofing. Class 1 consists in applying 
several coats of cement mortar (1 part cement, 2 parts well-graded sand with the addition 
of waterproofing compound). The base coat must be bonded to the concrete. 


The process is: 1. Thoroughly roughen and wet the surface. 2. Work in a coat of neat cement 
with a brush or wooden float, 3. Before this grout js dry, apply a 3/g- to 1/g-in. coat of waterproof 
mortar, thoroughly trowelled and lightly scratch-brushed. 4. As soon as first coat is dry, apply a 
second coat, making a total thickness of 3/4 in.; trowel to a smooth, hard finish with a steel trowel. 
For floors, total thickness of both coats is about lin. It is more practicable to carry waterproofing 
up the faces of the columns and partitions than under them. MRecesses should be left at construction 
joints or other places susceptible to leakage, to be filled later with cement plaster reinforced with 
wire fabric to form a seal. The surface coat is low in cost, and has been applied to the inside sur- 
faces of foundation walls of many large buildings. 


BITUMINOUS OR NON-BITUMINOUS SURFACE WASHES are applied by a 
brush or mop. Two or three coats generally are used: a priming coat sufficiently liquid 
to penetrate the surface; the other coats are somewhat viscous. Such methods are 
successful for the exterior of basements where subdrainage precludes development of any 
hydrostatic head. They are not to be recommended where high water pressure is present. 

THE MASTIC METHOD consists of applying either a sheet of mastic or a layer of 
brick laid in bituminous material. The brick are laid in two or more courses, one being 
completely surrounded by mastic. The outside courses often have a protective covering 
of concrete. This system is not widely used on building construction. 

THE MEMBRANOUS METHOD uses a tar pitch or asphalt binder between layers 
of impregnated felt, jute, cotton dyill or burlap. It is satisfactory, but often costly, as 
conditions usually make it impracticable on exteriors; if used on interiors, a concrete seal 
must hold the membrane in place. Membranes and sheet metals have the sole function of 
furnishing a more or less elastic waterproof-filament and may be used where vibration 
precludes other methods. Before placing waterproof membrane, concrete surfaces should 
be pointed, fins removed, and subdrainage provided to insure dry surfaces for treatment. 
If dry surfaces cannot be obtained, waterproofing may be built over a layer of felt against 
the wall, although actual bond with the concrete is preferable. 

Methods of laying membranes and the number of plies vary with conditions. Asphalt or pitch 
are satisfactory as binders; treated felt is cheapest, if elasticity is not required. For important 
work, particularly if elasticity is required, an open-mesh jute or cotton drill, 41/2 oz. per sq. yd., 
saturated in a bituminous mixture, is preferable. / It should be used with an elastic binder, laid in 
3-ft. squares, lapped a minimum of 2 in. on each edge. From 4 to 6 plies are used. Each layer of 
membrane should be carefully pressed into the binder and complete continuity obtained. Pipes 
passing through the membrane are fitted with copper or lead flanges extending into the waterproofing 
at least 1 ft. on all sides; for steam pipes a special detail is necessary to avoid melting the binder. 

Two general schemes are used for membrane waterproofing: 1. Membrane is laid as a continuous 
mat over sub-floor, beneath columns, and carried up outside basement wall, where it is protected 
by a masonry seal. Below columns, or other members transmitting load, 20-o0z. soft-rolled copper 
sheets extend 1 ft. on all sides into the membrane. 2. Membrane is not laid until columns and 
exterior walls are built. It is placed on the sub-floor and carried up column sides and exterior 
walls above the hydrostatic head, and protected with a masonry seal. ‘ 

It is necessary in either case to build a seal over the basement floor strong enough to resist the 
pressure. For low heads a gravity seal may be used, but usually the floor is built as a horizontal 
slab, reinforced against uniform upward pressure and held in place by the columns and wall loads. 


11. ESTIMATING 


Accurate estimates of building costs should be made only from actual cost records on 
similar work. Quantities of materials for various types of construction can be obtained 
from handbooks, and material prices from local dealers. Labor costs, given in even the 
best handbooks, are practically of no value. The efficiency of all labor varies widely in 
different parts of the country, and standardization of man-hours for even the simplest 


operations is impossible. 
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QUANTITIES.—Accurate estimates must be based on a carefully made quantity 
survey. A clear idea of the job as a whole is obtained by visiting the site, reading specifi- 
cations and studying drawings. Inconsistencies between drawings and specifications 
should be reconciled, and a definite plan of operation formulated for construction. Quan- 
tities are obtained by scaling drawings, in connection with specifications. All quantities 
are expressed in estimate units, as cu. yd. of excavation, cu. ft. of masonry, thousands of 
brick and sq. ft, of flooring. 

Horizontal areas for excavation, floor construction, etc., and vertical areas for walls 
and partitions are determined from drawings and recorded. Columns are recorded in 
linear feet and their type and section noted. Inclined surfaces, as roofs, are computed 
on the superficial area; stairs and steps by number of treads and risers. The thickness of 
each element is obtained from drawings, and volumes computed where necessary. Window 
and door openings, stair and elevator wells, are deducted from gross wall and floor areas. 
These data are used later to schedule doors, windows or other frame-surrounded openings. 

For example, consider concrete partitions. The lengths of all partitions, scaled from plans 
without deductions for small openings, and multiplied by heights read from the sections, give 1/9 
the contact area of forms. Deducting from this quantity area of openings, and multiplying the 
difference by partition thickness, in decimals of a foot, gives the concrete volume. This same area 
multiplied by weight of reinforcement per square foot of partitions, is weight of steel in pounds. 
This area doubled, is the area in square feet for plastering or painting. Information already taken 
off gives number and size of doors and windows, which are subdivided by types. This last schedule 
gives linear feet of door frames and sills; from the list of doors and windows, hardware may be noted. 

No great degree of accuracy is necessary in scaling quantities, but cumulative errors 
due to approximating quantities for units which repeat many times, should be avoided. 
Quantities should be tabulated on a quantity sheet under appropriate captions; these are 
the major divisions of work arranged in chronological sequence, as excavation, founda- 
tions, structural steel, floor arches, stone veneer, common brick, etc. After determining 
quantities and preparing a tentative plan of construction plant, a speed schedule is made. 

UNIT PRICES.—Material prices should be carefully figured from quotations, to 
avoid error in this portion of the estimate. Labor prices must be obtained from previous 
experience on similar work. Material prices and probable cost of labor items, are multi- 
plied by the quantities to obtain the cost of each item of the work. 

FINAL ESTIMATE sheets should have separate columns for labor and material costs. 
Items of job overhead, as liability insurance, superintendent’s salary, and plant rental 
charges are based either on time or percentages of direct labor and material costs. Sub- 
contracts, which normally include heating and ventilating, plumbing, elevator installation, 
electrical work and sprinklers, may represent from 25% to 75% of total cost. Such items 
are recorded on the final estimate sheet following the tabulation of work performed by 
the builder’s organization, with its accompanying overhead. The last item, profit or 
commission, usually a percentage of preceding items, completes the final estimate. 

ESTIMATING COST BY CUBICAL CONTENT.—For approximate estimates, 
it may be useful to price a building on a cubic foot basis. The following procedure is 
based on recommendations of the Am. Inst. of Architects. 

The cubic content (cube or cubage) of a building is actual space enclosed between 
outer surfaces of outside walls and outer surfaces of roof and 6 in. below finished surfaces 
of lowest floors. This definition includes cube of dormers, pent houses, vaults, pits, 
enclosed porches and other enclosed appendages as a part of cube of the building. It 
does not include cube of courts or light shafts, open at the top, or cube of outside steps, 
cornices, parapets, or open porches or loggias. 

Items listed separately are: a. Cube of enclosed courts or light shafts open at the 
top, measured from outside face of enclosing walls, and from 6 in. below finished floor or 
paving to top of enclosing walls. 6. Cube of open porches measured from outside face of 
wall, outside face of columns, finished floor and finished roof. c. Square foot area of all 
stoops, balconies and terraces. d. Memoranda, or brief description, of caissons, piling, 
special foundations, or features, if any. 

As a guide, the following cubic prices represent total construction costs, exclusive of 
engineering or architectural services. These figures are of value only for the purpose of 
making crude approximations. 

Multi-story Industrial Buildings, reinforced concrete, 20 to 25 cts. per cu. ft. 

Office Buildings, Fire-resistant Construction, cheaply finished, 50 to 60 cts. per cu. ft. 
Office buildings, fire-resistant construction, expensively finished, 60 to 90 cts. per cu. ft. 

Public School Buildings, 25 to 40 cts. per cu. ft. 

Frame Residences, 25 to 35 cts. per cu. ft. 

Non-fireproof Masonry Residences, 35 to 50 cts. per cu. ft. 

Fire-resistant, Elaborate Residences, 50 to 90 cts. per cu. ft, 
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PROPERTIES OF STRUCTURAL MATERIALS * 


ROLLED STRUCTURAL STEEL 


The tables on pages 17-50 to 17-72 give the dimensions, properties, safe loads, etc., of 
the more commonly used forms of structural steel. These tables are considerably con- 
densed from those issued by the manufacturers, but present a sufficient range of sizes and 
weights to permit the engineer to make, at least, preliminary designs. For more detailed 
information, consult the handbooks issued by the Bethlehem Steel Company, Carnegie- 
Illinois Steel Corp., and other manufacturers. ‘ For a more comprehensive treatment of 


the theory of beams and columns, see pages 7-17 to 7-34. 


1. BEAMS AND CHANNELS 


TABLES OF SAFE LOADS.—The tables of safe loads on the various shapes of struc- 
tural sections are based on a fiber stress f of 18,000 lb. per sq. in., when the section is used 
asa beam. Most building codes permit a value of f = 18,000 for quiescent loads; a few 
prescribe f = 16,000. For moving loads, f = 12,000. Where the beam is subject to 
impact the value of f should be largely reduced, the formula being 


ea Alet av (OH) =e Lp ee Soe ee Oa] 


. where f; = extreme fiber stress, lb. per sq. in., due to a falling load; f = extreme fiber 


stress due to the same load at rest; y = deflection, in., due to the same load at rest; 
H = height of fall, in. 

If the load is concentrated at the center of the span, the safe load is one-half the value 
given in the tables. If the load is not uniformly distributed nor concentrated at the 
center of the span, the maximum bending moment must be used. The maximum stress, 
lb. per sq. in., in a beam is the quotient of the maximum bending moment, in inch-lb., 
divided by the section modulus. This quotient must not exceed the allowable fiber stress 
for the particular condition involved as explained above. The weight of the beam must be 
deducted from the loads given in the tables to obtain the net applied load. 

SHEARING VALUE OF WEB.—In very short spans or with concentrated loads, a 
beam or channel may fail by shearing or buckling of the web. Maximum shear values for 
each size of section are given in the tables, and are based on a unit shearing stress f; of 
12,000 lb. per sq. in. The following methods may be used to determine maximum safe 
loads, from the standpoint of web shear, the value of f; being taken on the gross area of 
the web. Let V = maximum allowable web shear, lb.; A = gross area of web, sq. in.; 
t = web thickness, in.; h = clear distance between flanges, in.; f; = unit shearing stress, 
Ib. persq.in. Then forh = 60t, fs = 12,000; for h > 60 t, where the web is not stiffened, 

te V/A = 18,000/{1 -+- (17/7200 7)}—=. 2. . . . . (2h 
Safe shearing stress usually is taken as 12,000 lb. per sq. in., although some building codes 
limit it to 10,000 lb. per sq. in. Where loads produce shear exceeding the safe web crip- 
pling resistance, web stiffeners should be placed at points of support of concentrated loads 
and at suitable intervals. 

BUCKLING.—Beams may fail from end crippling or buckling at the point where the 
beam rests on bearings of ordinary length, or from the application of concentrated loads. 
Let B, = 1/2 distance over which concentrated load is applied, in.; B, = distance over 
which end reaction is applied, in.; D = depth of beam, in.; fy = safe resistance of web to 
buckling, lb. per sq. in.; maximum value of fp should not exceed 15,000; Rk = safe end 
reaction, lb.; { = thickness of web, in.; W = concentrated load, lb. 


If both flanges are fixed, fy = 18,000/[1 + {(1/6000) x (D/t)*}] . . [3] 
If one flange is fixed, f% = 18,000/[1 + {(1/3000) x (D/t)?}] . . [4] 
R= ,t(Be+(D/4)}. =>. « [5] Weare Bet Dap ee.. 2 ale) 


Formula [5] applies to any condition of loading. Formula [6] applies primarily to a single 
EEE US ie ia a ee 


* Staff contribution. 
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concentrated load, but it will apply to a system of concentrated loads if the sum of the 
distance B, < B,. Minimum distance between end of beam and point of application of 
concentrated load is (B, + B; + D/2). 
DEFLECTION.—The deflection of a beam uniformly loaded, supported at the ends, 

is based on the fundamental formula 

=(5/384)) Xai HE)) <n) 1. | she een ee [7] 
where y = deflection, in.; W = total uniformly distributed load, lb.; 1 = length of beam, 
in.; Z = modulus of elasticity = 29,000,000 for steel; J = moment of inertia about neutral 
axis, in.4 For a fiber stress of 18,000 lb. per sq. in., and a length L, ft. = 121, this formula 
becomes 

=x 0.01862 L2/2n.=1C*f2ni sue ct ao dees Sale! 
where n = distance of oats fiber from neutral axis, and C’ = deflection coefficient 
whose values are givenin Table 1. For floor beams carrying plastered ceilings 


y < span length/360. 


Table 1.—Deflection Coefficients, C’, for Structural Beams 
Based on Unit Stress of 18,000 lb. per sq. in. 


Span, ? 
ft. x 
1 93.867 
Z 96.530 
3 99.230 
4 101.967 
5 104.741 
6 107.553 
7 110.402 
8 113.288 
9 116.212 
10 119.172 


The deflection due to impact of a moving load falling on a beam supported at the 
ends is 


sy (1 eV (Ba) - Ie oo, tie oe Oe eee ee 
where y; = deflection, in. due to falling load; y = deflection due to same load at rest; 


H = height of fall, in. It should be noted that where the weight of the beam is a real 


factor, observed results do not agree with this formula, and practical tests give values 
much lower than the formulas. 


BEAMS LATERALLY UNSUPPORTED.—tThe tables presuppose that beams are 
supported against side yielding of the compression flanges, by tie rods or other means at 
intervals of not more than 15 X flange width. If the distance between lateral supports 
exceeds this amount the tabular safe loads must be reduced in accordance with the values 
in Table 2. If / = unsupported length of beam, and b = width of flanges, both in inches, 
the maximum ratio of //b is 40. The A.I.S.C. formula for compressive stress in flexure is 

& ='20,000/{1 -+- 2/(2000.6%)} - Se ee [10] 
with full stress limited to 18,000 lb. per sq. in. up to a ratio of 1/b = 


Table 2.—Allowable Safe Loads on Unbraced Structural Sections Used as Beams 


Values are percentages of tabular safe loads (see pp. 17-55 to 17-57 and 17-60) for various ratios 
of length of span to width of beam, 1/b. 


(Am. Inst. of Steel Construction Code, 1931) 


l/b Percent 1/6 Percent l/b Percent 1/b Percent 
Se 21 91.0 27.5 80.6 70.4 

15 100.0 21.5 90.3 28 79.8 : 69.7 

15.5 99.2 22 39.5 285 79.0 68.9 

16 98.5 22.5 88.7 29 78.2 : 68.2 

16.5 97.8 23 87.9 29.5 77.4 67.4 

17 97.1 23.5 87.1 30 76.6 ; 66.7 

17.5 96.4 24 86.3 30.5 75.8 66.0 

18 95.6 24.5 85.5 31 75.1 65.2 

18.5 94.9 25 84.7 31.5 74.3 ; 64.5 

19 94.1 25.5 83.9 32 73.5 63.8 

19.5 93.4 26 83.0 32.5 72.7 ; 63.1 

20 92.6 265 82.2 33 71.9 62.4 

20.5 91.8 27 81.4 33:5 71.2 61.7 
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BEAM CONNECTIONS.—Figs. 1 and 2 and Table 7, p. 17-61, show standard forms 
of beam connections. Fig. 1 shows the construction for the usual run of work, providing 
shearing and bearing values are adequate. 
Fig. 2 shows the type of construction recom- 
mended where the web is thin, the span is 
short, or concentrated loads are applied. 
Under such conditions the riveting of the out- 
standing legs should be investigated and, if 
necessary, additional values should be provided 
by larger rivets in a single row or by double 
rows in the wider legs. 

One-sided connections, that is connecting 
angle on one side of the beam only, never 
should be used if they possibly can be avoided. 
Such connections should be made with 6 X 6 X 
7/1g-in. angles with a double row of rivets in , 
each leg. Such connections should not be 
used on beams larger than 18 in. 

EXAMPLES IN BEAM DESIGN.—The Fic.1. Beam Con- Fic. 2. Beam Connec- 
following examples show the use of the tables we ae? Usual Eo ee or chor’ Span, 

4 Tactic In eb, or on - 
of properties and safe loads of standard rolled e rae ed oat 
beams. 

1. Concentrated Loads.—Required a beam, Fig. 3, of 20 ft. span to carry the following eoncen- 
trated loads: Wi = 6000 Ib., 5 ft. from left support; W2 = 8000 lb., 9 ft. from left support; W3= 
4000 lb., 16 ft. from left support. Assume weight of beam at 50 lb. per ft. = Wy = 50 X 20 =1000lb. 
The reactions are: (Ry X 20) — (6000 X 15) — (8000 X 11) — (4000 x 4) — (1000 X 10) = 0; 
whence R, = 10,200 lb. 

—(Re X 20) + (6000 X 5) + (8000 X 9) + (4000 x 16) + (1000 X 10) = 0; whence 
Rez = 8800 lb. 

Point of maximum bending moment or dangerous section is found as follows: 

50 X 5) + 6000 = 6250 < 10,200; (50 X 9) + 6000 + 8000 = 14,450 > 10,200; hence the 
Cangerous section is at point of load We. 

Maximum bending moment = (10,200 X 9) — (6000 XK 4) — (50 X 9) X 4.5 = 65,775 ft.-lb. 
or = (8800 X 11) — (4000 X 7) — (50 K 11) X 5.5 = 65,775 ft.-lb. 

Based on a unit stress of 18,000 lb. per sq. in., 

Required section modulus = (65,775 X 12)/18,000 = 43.85 in.’ 

Referring to Table 5, the 12-in., 40.8-lb. beam has a section modulus of 44.8. It is satisfactory 
if the beam is braced against lateral deflection. If it is not feasible to brace laterally a heavier 
beam must be selected. 

Three sections may be considered, viz., a 15 X 6-in., 60.8-lb. standard beam (Table 5), or a 
12 X 8-in., 40-lb., or a 12 X 10-in., 53-lb. wide flange beam (Table 3). 

Applying formula [10] to the 15 X 6 standard beam, 

Se = 20,000 / [1 + {2402/(2000 * 62)}] = 11,111 Ib. per sq. in. 

Required section modulus I/c = (65,775 X 12)/11,111 = 71.04 (see p. 7-25.) 

Similarly applying formula [10] to the other two beams: 

For the 12 X 8-in. beam, sc = 13,793, and I/c = 57.15; for the 12 X 10-in. beam, se = 15,528 
and I/c = 50.48. The required section moduli are then compared with the actual section moduli 
as given in Tables 3 and 5, as follows: 


SFaneaceeR 


15 X 6-in. Beam 12 X 8-in. Beam 12 X 10-in. Beam 


Required section modulus. .........+.0+0. 71.04 57,15 50.48 
Actual section modulus............. eisteiee 81.2 51.9 TOn7 
It is evident that the 12 & 8-in. beam is too light, but that 
Co apn ——— 20%. 04 -----—---- either of the other two are satisfactory. 


i coat AEE ! ! 2. Uniform Load.—Select a beam to carry a uniform 
i Piet ae load of 30,000 lb. on a span of 16 ft., beam simply sup- 
ported. Select a beam from Table 6. Opposite 16 ft. span, 
find the safe load of a 12 X 51/4-in., 40.8-lb. standard beam 
to be 33,600 lb. As this exceeds the specified load, it will be 


been ang lzglt———sie=—-7te QU >i 4 


i W,=6000 W,=8000 W,=4000 


ae eey: 


satisfactory. 
The beam also may be selected by finding the maximum 
| t-~----11’- 0Y-—-- bending moment. For a uniform load, this is at the mid- 
\------- 15‘ 0'-—----- point of the beam, and is (see Table 2, p. 7-22) M = W1/8 = 
R,=10,200 Ro=8800 (30,000 X 16 X 12)/8 = 720,000 in.-lb. 
Based on an allowable stress of 18,000 lb. per sq. in. S = 
Fie. 3 720,000/18,000 = 40 in.3, From Table 5 the section modulus 


of a 12-in. 40.8-lb. standard beam is 44.8 in., and the max- 
imum safe load is W = 2/3(fS/L) = 2/3{(18,000 X 44.8)/16} = 33,600 lb. Weight of the beam 
is 16 X 40.8 = 652.8 lb., which must be added to the load; 30,000 + 652.8 = 830,653 < 33,600 Ib. 
Hence, the beam will be satisfactory. By the same form of calculation, a wide flange beam, 
8 X 8 in,, 48 lb., is found to be satisfactory. 
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17-60 STRUCTURAL MATERIALS 


Table 6.—Safe Uniform Loads on American Standard Beams 
(Carnegie-Illinois Steel Corporation, Pittsburgh) . 
Applicable only when sections are braced against lateral deflection. For unbraced sections, 


see p. 17-48. Maximum and minimum weights only of each section are given. For intermediate 
weights, use the formulas on p. 7-22. 


Section No., Nominal Depth and Flange Width and Weight per Foot 
BI8, Bl, B2, B3, B4, B6, B7, 
24X77/gin.| 24 X 7 in. 20 X7in. |20X61/4in.| 18 X 6in. 15X6in. |15X51/gin. 


(eas AL: | A i alr Ee ee nS era ae eee Rel (eer wee ee 


1201 105.9} 100 | 79.9| 100 | 81.4| 75 | 65.4| 70 | 54.7 | 75 | 60.8) 55 | 42.9 
lb. | Ib. Ib. Ib. Ib. Ib. Ib. Ib. Ib. Ib. | Ib. Ib. Ib. Ib. 


Span, 
ft, 


Coefficient of 
Deflection 


6 |495.6]...... .67 
7 91 
8 é : ; ‘ ; j i : 3 ‘ 4) 1.19 
9 |334.5| 312.4 195.5} 168.5] 155.9} 135.9] 117.9] 122.2 ; : 5} 1.51 
10 |301.1) 281.2 176.0) 151.6] 140.3] 122.3] 106.1} 110.0) 97.4] 81.4) 70.7] 1.86 
11 |273.7) 255.6 160.0] 137.8] 127.6] 111.2] 96.4] 100.0) 88.6] 74.0} 64.3) 2.25 
12 |250,9| 234.3 146.6] 126.3] 116.9] 101.9] 88.4] 91.6] 81.2| 67.8] 58.9] 2.68 
13. |231.6} 216.3 135.3] 116.6] 108.0| 94.1| 81.6] 84.6] 75.0) 62.6] 54.4) 3.15 
14 |215.1] 200.8 125.7] 108.3] 100.2] 87.4| 75.8] 78.5] 69.6] 58.1] 50.5] 3.65 
15 |200.7| 187.4 117.3] 101.1] 93.6] 81.6] 70.7] 73.3} 65.0] 54.3) 47.1] 4.19 
16 |188.2] 175.7 110.0} 94.8] 87.7] 76.5| 66.3] 68.7] 60.9) 50.9} 44.2] 4.77 
17. |177.1] 165.4 103.5} 89.2| 82.6] 72.0] 62.4] 64.7] 57.3] 47.9] 41.6] 5.38 
18 |167.3| 156.2 97.8| 84.2| 78.0] 68.0} 58.9] 61.1) 54.1] 45.2] 39.3] 6.03 
19 |158.5] 148.0 92.6] 79.8] 73.9] 64.4| 55.8] 57.9] 51.3] 42.8) 37.2] 6.72 
20 |150.5} 140.6 88.0] 75.8] 70.2] 61.2| 53.0] 55.0} 48.7| 40.7} 35.3] 7.45 
21 1143.4] 133.9 83.8] 72.2} 66.8| 58.3) 50.5) 52.4] 46.4] 38.8) 33.7] 8.21 
22 |136.9] 127.8 80.0} 68.9] 63.8 55.6) 48.2! 50.0] 44.3] 37.0} 32.1] 9.01 
23 |130.9| 122.2 76.5} 65.9} 61.0] 53.2) 46.1] 47.8] 42.4] 35.4) 30.7) 9.85 
24 1125.5] 117.1 73.3) 63.2} 58.5| 51.0| 44.2] 45.8] 40.6] 33.9] 29.5} 10.73 
25 |120.4) 112.5 70.4} 60.6] 56.1| 48.9] 42.4] 44.0] 39.0) 32.6) 28.3] 11.64 
26 {115.8} 108.1 67.7| 58.3] 54.0) 47.1| 40.8] 42.3] 37.5] 31.3) 27.2) 12.59 
27 {111.5} 104.1 65.2| 56.2) 52.0] 45.3} 39.3] 40.7| 36.1] 30.1) 26.2] 13.57 
28 |107.5} 100.4 62.8| 54.2} 50.1] 43.7) 37.9] 39.3] 34.8] 29.1] 25.2] 14.60 
29 |103.8] 96.9 60.7| 52.3) 48.4] 42.2] 36.6] 37.9| 33.6] 28.1] 24.4] 15.66 
30 |100.4| 93.7 58.7], 50.51) S46. 8)0 4028| 35.4] .cect- | aon al cee ieee 16.76 
31 | 97.1] 90.7 56:8]. 48.9}) 4523) 3925) 34:2), .cdac | Gon eevee lemeeee 17.89 
32 | 94.1| 87.9 550). 47:4] v43e9} 38.21 33.1] saga] accede | eee lok ace 19.07 
33 | 91.2] 85.2 9] 533i 45.9] S42 eSlea7al| SB. caecle. eel pees neaeee 20.28 
34 | 88.6] 82.7 2h, SU8ly 44:6l4iap S610| Si /Sih cee teeene al eon oe eee 21.53 
35 | 86.0| 80.3 "5| 50.31-143.31 -4GcTh- 85.0] -30.S|... check eet cenee| Seeneene 
36 | 83.6] 78.1 54:9] © 4820| ©4251] 9G Olas. cl cence lewetec oseeed axeees 24.13 
37 | 81.4] 76.0 “B) 47.60 240.01. SRGlee. | vececcls «dae che. chee eee 25.49 
38 | 79.2| 74.0 46:3] 30:01) S6.6h: 5 - ||... ac deodee. became 26.89 
30 177.2| 72.1). 60.8) 53.5-cteos|occ.dcleckeds | aes fr 28.32 
40 | 75.3) 70.3) 59.3) 52.2]......)..e2s-[ereees Loads above upper horizontal lines will produce 29.79 
427171 66.9| 56.5 = 49 Tlie etl ners tet eager maximum allowable shear in webs. 32.85 
44 | 68. 63:0 BSi Oe CAT ahs wee cal ware sc erncnee Loads below lower horizontal lines will produce | 36.05 
46 | 65.5] GL.2) 51.6) 45.4)......].... ce fee sees excessive deflections. 39 40 
48 BSG 40) 4], 048) Gl come cliemecelecteere 42.90 


* 1 Kip = 1000 lb. (Table continued on following page) 
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Table 6.—Safe Uniform Loads on American Standard Beams—Continued 
Section No., Nominal Depth and Flange Width and Weight per Foot 


BB, B10, Bi2, B13, BI4, BIS, Bl6, Bil 
Span,| 12 XS 1/4 10X 45/g) 8X4 |7X35/s] 6X33/g) 5X3 |4X25/s)3X23/s| BS 
ft. in. in. in. in. in, in. in. Into siete 
55 | 40.8 25.4| 25.5 18.4] 20 |15.3/17.25] 12.5 |14.75] 10 |10.5|7.7|7.5|5.7| 80 

Meet In| Tb. Ib. | Ib. | Ib. | Ib. | Ib. | Ib. | Ib. | Ib. | tb. | tb. | tb. | ib. | tb. ] Ib. JO 
20 ot eo Gel Ie eae Donen ks Cece ete ee Se Dl Ina (ae ere ae a a Se ee one (a Lignl Beal ena. 
UE A Rel ee eee Sarees | coey ane ea 75.6) .<5.1 67.0) .5<0 59.3]... .|38.4]18.2/23.1/12.2| 0.02 
Joa CEE BEN See! ee eee 102.1]... .|71.9}42.0] 52.0) 33.1/°36.1/25.2/21.3/17.9|11.5] 9.9] .07 
S1212091 2... 128.3]..... 74.4) 68.1/51.8}47.9/41.4] 34.7) 29.0] 24.1]19.3]14.2/11.9| 7.7] 6.6] .17 
4. |159.7/132.5]113.5]100.8| 94.8) 73.3] 51.0/42.7/36.0)31.1] 26.0] 21.8] 18.1]14.5]10.6| 8.9] 5.8| 5.0] 30 
5 |127.7/107.6| 90.8] 86.3] 75.8] 58.6 40.8/34.1/28.8)24.8) 20.8] 17.4] 14.4/11.6] 8.5] 7.2| 4.6] 4.0] .47 
6 {106.5} 89.7] 75.7] 71.9] 63.2] 48.8) 34.0/28.4/24.0|20.7| 17.3] 14.5] 12.0] 9.7] 7.1] 6.0] 3.9] 3:3] .67 
7 | 91.3] 76.8) 64.9] 61.7) 54.2| 41.9) 29.2|24.4|20.5/17.7] 14.9] 12.4] 10.3] 8.3] 6.1] 5.1] 3.3] 2.8] .91 
8 | 79.8] 67.2] 56.8] 54. 25.5)21.3/18.0]15:5] 13.0] 10.9] 9.0] 7.3] 6.3] 4.5| 2.9] 2.5] 1.19 
9 | 71.0] 59.8] 50.5} 48. 22.7]19.0]16.0]13.8] 11.6] 9.7] 8.0] 6.4] 4.7] 4.0]....].... 1.51 
10 | 63.9] 53.8] 45.4} 43. 20.4|17.1]14.4/12.4) 10.4] 8.7] 7.2] 5.8) 4.3) 3.6]....].... 1.86 
11 | 58.1] 48.9] 41.3] 39. 1856]1595|f 31) e3| ee OeGlMeyAOl e GuGl5.3| ee se oe eelicne 2.25 
12 | 53.2] 44.8] 37.8] 36. AVEO AL 2N2AOTOPAT LS ela teo ee eleee alder acc eeelanee 2.68 
13. | 49.1] 41.4] 34.9] 33. [eA ltet els0 | ESCe | cac dl Bacal Bema real opel nee: 3.15 
14 | 45.6] 38.4] 32.4] 30. PEAS OS EEG) eeea| meee! secs bene bees Glad Menalleade 3.65 
15 | 42.6] 35.9] 30.3] 28. etSwe MEA IROP GIES © Ana cc seen meatal ees) feel e [sociale eee 4.19 
16 | 39.9] 33.6] 28.4] 27. CO SANTEGAS <2 a2 |e fers he, Na IP 4.77 
17 | 37.6] 31.6| 26.7| 25. PAG LO OPee ene eens ee ese oct as ona lser cles 5.38 
RS MMRDA E2989 eae? eA Ol DLT TB CS ea an Peg e Sece laces Ge cae le eelattrell(c desalenectoes. 6.03 
19 23.9| 22.7| 20.0| 15.4|.....]....|.... 6.72 
20 22.7) 21.6) 19.0) 14.7).....]....]-... Loads above upper horizontal lines will produce 7.45 
21 ; PARAL IU Sic eens Based Hane Reoe maximum allowable shear in webs. 8.21 
AD PDO LiF 2494 2026|NLGEEl. ccc]. -00.| ten «| oes)s sie Loads below lower horizontal lines will produce | 9.01 


5 5c16blasece @540e OBE ioeae excessive deflections, 


Additional Riveting for 
Short Span, Thin Web 


Usual Construction 


Depth of - F Stes See Fig. 1, p. 17-49 or Concentrated Load 
Beam or ize Oo ° a ae 
Channel, Angles, in. Angle, aia: pes ae os Spacing | Location of Rivets in 
i . of Rivets in| Rivets 
Bae Cae Leg Riveted |} in Each of Holes, Second Row 
Tans ped Ter in. See Fig. 2, p. 17-49 
36 4X 31/2 29 1/2 1 10 3 a, b, d, g, i, j 
33 4X 31/2 X 7/16] 261/2 1 9 3 a, C,e, 8,1 
30 4X 32 X 7/16} 23 1/2 1 8 3 a,c, f,h 
27 4X 31/2 X 7/16} 20 1/2 u 7 3 a, C,e, zg 
24 4X 31/2 X 7/16} 1712 1 6 3 GaOey 
21 4X 31/2 X 7/16 14 1/9 1 5 3 a,c,e 
20, | 4X 31/2 X 7/16] 1414/2 I 5 3 a,c,e 
4X 31/2 X 3/g | 11 1/2 1 4 3 Gia Wh, (ay 
4X 31/2 X 3/g | II 1/2 1 4 3 a,b, c,d 
4X 31/2 X 3/g 8 1/2 1 3 3 a,b,c 
4X 31/2 X 3/8 8 1/2 1 3 3 a, b,e 
6x4 XK 3/g 5 1/2 2 2 eS oP areharas 
64) =x | 85 Ife 2 2 A 
6x 4 xX 3/8 aA Ae GSE ast he 
6x 4 3 2 [ee | eee eee OR 
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STEEL ANGLES 17-65 


2. ANGLES, ZEES AND TEES 


The properties of unequal and equal angles are given in Tables 12 and 13 respectively. 
Safe loads on angles used as beams are given in Tables 10 and 14. 

RADIUS ‘OF GYRATION OF TWO ANGLES.—The values of Table 16 for radii of gy- 

ration of two angles are employed for computing the safe resistance to compressive stress of 


Table 10.—Safe Uniform Load on Unequal Steel Angles Used as Beams. 
Maximum, Intermediate and Minimum Weights 
(Carnegie Illinois Steel Corporation, Pittsburgh) 
Applicable only when sections are rigidly secured against lateral deflection 


Maximum bending stress, 18,000 lb. per sq. in. 


Neutral Axis Par- | Neutral Axis Par- Neutral Axis Par-| Neutral Axis Par- 
allel to Short Leg | allel to Long Leg allel to Short Leg} allel to Long Leg 
Maximum Maximum Maximum Maximum 

1 Foot Span, 1 Foot Span, 1 Foot] Span, |1 Foot} Span, 

: Thick-| Span 360 X Span | 360X |. Size Thick-| Span | 360 | Span} 360 Xx 
Size, ness, Deflection Deflection eS , ness, Deflection Deflection 
in. in. SS | Se ee ee ~~ in. a oe oe 

Safe |g | | Safe |g | 2 Safe |g | = | Safe jg |= 

Load, |$*, | < | Load, |$* |] <3 Load, |,S *,| <j | Load, |, *, | -< 

Kips * oe Sr Kips *|' 2 Ss} Kips*|.o & =} Kips *|.0 & 5) 

a4| § als aM] 8 a'|§ 
11/g 201.60 |10.61! 19.0|118.80 | 7.71] 15.4 11/16 (22.20 | 2.78) 8.0/11.88 | 1.92| 6.2 
8 X6 3/4 [140.04 | 7.19) 19.5| 83.16 |5.23| 15.913 1/gX21/9) 1/2 {16.92 | 2.06) 8.2] 9.12 | 1.42] 6.4 
7/16 | 84.84 | 4.27) 19.9| 50.76 | 3.12) 16.3 W/4 | 9.00 | 1.05) 8.6) 4.92 | 0.73] 6.8 
1 169.20 | 9.56) 17.7| 46.80 | 4.42! 10.6 9/16 13.80 | 1.95] 7.1] 9.84 | 1.59] 6.2 
8 x4 3/4 {130.80 | 7.23) 18.1| 37.20 |3.41| 10.9 3 X21/9) 7/16 \11.16 | 1.54) 7.2} 7.92 | 1.25} 6.3 
7/16 | 79.20 | 4.28} 18.5] 22.80 | 2.02] 11.3 W/4 | 6.72 |0.90| 7.5) 4.80 | 0.73) 6.6 
’ 1 129.60 | 8.20) 15.8) 46.80 | 4.50) 10.4 Yo {12.00 | 1.75} 6.9} 5.64 | 1.11] 5.1 
aX 4 11/16) 93.60 | 5.81) 16.1} 33.60 | 3.11] 10.8 3¢ 2) 13/8 9.36 | 1.33) 7.0] 4.44 |0.85| 5.2 
; 3/g | 52.80 a 16.6} 19.20 | 1.71} 11.2 1/4 | 6.48 |0.90| 7.2| 3.00 | 0.58} 5.4 
4 1 96.24 | 7.02) 13.7] 45.48 | 4.49| 10.1 Wo | 8.40 |1.45)5.8) 5.52 ]1.12] 4.9 
” 6 x4 11/16; 69.36 | 4.92) 14.1] 33.12 | 3.14) 10.5] 21/22 | 5/16 | 5.64 | 0.93] 6.1] 3.72 0.72) 5.2 
£ 3/g | 39.84 ne 14.5| 19.20 | 1.75} 11.0 1/g | 2.40] .38/6.3| 1.62] .30| 5.4 
j 1 93.96 | 7.02) 13.4} 34.80 |3.91| 8.9 5/ig | 5.28 | .92|5.7] 2.04} .52}] 3.9 
a 6 X3 1/9) 5/g | 62.28 | 4.49 13.9] 23.28 | 2.48] 9.4]21/9X 11/9) 1/4 4.32] .75|5.8!1 1.68] .41] 4.1 
Ay 5/16 | 32.88 | 2.30/ 14.3] 12.48 |1.27| 9.8 3/16 | 3.36 | .57|5.9| 1.32] .32] 4.1 
~ 7/3 | 58.56 | 5.10) 11.5) 30.24 |3.43| 8.8 Wo | 6.48 | 1.30)5.0) 3.12 | .85] 3.7 
4 5 X31/9| 5/g | 43.80 | 3.71} 11.8) 22.80 |2.50|) 9.1121/4 11/9) 5/1g | 4.32 |0.83|5.2) 2.04) .53) 3.9 
: 5/16 | 23.28 | 1.91] 12.2] 12.24 | 1.29] 9.5 3/1g | 2.76| .51|5.4| 1.32 | .33] 4.0 
18/16) 53.40 | 4.75) 11.2} 20-88 | 2.73) 7.7 3/8 4.08 | .88/4.6| 2.40] .65 3.7 
5 x3 9/16 | 38.76 | 3.35} 11.6] 15.24 }1.91| 8.0) 2x1 1/2] 1/4 2.88 | .60)4.8/ 1.68} .43) 3.9 
5/16 | 22.68 | 1.91] 11.9) 9.00 )1.08| 8.3 1/g 1.50 | .30/4.9/ 0.90} .22) 4.0 
33 

13/16 35.04 | 3.71} 9.5} 27.60 | 3.22) 8.6 Hg W275"), 260) 426)) 1 at6nle 2851/0 5% 
4 X31] 9/16 | 25.80 | 2.64 9.8| 20.16|2.27| 8.9] 2 X!¥4i376 | 2.12] .45/4.7/0.90| .27| 3.4 
5/16 | 15.12 | 1.50) 10.1} 12.00 | 1.31) 9.2 1/4 2.11 | .511 4.1] 1.14] .35| 3.2 
13/16) 34.44 | 3.76] 9.2] 20.16 | 2.74] 7.4]13/4 11/4) 3/16 | 1.64] .39/4.2| 0.90] .27/ 3.3 
4 x3 W/g | 22.68 | 2.37) 9.6 13.32 | 1.71 7.8 1/g 103%) 2714.3) 062) 219))/3.4 
VW/4 | 12.00} 1.22) 9.9} 7.20 |0.89} 8.1 5/1g | 1.92] .55|3.5| 1.36] .45| 3.¢ 
, 18/36) 26.40 | 3.25) 8.1] 19.80 |2.74| 7.2]1 1/2 11/4) 1/4 1.56 | .44/3.6/ 1.12 | .36 
31/gX3 | Ve | 17.40] 2.05) 8.5] 13.20 | 1.74| 7.6 3/ig | 1.21 | .33|3.7| 0.88] .27| 3. 
1/4 9.36 | 1.061 8.81 6.96 |0.88| 7.9 


* 1 Kip = 1000 lb. 


7 Table 11.—Gages for Angles 


; rete, (American Bridge Co. Standard) 
Width of Leg, in. 


eaee A Ca asia del Lia) 2a 21s | 39/5 4-1 5. | 6 17138 
Dimension, in. 
1 I/al 1 3/g| 13/4) 2 | 21/o] 3 | 34/al 4 | 41/2 
ee 2 ey ee tee sWekora Wetatas 2 21/4} 2 19] 3 
By. Sap SS cc Ath hc. cal |co.csl Roe eel Ve oie! foc abies 5) Rae Ma nti dar 


Max. rivet. } 


Di ; 5/g | 3/4 | 7/3 | /s | 7/8 | 7/8 | V/s} 1 | Ie 
iam., in. 
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Table 12.—Properties of Rolled Steel Unequal Angles. Elements of Sections. 
Maximum, Intermediate and Minimum Thicknesses and Weights 


(Carnegie-Illinois Steel Corporation, Pittsburgh) 


> 
A. 
a 
> 
f 
> 
o. 
a 
ii 
Bw 


> 


ce a pan aaa 33 
ae 2 68 an z 38 ae : 
- aqlez_lze | * |iéls3.ia2 | * es 
Ze, Pyles: 2, A ig ej 2 A HpeAS 
a gad Bas gos gh gas gZ08 cane 
49.3 114.48 |88.9 |16.8 | 2.48 | 2.70 42.5 | 9.9 | 1.71 | 1.70 | 1.28 
8x6 33.8 | 9.94 [63.4 |11.7 | 2.53 | 2.56 |30.7 | 6.9 | 1.76] 1.56 | 1.29 
20.2 | 5.93 |39.2 | 7.1 | 2.57] 2.45 |19.3 | 4.2 | 1.80] 1.45 | 1.30 
37.4|11.00 |69.6 |14.1 | 2.52] 3.05 |11.6 | 3.9 | 1.03 | 1.05 | 0.85 
8x4 28.7| 8.44 154.9 |10.9 | 2.55] 2.95| 9.4 | 3.1 | 1.05] 0.95) (85 
17.2 | 5.06 134.1 | 6.6 | 2.60 | 2.83| 6.0 11.9 | 1.09] 0.83| 87 
34.0 \10.00 147.7 |10.8 | 2.18 | 2.60 |11.2 | 3.9 | 1.06] 1.10] .85 
7x4 24.2| 7.09 135.1 | 7.8 | 2.231 2.49] 85 | 2.8 | 1.091 0.99] (86 
13.6 | 3.99 |20.6 | 4.4 | 2.27 | 2.37| 5.1 | 1.6 | 1.13 | 0.87] “38 
30.6 | 9.00 |30.8 | 8.0 | 1.85] 2.17 |10.8 | 3.8 | 1.09] 1.17| .85 
6x4 21.8 | 6.40 |22.8 | 5.8 | 1.89] 2.06] 81 | 2.8 | 1.131 1.06| 86 
12.3 | 3.61 |13.5 | 3.3 | 1.93| 1.94] 4.9 | 1.6 | 1.17] 0.94] ‘a8 
28.9| 8.50 |29.2 | 7.8 | 1.85| 2.26} 7.2 | 2.9 | 0.921 1.01| .74 
6X31/2 20.6} 6.06 |21.7 | 5.6 | 1.89] 2.15) 5.5 |21 |0.95|0.90| 75 
9.8| 2.87 |10.9 | 2.7 | 1.95 | 2.01| 2.9 | 1.0 | 1.00 | 0.76] “77 
22.7| 6.67 115.7 | 4.9 | 1.53] 1.79 | 6.2 | 2.5 | 0.96] 1.04| 75 
5X31/2 16.8| 4.92 12.0 | 3.7 | 1.56| 1.70] 4.8 | 1.9 | 0.991 0.95] (75 
8.7| 2.56] 6.6 | 1.9 | 1.61 | 1.59| 2:7 | 1.0 | 1.03| 184] 176 
19.9] 5.84 114.0 | 4.5 | 1.55| 1.861 3.7 | 1.7 | 0.80) .86] .64 
5x3 14.3} 4.18 |10.4 | 3.2 | 1.58] 1.77] 2:8 | 1.3 | 0.82| .77] “65 
8.2'| 2.40| 6.3 | 1.9 | 1.61 | 1.68] 1.8 | 0.75 | 0.85| 168) 66 
18.5] 5.43| 7.8 | 2.9 | 1.19] 1.361 5.5 | 2.3 | 1.01] 1.11] .72 
4X3 1/2 13.3] 3.90| 5.9 | 2.1 | 1.23 | 1.27] 4.2 | 1.7 | 1.03] 1.02] 72 
7.7| 2.25| 3.6 | 1.3 | 1.26] 1.18] 2.6 | 1.0 | 107 | 0:93} (73 
17.1] 5.03| 7.3 | 2.9 | 1.21] 1.441 3.5 | 1.7 10.831 .94| 64 
4x3 ib. 1} 225-4-5.0. | 1.9 1} 4025.) BlBHM zeae fowcy we wees. 1 ces be ee 
5.8| 1.69] 2.8 | 1.0 | 1.28| 1.24] 1.4 | 0.60] 189] 1741 65 
15.8| 4.62] 5.0 | 2.2 | 1.04] 1.231 3.3 | 1.7 85 | .98| .62 
3 1/2X3 10.2| 3.00] 3.5 | 1.5 | 1.07] 1.13] 2.3 | 471 88 | .88| 62 
5.41 1.56] 1.9 | 0.78] 1.11 | 1.041 1.3 | 0.58] .91| 791 “63 
12.5| 3.651 4.1 | 1.9 | 1.06| 1.27 | 1.7 99{ 1691 .77| .53 
31/9 X21/p 9.4| 2.75 | 3.2 | 1.4 | 1.09 | 1.20] 1.4 76| [70] :70| (53 
4.9) 0.44] 128 'Po-75') 1.12 | 1119 oc78 [i o4) ducezad olen h mesa 
9.5|2.78| 2.3 | 1.2 | 0.91 | 1.021 1.4 $21 °.72)~.77 | 52 
3X 21/2 7.6| 2.21] 1.9 | 0.93 | .92| 0.98 | 1:2 66 1f73:14F 73.) 53 
4.5/ 1.31] 1.2 | 0.56] .95| 0.91] 0.74] 1401 [75] 1664 253 
7.7) 2.2529 | 1,0 foe ene Sky Page tes PM fo te 
3X2 5 an Pa 0.78 .94 1 1,04 .54 .37 56 54 .43 
4.1} 0.19] 1.1 | 154] [95] 0.99] [39] 226] %57] 7491 243 
6.8.}.2.00 1.4. | 76) 5 gee gel 8 ele ee ee a eee 
21/2 x2 4.5| 1.31 | 0.79 | .471 .78 1.811 .45 | 31 100581] mcenemas 
1g} 1.864 0.55] .35|..20] 980) 74] 90} 19 tall tees ao demas 
Sig 3.92 1.15 fon Zt| 44d 999 8 90Nle 19 | ca7'| Sar | eas 
24x 1¥af 144| 3.19 0.94] 59] 361 S79) 881.16) 0294] say ae oes 
rq) 2.44 0.72.| 146] .28| 80] 185] (13| lan} 42| [354° 033 
eo} 3.99. 1.17 | 149 |) 34 on) 70) on bo oe tee araeaRuess 
2x1 Ma 1/4 | 2.77, 0.81 | <32) °,24) Waal eons ci 18 east ees 
Ye] 1.44.42") 517)... 13 o64 | 62 |” 100] og ee ae ee a 
Ya] 2.34.69 |, .20,]" |a8i} 5a | 260! |, Reo Lig mssimeaa dees 
1x af Hid 1.80.53). 16 | a4] 1551) 58} coz 0g lis senegal) meas 
Ye}. 1,23..).36.),.0f,! -209.).\056 toh S6ule c05 eas eg zaliies ialanners 

3/16 1.32] 139] .071] .o8il .43| 149] .022| .035| 241 . 24 
3 7 ; ; . 19 
18sxt/s { Yg}_ 0.9] 27.051] 0561 144} 1471 [0171 ‘026 125] °22| ‘29 
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two angles placed back to back, used as a strut or the compression chord of a truss. The 
angles must be riveted or otherwise fastened together so that they act as a unit. The 
allowed stress per sq. in. corresponding to the ratio of l/r of the section is obtained from 
the compression formula used, r being taken from the table. The stress value so found 
is multiplied by the area of the two angles, the result being the allowable compressive 
stress. 


Examriy.—Required the safe load in compression on a strut of two angles, 4 X 4 X 1/4 in., 
placed back to back; unsupported length, 9 ft. From Table 16, area of section = 3.88; least radius 
= 1.25; 1/r = 9 X 12 + 1.25 = 86.4. Compression formula used, 


f = 18,000 + [14 { (l/r)? + 18,000}]. 
18,000 + [1 + {(86.4)2 + 18,000}] = 12,273 Ib. per sq. in, 
Safe load = 3.88 X 12,273 = 49,365 lb. 


GAGES FOR ANGLES.—Table 11 gives gages for punching or drilling angles for 
riveting, based on the standards of the American Bridge Co. 


Table 13.—Properties of Rolled Steel Equal Angles. Elements of Sections. 
Maximum, Intermediate and Minimum Thicknesses and Weights 
(Carnegie-Illinois Steel Corporation, Pittsburgh) 


ane ~ Min, 
CHiA : “ Mi 
NU! Thick- | Weight | Area of | Moment ; Radius ao 
et, ness, | per foot,| Section, of lpametes of ee 
2 ee Ls in. lb. sq.in. | Inertia ecu | Gyration i One 
= ant y S, in3, : g Gyration, 
~ Size, in. in. Die ae aye r’, in. 
1 1/g 56.9 16.73 98.0 Le 2.42 2.41 BEE) 
8x 8 TB/ag tole M28 oh 4294 Phd 13.1 4.46 ||? 2.30 1.57 
1/g 26.4 y hav fs 48.6 8.4 zeal eK) 1.58 
Wig $39.6 (| 11,629} 37:2 9.0 p79 | 1:89 | 1.16 
Hifge vir 26.5 7! 97078-2652 6.2 1.83 1.75 1oh7 
3/g 14.9 4.36 15.4 Eye) 1,88 1, 64 1.19 
1 30.6 9.00 19.6 5.8 1.48 1.61 0.96 
Wier ee) 6 40h 147 4.2 151 1.50 | 0.97 
3/g tans 3.61 av) 2.4 1.56 1.39 0.99 
13g | 19.9 | 5.84 8.1 3.0 t:18 <1 1.29 |e (0877 
9/16 14.3 4.18 6.1 A) bel ez 0.78 
1/4 6.6 1.94 3.0 1.0 DeZ2 1,09 0.79 
iaei || 1zaie |) 5.03 5.3 253 10200) | 4.47) Ieaeote7 
31/2 X 31/2 the Bid |. 3.62 4.0 1.6 1.05 | 1.08 | 0.68 
fa 1/4 bas) 1.69 2.0 0.79 1.09 0.97 0.69 
5/g 11.5 3.36 2.6 Aso 0.88 0.98 0.57 
7/16 8.3 2.43 2G 0.95 0.91 0.91 0.58 
W/4 4.9 1.44 te 2 0.58 0.93 0.84 0.59 
Ye V7 | 2.35 1.2 0.73) | = 0574: HV 0.g1 P0047 
21/2 X 21/2 big | 5.0 1.47 0.85 p48 [> 6176 \eo.74° | 0,49 
1/g 2.08 0.61 0.38 0.20 0.79 0.67 0.50 
This’ | 5.3 |. £56 0.54 0.40 | 0.59 | 0.66 | 0.39 
W/4 35.19 0.94 023) 0.25 0.61 0.59 0.39 
1/g 1.65 0.48 Gory Os13 0.63 0.55 0.40 
5/16 3,30 1.00 0.27 0.23 0.52 0.55 be 
3 13 3/1 oy 0.62 0.18 0.14 0.54 0.51 0.3 
pet He A Ve. 1.44 | 0.42 0.13 Gatonerasss| | oh4s | 0.35 
3/3 3.35 0.98 0.19 0.19 0.44 0.51 0.29 
eX 11 V4 2.34 | 0.69 0.14 Baise babs 0, 47h 10499 
Pe Sie | Ys | 1.23 | 0.36 | 0.08 | 0.07 | 0.46 | 0.42 | 0.30 
Sia | 2233 .| 0.68 0.09 Gut) | 410136) 10.42 |) 024 
1 tt 3 1.48 0.43 0.06 0.07 0.38 0.38 0.24 
ih Pee A Pa | et ator | aisx | 0.04 | ‘00s | 073s |, 0.35 | 0.25 
4 1.49 0.44 0,04 0.06 0.29 0.34 0.19 
3/46 ite 1 0 34 0.03 0.04 | 0.30 | 0.32 | 0.19 
1/g 0.80 0.23 0.02 0.03 0.31 0.30 0.19 
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Table 14.—Safe Uniform Load on Equal Steel Angles Used as Beams 
Maximum, Intermediate and Minimum Weights 
(Carnegie-Illinois Steel Corporation, Pittsburgh) ‘ : 
Applicable only when sections are rigidly secured against lateral deflection. Maximum bending 
stress, 18,000 kips * per sq. in. 
Maximum Span. Maximum Span. 
360 * Deflection = . 360 X Deflection 


Length, 
ft. 


13/4 X 13/4 


11/2 X 11/2 


O-N KH NW KNW HAU HUN BNI 
ooo O-— OF N —-NHNN —WHe NWO 
RWHKH WWW WWW 2S UU ADAH 


Nuh —§NwW BON DOU A—-N @OLO 
Ube HOS ONM ASW HOW AW— 


Table 15.—Allowable Tension Values for Angles 
Maximum, Intermediate and Minimum Weights 
(Carnegie-Illinois Steel Corporation, Pittsburgh) 

Net stresses given in Kips.* Unit stress, 18 Kips per sq. in. 


Net Areas and Stresses—Two Holes Deducted 


Size, in. 7/g-in. Rivets | __3/4-in. Rivets__| _5/g-in. Rivets 
Area Stress Area Stress 
rr) 14.48 | 200,6--0 csi hee 
BX 8 0 | #2.34 | 10.71 | 1928 | i0fe2! | iser6, fie ee ee 
ag 7.00 | 126.0 
Tie 3 ; 1 (2... ee ee 
8X 6 8 8. & 82636 tl ISS. vrocs sorce |te meres 
we St a 56 S827 94.9 
34 9. .0 9525 “i £6655. ee. o eee 
8X 4 z 6. 9 :| 24301] 3268 ee eee 
ne 4. ae? 4. 4.40 1922 
.0 . 8. .0 8225 4] 14835) es 2 | eee 
7x4 2. ee. 5. 8 |) 35980 1 (10604. | ee 
.6 3. 3 ae SJ 3.43 61.7 
6 Ie 9: Se Pee ete Ge toe isa seins. 
6X 6 2 ” fe 6. oe 6258 lt Ti834 ee eee 
9 4. 3. .0 3: 3.80 68.4 
.6 9. cin .0 2225 | “W3025) (PP ean eee 
6x4 “ete. 5. ees, Pes hee 
A) a 2 Re 2 305 54.9 
oo 8. 6. .0 6.73 |. 12155 Se. 2 eee 
6X 31/2 co pee fe ey 4.61 | 83.0 
nish 2. 2. SS 2. 2.40 43.2 
.6 aK Tix .0 1525 4 | Pel 305 Se nee 
5x5 Stn 6 5 eS st ecole ae 
"5 3. 2. a Zr 3.05 54.9 
AYA 6. 4. .6 314) ) | 292.5 ae eee | eee 
.8 4. ae ni | 3.83 3.98 71.6 
aw is UR de 2.01 2.09 37.6 
Pt) be 4. .8 4.42 ole 796i | eee eee 
3 4. 3% “S) 3.20 3.34 60.1 
W Zs 1. a9 1.85 1.93 34.7 


*1 Kip = 1000 lb. 
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Table 15.—Allowable Tension Values for Angles (Continued) 


Sue Thick- wt A Net Areas and Stresses—One Hole Deducted 
Size, in. ness eh ares 7/g-in. Rivet 3/4-in. Rivet 5/g-in. Rivet 
in, ; Area Stress Area Stress Area Stress 
big) 39.6 Pukicbare | IDcS60L WUabdel.. scot: lessee. WR air os 
6x6 11/1 26.5 7.78 7.09 127.6 7.18 N29 Die Ih syscegnvarerone le eae 
3/g 14.9 4.36 3.98 71.6 4.03 72a 4.07 1303 
1 30.6 9.00 8.00 144.0 8.12 TAG 2 Olle epacctenscel tcc 
6x4 11/16 21.8 6.40 eal 102.8 5.80 Ute eG tl neta cthcaeal lasers trac 
Bee rs A ee ee 59.0 | 3.32 | 59.8 
1 28.9 8.50 7.50 135.0 7.62 3222s eames sae 
6X 31/2| 5/g 18.9 D9 5 4.92 88.6 5.00 90.0 5.08 91.4 
5/16 9.8 2.87 2.56 46.1 2.60 46.8 2.64 47.5 
] 30.6 9.00 8.00 144.0. 8.12 14622 «cS Lee 
5x5 11/16 21.8 6.40 71 102.8 5.80 O44) Allee Sac on [scenes 
3/8 12-4 SEOl My Eeoe2 Teil 3.28 59.0 Boe 59.8 
7/3 227 6.67 2th) 104.2 5.90 WOGH 2 WS oe Hite |e oectoe 
5X 31/e| 5/8 16.8 4.92 4.29 Yi hee 4.37 78.7 4.45 80.1 
5/16 8.7 2.56 a2. 4025229 41.2 2533 41.9 
ie tf) 19-94] 3.84 | 5,032 90°5—] S.13 CELE -| ian ae ae Eee aire 
ba ae 9/16 14.3 4.18 3.62 65.2 3.69 66.4 3.76 67.7 
5/16 8.2 2.40 2.09 37.6 AA) 38.3 25e 39.1 
13/16 19.9 5.84 5.03 90.5 SS O2T Sete meee eet ee 
4x4 1/9 12.8 S75 3.25 58.5 Beh | 59.6 SEV 60.7 
W/4 6.6 1.94 1.69 30.4 leh BLO Vee) 31.5 
13/14 18.5 5.43 4.62 83.2 4.72 CE TAU ba ioicrenedevek er eet ction 
4X 31/2| %6 | 13.3 | 3.90 | 3.34 | 60.1 3.41 61,4 | 93248 | 62.6 
5/16 Tied 2.25 1.94 34.9 1.98 35.6 2.02 36.4 
13/ig | 17.1 SrOs i 41221 76.07 | °4.32 TIAN aul eee 
4x3 1/2 Ll test 3425 Did 49.5 2.81 50.6 2.87 Mle 
1/4 328 1.69 1.44 25.9 1.47 26.5 1.50 27.0 
13/16 iV AD 5.03 4.22 76.0 4.32 LIBE nha creclleeencre : 
31/2 31/2] Ye UES B25 olay fb) 49.5 2.81 50.6 2.87 Silay 
1/4 5.8 1.69 1.44 2359 1.47 26.5 1.50 27.0 
13/46 15.8 4.62 3.81 68.6 Seo 2084" oe eles seems 
31/2 X 3 1/2 10.2 3.00 2.50 45.0 2.56 46.1 2.62 47.2 
1/4 5.4 1.56 eS 23.6 1.34 24.1 a7) 24.7 
11/16 12.5 3.65 2.96 53.3 3.05 SANS a eee lleva tte 
31 2 7 8.3 2.43 1.99 35.8 2.04 36.7 2.10 37.8 
Oeiee pe 4.9 1.44 Held 21.4 1,22 22.0 1,25 22°5 
5/g Lees 3.36 2.73 49.1 2.81 50.6 2.89 52.0 
3x3 7/16 8.3 2.43 1.99 35.8 2.04 36.7 2.10 37.8 
V4 cP |e TE EN I Tg 2 Pe 
9/16 9.5 2.78 Oho 2H) 40.0 2.29 41.2 2.36 42.5 
3X 21/2 3/g 6.6 1.92 1.54 Dina 1.59 28.6 1.63 Ihe) is) 
3/16 o39 1.00 0.81 14.6 0. 83 14.9 0.86 |555) 
1/2 riey DDS tenet actl| sinieeetevs) 4 1.81 32.6 1.87 Shi 7) 
3x2 3/g au) PE TOM eatin cei aore below 1,40 25.2 1.44 Pere) 
3/16 3.07 ROOM poeta ty ctell Aw 36 lorete 0.73 13a 0.76 13.7 
1/2 thet} TS Wl eae anon |GOoMODee 1.81 32.6 1.87 S37) 
1 5 5.0 WE AT rrr stctnete | cyaie tose 1.20 21.6 1.24 SHS) 
OME So rd eC el a 0.50 9.0 | 0.51 | 9.2 
Saye Ra I 9.2 
1/2 6.8 AN. || ap socaalvondeoor 1.56 28.1 1.62 29. 
5 4.5 haeelee illSc cneleeeel eter coe 1.04 18.7 1.08 19.4 
Baste ie 1.86 (85) lege: Raaal Baeeopeo 0.44 He) 0.45 8.1 
0.92 16.6 
5/16 3.92 ial Ulgue? eee Bepee can oeconcnd oecmaatae 3 
0.75 13.5 
ae (ite! 1/4 3.19 OO, ‘ice Sead bdnde-ellacedécod|suacocae ‘ 
aA a 3/16 PLY UV EAE ees clogs Grenier Cor somca paueeoor 0.58 at 
aeie23 22p 
7/16 Dyes) [SO USE ee ollBomoodors |code capes) Nerceraoxd ‘ 
DSC2 1/4 3.19 (OA. Mind ad eal lemiotioc pall Soe eerceto Inicio cae 0.75 a 
V/g 1565) 0.480 fo) fee ee ef 098 | OB 
: 3/g 3.99 ave Nees BRR eab Gren] ceo odoad jen cem ame 0. 88 15.8 
2x 11/2 1/4 Dend OL NWo5a6ceddlloodo.cae5||oeGoccus| Monitacee 0.62 hw 
1/g 1.44 (OL | ole chica! ecrpholc. aia Geer eel Ie arene 0.32 5.8 


* 1 Kip = 1000 lb. 
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Table 16.—Radii of Gyration for Two Angles 
(Carnegie-Illinois Steel Corp., Pittsburgh) 
Values of radii of gyration for intermediate thicknesses may be obtained by interpolation 


Radius of Gyration of Two Angles 
x x : Unequal Angles, 
Short Legs Vertical 


Apart 
Apart 
3/4 in. 


1/g in. 
In Contact 


3/g in. 


Www 
De Al 
mow 
Www 


Wun 
NOUNS 
www 


8x 8 


8x 6 


8x 4 


7x4 


Wwe Whe WWW 


6x 6 


6x4 


6X 31/2 


5X5 


5X 31/2 
5x3 
4x4 

4X 31/2 
4x3 
31/2 X 312 
31/2 X 3 


31/2 X 21/2 


3X 3 

3X 21/2 
3X2 
21/2 X 21/2 


21/2 X 2 


s 
9 
-0 
4 
“a 
8 
:2 
4 
ag 
2 
0 
2 
.6 
4 
5 
=) 
6 
8 
3 
9 
6 
8 
6 
8 
3 
tr) 
oF 
x) 
- 
9 
6 
5 
5 
ZY 
8 
a 
8 
8 
4 
is 
9 
5 
9 
5 
5 
7 
ql 
7 
st 
8 
6 
3 
2 
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Table 17.—Properties of Tees, Elements of Sections 
(Carnegie-Illinois Steel Corporation, Pittsburgh) 


eee 
| Axis A-A 
, : 7 Q a : : 
Brice (Pcl ws fe = |) 3 
> d ® 3 5 3 3 
Se Rg tot = eee i fA ae ee 0 
he > rey } oO Z 43 16} 
& 2 ° Ss ay z 3 
Si i ee ° » = oS 
ize, 1n, J a fant q = g AY 4 : 
iw | oe hh ee 2 ha Roca itende on | 8 | 
Thickness a a Boge || 6) ines eee FIRES o~fler [aie 
Flange/Stem|-——_,~— | & 2 oN | © Sis om food | Os: 
Toe* | Root *| £ 4 = 3 e s 2 3 


61/2 |61/2|0.40, .45/0.55, .45] 19.8 | 5.80 25-5 N50 2.01 | 1.76] 10.1 | 3.1 ie2 
4 4 Vp 9/16 U3 Sil 3 7. Sy) || Pi) 1.204 Th18 2.180 | lis 4 0 

. ; . F ‘ : : . 84 
4 4 3/3 7/16 £0'55) 3.09 4.5 |! “1.6 Meee yh, TeVKS Zedge. 0.83 
31/p |31/2 1/o 9/16 11.7 | 3.44 Cer falietiee 1.04 | 1.05 ica Je lee! Lea 0.74 
31/2 [31/2 3/g 7/16 9.2 | 2.68 SO ie Vi05 ) 101 1.4 0.81 0.73 
3 3 3/g 7/16 08 | 2927 1.8 | 0.86 | 0.90 | 0.88] 0.90] 0.60 0.63 
3 5 5/16 3/8 6.7 | 1,95 1.6 | 0.74 | 0.90 | 0.86] 0.75] 0.50 | 0.62 
21/2 |21/9 3/g 7/16 6.4 | 1.87 1.0 | 0.59 | 0.74 | 0.76] 0.52] 0.42 | 0.53 
21/2 {21/2 5/16 3/g B45 "| al s60 0.88) 0.50 | 0.74 | 0.74 0.44) 0.35 | 0.52 
21/4 [21/4 5/16 3/3 4.9 | 1.43 0.65) 0.41 | 0.67 | 0.68 0.33) 0.29 | 0.48 
21/4 |21/4 W/4 5/16 4.1] 1.19 0.52) 0.32 | 0.66 | 0.65 0.25) 0.22 | 0.46 
a 2 5/16 3/3 22581 he 26 0.44) 0.31 | 0.59 | 0.61 0.23) 0.23 | 0.43 
2 2 W/4 5/16 3.56} 1.05 0.37| 0.26 | 0.59 | 0.59 0.18} 0.18 | 0.42 
a ESF NSO 18 | 0-42) 

Unequal Tees 

= 3 1/g | 1/2, 18/39 | 9/36, 5/g | 13.6 u 1.1 ORO Sealed 1.14 
5 3 3/g, 18/39 | 7/16, 5/g | 11.5 224) | bat 0.76 OF lets 1.10 
4 45 1/2 9/16 | Magee 1028) 7351 1.56 2.8 | 1,4 0.79 
4 5 3/g 7/16 11.9 Be 51 | e254 1.51 A a i P| 0.78. 
4 41/2 1/o 9/16 14.4 7 bee) NO ee P37 2.8] 1.4 0.8F 
4 41/2 3/g 7/16 1 Pe 653) 72-0 1.31 7 yo Ned | 0.80) 
4 3 3/g 7/16 9.2 2.0 | 0.90 0.78 Pegi lit 0.89 
4 3 5/16 3/g 7.8 ze sO aa7 0.75 1.8 | 0.88 | 0.88. 
4 21/2 3/g 7/16 SE HE2) WwO),62 0.62 ale t40 0.92. 
4 21/9 5/16 3/g Aya 1,0 | 0.53 0. 1.8 | 0.88 | 0.91 
3 5/16 3/g 6.1 0.94) 0.52 0. 0.75) 0.50 | 0.65 
2 5/16 3/g af | ee eye? 0. 0. 125) G.50 


* Where two dimensions are shown, the first is for the flange, the second for the stem. 


Table 18.—Safe Uniform Loads on Tees 
(Carnegie-Illinois Steel Corporation, Pittsburgh) 
Neutral axis parallel to flanges. Values applicable only when sections are rigidly secured against 
lateral deflection. Maximum bending stress, 18,000 Ib. per sq. in. 


Equal Tees Unequal Tees 
f 4 1 Foot | Maximum Span Z : 1 Foot | Maximum Span 
Size, Weight! Span |360 X Deflection Size, Weight! gpan |360 x Deflection 
mies eeiey Foot Safe Safe L h bane Safe Safe 
rat ib. Load, | Load ware { Ib Load, | Load, Lepatls 
Kips * | Kips * : Kips * | Kips * 
61/2 K 61/2] 19.8 59.40 3.50 17.0 13.6 13.55 1.60 8.5 
4x4 ome 24.24 2.40 10.1 11.5 12.75 1.59 8.0 
4x4 10.5 18.96 1.85 10.3 15.3 37.56 3.05 1253 
31/e K 31/g] 11.7 18.0 2.05 8.8 11.9 29.16 2,33 12.5 
31/2 X 31/2 9.2 14.4 1.62 8.9 14.4 30.48 272, Wire 
=p Se 40 10.32 1.36 7.6 ez 23.76 2.08 11.4 
3 xX 6.7 8.88 1.16 Piped OFZ 10.80 1.36 739 
21/2 X 21/2 6.4 7.08 1.14 6.2 7.8 9.24 1.15 8.1 
21/2 X 21/2 bpe) 6.00 0.95 6.3 8.5 7.44 1.11 6.7 
21/4 X 21/4 4.9 4.92 0.88 5.6 (50? 6.36 0.94 6.8 
21/4 X 21/4 4.1 3.84 0.67 33,0 6.1 6.24 0.96 6.5 
2° 2 4,3 aie 0.75 5.0 6.1 8,64 1,16 7.4 
Cmssar 3.56 S12 0.62 iW) ol fo deci ce .olbee Jel lo Ibo aT een ries ol atic ak 


*1 Kip = 1000 lb. 
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Table 19.—Properties of Zees, 
I Pittsburgh) 


(Carnegie-Illinois Steel Corporation, 


é: dG Axis A-A Axis B-B Axis C-C 
: Pee ies Prates soe Tee Wile S| et) 
ais | 3 [sn | S4lo¢@ [54 SAlie | 33 
a roy n se A ote. Weis =" [O05 33 
o yey ws q.S q2 es a .8 a a's Fae 
g a OOF orice Sa jfe lag 2a |28 2A 
h,| Fl ¢ |3 25.)2 27) e5 5 18 8x. eS ael Se ong oo 
Depth, BDEOF | Cae 4 sg 3 O.8 &| 03 8] 235 
i | | er ee ea ar ose 
7 34.6 {10.17 4 a . P A < J 
robe qin a) 52'0'| 9.40 | 46.1 | 15,2) 2:22 | 17.3), 95.5") €56N) f0.e" 
1/2 3/4 29.4 | 8.63 | 42.1 | 14.0 P21 | se4 429 1.34 net 
11 28.1 | 8.25 | 43.2 eee 2229 || 16.5 D0 1.41 0.8 
Cis pe ye 35:4 7, 46.| 38.9°| 12.8] 2:28 | 14.4 | 4,4 | o038.) 9 0 ee 
31/2 9/jg | 22.8 | 6.68 Zh GN 10s 5012.28 12.6 3.9 137 0.81 
8 1.44 0.84 
61 3 5/g 1/2 21.1 | 6.19 | 34.4 | 11.2 3.36.1 12.9 Sh > 
in 39/16 T/ig | 18.4 | 5.39 | 29.8] 9.8 | 2.35 11.0 <r ae rave 
31/2 ae | 15.7 | 4.59 | 25.3] 8.4] 2.35) 9.1] 2. ; : 
51 3 3/g 13/jg | 28.4 | 8.33 28.7) b Mead) beso 14.4 4.8 Le 0.76 
Ca 35/16 3/4 26.0 | 7.64 | 26.2 | 10.3 1.85 | 12.8 4.4 He ae 
31/4 li/ig | 23.7 | 6.96 | 23.7| 9.5] 1.84] 11.4] 3.9 | 1.28 : 
51/ 3 3/g 5/g 22.6 | 6.64 | 24.5 946") 20.92, | 1221 ae) Ui35 0.76 
Eire eta Sg | 20.2 | 5.94 | 21.8 | 8.6) 1.91 | 10.5) 3.5, ) 1.32 0.75 
31/4 Ya [117.9 | 5.25 potRZ bees poh Md) eas 0.74 
5a 3 3/, 7/16 16.4 | 4.81 | 19.1 RoA| 199 9.2 2.9 1.38 0.77 
ee 35/16 Sia | 4410 | 4.10 | 16.2 | 6.41} (0.99) |) | 7.2) 12-39 Toe eS 
31/4 big | 11.6 | 9.40 | 13.4] Sas 4.98 | 6.2 728135 ees 
4g | 33/1 9/4 | 23.0 | 6.75] 15.0| 7.3) 1.49] 11.2 40) | T-29 gees 
4Yig | 31s Lifse | 20.9 | 6.14"| 13.5 f o657 | t248° [10.0 [99 Gap oe pea ee 
3 1/16 5/g £82971) 5.53 (aleot 6.1 | 1.48 8.7 3.2 1,25 0.66 
41g | 33/16 o/sg || /18.0.] 5.27 [12:7] 96.21.55] 9.39 03-2 097s 
41/36 | 31/3 Ye |.05.9)| 4.66/|.11-2,} S65 [1.55] 80] 2.8 tat 0.67 
31/16 Tig | 13.8| 4.05 | 9.7| 4.8] 1.55 | 6.7] 2.4) 1.29) 0.66 
4g | 33/16 s/s | 12.5 | 3.66| 9.6] 4.7| 1.62] 6.8] 2.3 | 1.36] 0.69 
4j/ie ft 3 Us S/ag |.10.3 | 3-03'| 7.9 | 3690.62) 5.5.1) 1.8 7 0 ese 
311 W/4 8:2 (2.41 |. 6.3 | Sab | 1:62)| Arai] 14 ts pease 
31/16 23/4 9/16 14.3 | 4.18 5.3 3.4 }51.12 527 2.3 es 0.54 
2 11/16 1/2 12.6 | 3.69 4.6 SEU ole 4.9 2.0 ris 0.53 
31/16 23/4 7/16 11,5) {3.36 4.6 3-0) | Walz 4.8 1a 1.19 0.55 
21/36 | 37s 918 | 2.86 | 3.9 | 2:6) 1.16 | 3c9}) 1.6.) 15lt iy Or54 
3 1/16 23/4 5/16 8.5 | 2.48 3.6 24h Medd 3.6 1.4 Us2t 0.56 
211/16 | 14 677 11.97 fo 2.9 fh eS | A hohe 268 |e ae eae 
Table 20.—Safe Uniform Loads on Zees* 
: 1 Foot | Maximum Span ? Maximum Span 
Size, 360 X Deflection Size, 360 X Deflection 
Depth X Safe Depth X re | 
Flange, Length Flange, Length, 
in Load, ft in Load F 
| ips to) -Bitpe fhe In eect ee eee 2 
6 1/8 X3 5/8 17.95 1.0 4; 5xX31/4 7.16 9.0 
6 1/16 X 3 9/16 16.83 | 10.9 | 41/3X33/16 1180 N aera 
6x3 1/2 15.68 10.7 | 41/16 X3 1/8 10.97 des 
61/3 X 35/8 15.43 | 11.0 4X 31/16 10. 14d ae? 
61/16 X 3 9/16 14.18 | 10.9 | 41/3x33/16 10.04 | 7.4 
6X3 1/2 12.91 10.7 | 41/16 x 31/s8 9.08 The) 
61/3 X 35/3 12228)" 11.0 4x3 1/16 8.10 722 
6 1/16 X 3 9/16 10.87 | 10.9 | 41/gx33/16 7.59 | 7.4 
6X3 1/2 9.43 | 10.7 | 41/16 X31/s 6545) #753 
5 1/3 X 33/8 14.65 9.2 4X3 1/16 Be26ule R72 
5 1/16 X 35/16 13.69 9.1 | 31/16 X 23/4 7.51 5. 
5xX31/4 12.70 | 9.0 3X 211/16 6 84 65.4 
5 1/g X 38/8 12.52 9.2 | 33/16X23/4 Gate Ge) 
5 1/16 X 3 5/16 11.42 9.1 3 >< 211/16 veel ee) 
5X3 1/4 10.30 9.0 | 31/16X23/4 5.21 Bat 
5 1/g X 33/8 9.73) 9.2 3x 211/16 4229 |e Sia 
5 1/16 X 35/16 Lila os et ee ee Wri tic). (cies On eoith LO -uo chee Wh co 


* See Note at head of Table 18. +1 Kip = 1000 lb. 
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4. COLUMNS 


~ SAFE LOADS.—The tables of allowable loads on structural sections used as columns 
are based on the A.I.C.S. formula (revised 1928), which is 
f = 18,000/[1 + {(1/18,000) X (i/r)*}]} 2. 2 www. Ot] 
where f = compressive unit stress, lb. per sq. in.; 1 = unsupported length of column, 
in.; r = least radius of gyration, in. The maximum unit stress at l/r = 60 is taken as 
15,000 Ib. per sq. in. The unsupported length of a column or main compression member 
should not exceed 1207. Safe loads within this limit are between the heavy horizontal 
lines in the tables. Safe loads below the lower horizontal lines are for values of l/r > 120, 
and up to 200. They may be used for bracing and secondary members. The values 
given in the tables are for direct, central loads acting in the direction of the column axis. 

ECCENTRIC LOADING OF COLUMNS produces bending stresses that must be 
taken into consideration. Columns must be so designed that the combined bending and 
compressive stresses do not exceed the values given by formulas [12] to [22]. 

Let A = cross-sectional area of section, sq. in.; d = distance of eccentric load from 
center of column, in.; f; = unit compressive stress for length J of column, Ib. per sq. in.; 
f2 = unit compressive stress for length J; of column, lb. per sq. in.; f, = unit bending 
stress, lb. per sq. in.; 7 = length of column, in, = 1; + 12; 1, = distance, top of column to 
eccentric load, in.; J. = distance, bottom of column to eccentric load, in.; M = maximum 
bending moment due to eccentric load, in.-lb.; n = distance of extreme fiber from center 
of column, in.; P, = concentric load, lb.; Pe = eccentric load, lb.; r = radius of gyration 
of section in plane of bending, in. Then P, = Afi, and P,e = Afs. 

When eccentric load is applied above mid-point of column, 


A = (Pe/fi) + (Pe/fo) + (Pedlan/l fr?) . . [12]; M=Pedb/l. . . [13] 
When eccentric load is applied at the mid-point of column, 

A = (Pe/f:) + (Pe/fe) + (Pedn/2f,r?) . . [14 M=Ped/2. . . [15] 
When eccentric load is applied below mid-point of column, the greater value of 

A = (P./fi) + (Pedh n/lf, r?) . [16], or A = (Pe/f1)+(Pe/f2) +(Pedle n/lf, r?) [17] 

M=P.dh/U. . . [18] 

When eccentric load is applied at top of column, 

A=10. +P) /A} + Pedn/f,r). « «+ [19];. M=Podev ...°. [20] 
When eccentric load is applied at bottom of column, 

A = (P./fi) + (Pe dn/f, Pa 5 3 BS eo TN as A ees Pee ee al P| 


BENDING FACTORS.—The bending factor offers a convenient means for converting 
bending moments produced by eccentric loads or other means, such as knee braces, into 
equivalent direct central loads. If the bending factor k be multiplied by the bending 
moment, in.-lb., the product is an equivalent central load on the column, producing the 
same compressive stress as the bending moment. This equivalent load is added to the 
direct central load to give the total load that the column must carry. The proper size of 
columns then can be selected from the values of safe loads in the tables, opposite the 
proper figure for length of column. In formulas [12] to [22], k can be substituted for the 
factor (n/r?). 

BASES.—Steel slabs are preferable to iron or steel castings for column bases. Slabs 
should be designed to support a given section, when carrying a maximum load stressing 
the column up to 15,000 Ib. per sq. in., with values of l/r < 60, with a maximum fiber 
stress in the slab of 18,000 lb. per sq. in. The commonly allowed intensities of pressure 
of the slab on good masonry are w = 500, 625 and 750 lb. per sq.in. The size of the slab 
is computed as follows: MN = P/w; t = p V w/6000, where M and N = dimensions of 
slab, in., corresponding to width of flange B, and depth of section D, respectively ; P = total 
load on column, Ib.; w = unit pressure on slab support, lb. per sq. in.; ¢ = thickness of 
slab, in.; » = projection, in., of slab beyond hypothetical column = 1/9 (N — 0.95 D), or 
1/9 (M — 0.80 B), whichever is greater. Slabs thicker than 2 in. should be planed flat 
on their upper face to give a square bearing for the column, and on both faces if the slab 
is to rest on steel. If it is to rest on masonry or concrete, full bearing can be had by 
grouting with strong cement. j 

EXAMPLE IN COLUMN DESIGN.—The following are examples in the use of the 
tables for the selection of columns of rolled sections. 

1. Simple Concentric Load.—Select a column 20 ft. long to carry a concentric load of 400,000 Ib. 


Solution.—Refer to Table 21, opposite an effective length of 20 ft.; three columns are found to have 
(Continued on p. 17-76) 
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17-76 STRUCTURAL MATERIALS 


the requisite carrying capacity, viz., CB 124, 12 X 12 in., 65-Ib., 255,000 Ib.; CB 143, 14 X 10in., 
74-lb., 258,000 Ib.;. CB 182, 18 X 83/4 in., 85-lb., 250,000 lb. Since CB 124 will carry the load 
at the least cost, it is selected. 

2. Concentric Load and Eccentric Load.—Select a column 20 ft. long to carry a concentric load 
of 170,000 Ib., together with an eccentric load of 27,500 lb. applied 4 ft. below the top of the column, 
and acting in the plane of greatest resistance, i.e. along axis AA, at a distance of 18 in. from the 
center of the column. Solution.—A preliminary selection is made of a 14 X 10-in., 74-lb. section, 
CB 143. From Table 3, the following data are derived: Area of section, A = 21.76 sq. in.; width 
of flange, b = 10.072 in.; radius of gyration r about axis AA = 6.05; about axis BB = 2.48; 
distance to extreme fiber n = 7.09. From the conditions of the problem,! = 20 X 12; bk = 16 X 12; 

= 18. (See notation for formulas {11] and [12]). 

The unit compressive stresses are determined by formula [11] for both the concentric and eccen- 
tric loads. 

A= 18,000/[1 + {(1/18,000) X (20 X 12/2.48)2}] = 11,842 lb. per sq. in. 
fo = 18,000/[1 + {(1/18,000) x (16 X 12/2.48)2}] = 13,503 Ib. per sq. in. 

Since the load is eccentric and applied above the mid-point of the column, formula [12] is used. 
Since the ratio //b = (20 X 12)/10.125 = 23.70 > 15, the unit fiber stress in bending, f, = 18,000, 
must be reduced in accordance with the values of Table 2. Percentage of maximum unit stress 
corresponding to 1/b = 23.70 is 86.78. Hence f, = 18,000 X 0.8678 = 15,620 lb. per sq. in. 

Hence, applying formula [12], 

170,000 , 27,500 , 27,500 X 18 X (16 X 12) X 7.09 : 
Als en 21h = «21,32 8q. ID. 
11,842 13,503 (20 X 12) X 15,620 X (6.05)? 
Since the area of the column selected is 21.76 sq. in., and an area of only 21.32 sq. in. is required, 
the selection is satisfactory. 

GRILLAGE.—When grillage beams are used to support columns in order to distribute 
heavy loads properly upon soil bearing, the proper size of beams to be used in each tier is 
determined as follows: Maximum bending moment M, in ft.-lb., occurs at the center of 
the beam. M = W(L — N)/8, where W = load supported by each beam in one tier, lb.; 
L = length of beam, ft.; N = length on which load is applied, ft. If (L — N) be taken 
as the span, the size of, or safe load on, grillage beams may be obtained from the tables 

(Continued on page 17-79) 


Table 22.—Allowable Concentric Loads on 14 X 16 in. Wide-flange Columns 
(Carnegie-Illinois Steel Corporation, Pittsburgh) 
For concentric loads on other sizes, see Table 21; for loads on columns with cover plates, see Table 23 


Effec- | 426 398 370 | 342 314 | 287 | 264 | 246 | 228| 211| 193) 176] 158| 142) 320* 
tive Ib. lb. lb. | lb. Ib. Ib. | Ib. | Ib. | Ib. | Ib. | Ib. | Ib ed 


Ib. | Ib. 
Length, 
ft. Allowable Load, Kips 
eel Eee Een titty Katced) coined manos! EUocclnooSAlibge dito ce 851| 776] 697| 628) 1412 
20 1006] 931} 851} 776] 697] 626) 1412 
21 997) 921} 840) 764) 685) 615) 1409 
22 981] 905} 826) 751} 673) 605) 1386 
23 964) 890) 812| 738] 662| 594) 1362 
24 948) 874) 797| 725] 649) 583) 1339 
25 930) 858) 782| 711] 637) 572) 1315 
26 913} 843} 768] 698} 625) 561) 1292 
27 896] 826) 753) 684) 613) 550) 1269 
28 879] 811) 739} 671) 601) 539] 1245 
29 862| 795) 724) 657) 589) 528] 1221 
30 845| 779) 710) 644) 577) 517) 1198 
31 828] 763) 695) 631} 565) 506) 1175 
32 811] 748) 681} 618) 553) 496) 1152 
33 795| 732) 667| 605) 542) 485] 1128 
34 779| 717| 653] 592) 530} 475) 1105 
35 763) 702) 639] 580) 519) 464) 1084 
- 746| 687) 626) 567| 508} 454) 1061 
a 731) 673) 612) 555] 497) 444) 1039 
a 716) 658) 599) 543] 486) 435) 1018 
700| 644) 586) 531] 475) 425) 997 
40 685|_ 630) 574) 520| 465] 416] 976 
Al 671 617) 561) 508) 454) 407] 955 
42 656| 603] 549) 497) 444) 397| 935 
43 642). 5901 coil: wssrlemrrenstl ouster lonetere 


* Column core section. 


Safe loads above upper zig-zag line are for ratios of l/r not o i 
\ \ ver 60; those bet - 
lines are for ratios of l/r up to 120; those below lower zig-zag line are for Seer ve not over 2000 
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If (LZ — N) is less than spans given in tables, web shear or buck- 


ling governs, and the coefficient of strength or section modulus should be calculated. 


C=W(L—N) 


[23]; 


S = 3W(L —N)/2f 
Vinex. = W(L — N)/2L 


[24] 
[25] 


where C = coefficient of strength; S = section modulus; f = allowable unit stress in bend- 


ing, lb. per sq. in.; Vmax. = maximum shear due to load W, lb. 
allowable shear V. For computation of V, see formula [2]. 


satisfy formula [23] or [24], and formula [25]. 


metal at the rivet holes. 
ness of webs of beams or girders. 


rivets. 


5. RIVETING 


Rivets usually are proportioned to transmit the entire stress, friction between the 
riveted members being disregarded. The number and size of rivets should be such as to 
give ample resistance to shear, and to give sufficient bearing area to avoid distortion of 


driven rivets, as shown in the tables. 


Vmax Must not exceed 
The proper beam should 


This latter condition sometimes requires increasing the thick- 
Table 25 gives shearing and bearing values of structural 
Machine-driven rivets may be calculated for higher unit stresses than hand- 


Table 25.—Shearing and Bearing Values of Rivets 


Daur 11/g] 11/4] 1/o 5/8 3/4 7/8 1 1 1/g} 11/4 
Rivet area, 
sq. in..... (0.1963) .3068 | .4418 | .6013 | .7854 | .9940 |1.2272] .1963 | 3068} .4418 | .6013 | .7854 | .9940 |1.2272 
Hand-driven Rivets 
Single shear, 
| ee 1960 | 3070 | 4420 | 6010 | 7850 | 9940 |12270 | 1960 | 3070 | 4420 | 6010 | 7850 | 9940 |12270 
~ Double shear, 
| oY Soa ee 3930 | 6140 | 8840 |12630 |15710 |19880 |25540 | 3930 | 6140 | 8840 |12030 |15710 |19880 {25540 
Plate Thick- Bearing Value, lb., Bearing Value, lb., 
ness, in. at 16,000 Ib. per sq. in. Unit Stress at 20,000 Ib. per sq. in. Unit Stress 
1/g 1000 | 1250 | 1500 | 1750 ! 2000 | 2250 | 2500 } 1250 | 1560 | 1880 | 2190 | 2500 | 2810 | 3130 
3/16 1500 | 1880 | 2250 | 2630 | 3000 | 3380 | 3750 | 1880 | 2340 | 2810 | 3280 | 3750 | 4220 | 4690 
Ta eee. 2500 | 3000 | 3500 | 4000 | 4500 | 5000 | 2500 | 3130 | 3750 | 4380 | 5000 | 5630 | 6250 
b/g? ble adokl ses 3750 | 4380 | 5000 | 5630 | 6250 | 3130 | 3910 | 4690 | 5470 | 6250 | 7030 | 7810 
CES Ne ee | Bee) Pease 5250 | 6000 | 6750 | 7500 | 3750 | 4690 | 5630 | 6560 | 7500 | 8440 | 9370 
RT OES Ren Boers Banoee 7000 | 7880 | 8750 ]...... 5470 | 6560 | 7660 | 8750 | 9840 |10940 
See Welt ert bbsattesl s tro,'all obisis e, oH emsive > 9000 |10000 }......]...... 7500 | 8750 |10000 |11250 |12500 
aia due OLE be ea Baer Sean ae era IT250' fst asaeting cour. 8440 | 9850 |11250 |12660 | 14060 
ee RES ee ae RR Rage ered Be eed eee ae 10940 |12500 |14060 |15630 
TAS PRE |b Saeed 6 lode. Gudeco BG 880! 4ee0s Bsesed oncom ppraes scares 12030 |13750 |15470 |17190 
Pe ee ae ley Gee cde GaP eee BEHee nrg: Drennan NEDO cet) Anes Rees 15000 |16880 |18750 
Be Re Baths bane -Loteiands bots Ipdeamfodones |e iawn 18280 |20310 
rh a ees | ee REMAN A ee Lhe sa lade oaclade «ve faigeese| agate 19690 |21870 
Per enn ee ee TTL goes sce oc[ogeses]sdesaddcdon ee 23440 
1 8000 |10000 |12000 |14000 |16000 |18000 |20000 {10000 |12500 |15000 |17500 {20000 |22500 {25000 
Power-driven Rivets 
EEE Eee 
Single shear, 
Abo eraiee se 5960 | 8120 |10600 |13420 |16570 | 2650 | 4140 | 5960 | 8120 |10600 |13420 |16570 
Double shear, 
IAs F580 11930 |16240 121200 |26840 {33130 | 5300 | 8280 |11930 |16240 |21200 |26840 {33130 
Plate Thick- Bearing Value, lb., Bearing Value, lb., 
ness, in. at 24,000 Ib. per sq. in. Unit Stress at 30,000 lb. per sq. in. Unit Stress 
/g 1880 | 2250 | 2630 | 3000 | 3380 | 3750 3280 | 3750 | 4220 | 4690 
3/16 2810 | 3380 | 3940 | 4500 | 5060 | 5630 4920 | 5630 | 6330 | 7030 
A dee eal eesiccaste 3750 | 4500 | 5250 | 6000 | 6750 | 7500 6560 | 7500 | 8440 | 9380 
CLG ae choisicio s| < eieteis 5630 | 6560 | 7500 | 8440 | 9380 8200 | 9380 |10550 |11720 
Wn= ol baa baat Se Bees 7880 | 9000 |10130 11250 ]...... 9840 111250 |12660 |14050 
“Hit. ell beaaee Boouce breton jaaaoer 10500 |11810 |13130 }...... 11480 |13130 |14770 |16410 
Wg Ja vewoclecoccc|eosees|ercccadosvencd erases H5000: Hise ade: 13130 |15000 |16880 |18750 
Hoa 0) Oak ocr ce bela odes OHOPIee Beene eemed Gpe con acres Crmmne 14770 |16880 |18980 |21090 
SPS PE oo licipreosik chien vice ad|eecaleayollle £ cfetale[lcidisle's'oNfsisialn vai] +-sins wisif'eia.e.0 oy 18750 |21090 |23440 
ES SIA Sl 0 Rd (ees Ree AP Re 20630 |23200 |25780 
ET EI ee EO ee Re 1, Ro Re Oe en eee 25310 |28130 
ES SSE ae ily ela OER BOS Ae CE Bet A Ge PO Dee Be meee 30470 
IE SI Es has 9) Beet PY A Reeeee rs Pe Oe Re 32810 


12000 |15000 |18000 |21000 |24000 
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CONVENTIONAL SYMBOLS FOR RIVETING are shown in Fig. 4, which repre- 
sents American Bridge Co. standards. The diagonal cross represents a countersink, the 
blackened circle represents a field rivet, and the diagonal stroke a flattened head. The 
position of the cross, with respect to the circle (inside and outside or both sides), indicates 


Table 26.—Length of Rivet Required for Various Grips 
(Am. Inst. of Steel Construction Standard) 


|Past i<-Grip, b> r<—Grip, be 
= 4 3 “4 a 
Length 4 Grip a Guage Grip b a 
A pe ne > t+—Lensth—>} be-—Length— >! 
ri ; : : : - 
5, Diameter of Rivet, in. Diameter of Rivet, in. 


_____Diameter of Rivet, in| CE 
oa) | 341 elt |iwsl tial Vel Ss | 3/41 Vel t | tvel iis 
Length of undriven rivet, in. 


1/2 15/g| 17/g) 17/8 1 1/g 

5/3 13/4} 2 2 11/4 

3/4 17/g| 21/8} 21/8 1 3/g 

W/g | 2 21/4| 21/4 11/2 
1 21/4| 23/g| 23/g 1 5/g 
1 1/g 2 3/g| 21/2] 21/2 17/g 
11/g | 23/2} 25/g| 25/g 2 
1 3/g 25/g| 23/4] 23/4 21/8 
11/2 27/g | 3 3 21/4 
1 5/g 3 3 1/g| 31/8 2 3/g 
13/4 3 1/g| 31/4} 3 V/4 25/3 
17/g | 31/4) 33/8] 3 3/8 23/4 
2 31/2| 3 1/2} 35/8 27/8 
21/8 35/g| 35/g| 33/4 3 
21/4 3 3/4 | 37/g| 37/8 3 I/s 
23/g | 4 4 4 3 3/3 
21/2 | 41/8} 41/8} 41/8 31/2 
25/3 41/a4| 41/4] 41/4 3 5/g 
23/4 43/g| 43/g| 43/8 3 3/4 
27/g | 45/8) 45/8] 458 37/g 
aa ee 43/4| 43/4 7 
Bilan. ceek 47/3 | 47/3 4 hy 
Bil /AWeole nees 5 5 4 3/g 
33 /g alos a 51/g| 5 Vg 41/2 
StL /oNe la cates 5 3/g| 5 3/g 45/g 
aE, onl) oes 51/2| 51/2 43/4 
SS/ACe is, iene 5 5/g | 5 5/g 5 
317/sccaph eee 5 3/4| 53/4 3s 
AT coe Ware tcabemerece 5 7/8 1 
Aig SNe Migharslfeieie tat 6 : a, 
WV el hes eee coe ec 6 1/g 5 1/2 
elon (een ae 6 3/g 5 5/g 
Me Ve vcieailleteretene 61/2 5 3/4 
Hy Sse hts on 6 5/g 6 

MR 20-008 Sith, HOR 6 3/4 1 

tae a eet eee 6 7/8 : 
Si SRS crete a: sare s Neate te 
Se |... hes .oclowacdl 7/4 | PUM wale tele | er eee 
53/4 hes ccabeeas chee catep BART 8/e | Dee Bato ee etl eae 
58/3 |... cctosamulasccal-? et 2 Stat 2 Wee eercetc ce ieee 
Bie los ecto t ccabss sccl 2 Sald eld eae eee 
Big bes chs coated | 2 Wel 2b ee eee eae eee 
BBe ne . cles ccchoteect & WB caih Spies beeen eee eee 
BW/s bos cw ehosca le sumct Blyp (Gt/a (se Wat tle ba sacl seen eee 
Oa. 2k aber’ eos ttere 
Bar loccishe, oxstecdeeh Oe | Sl/el 8 VSN Wetec ute ae eee 
61 /ace bos sdt lds coilevcoat BO/a | Biehl See iete cos een 
68/gv Nes cis}ds caxbeaccchQtial 8 Sah Gaal Sefton ka.) ene 
GU/EMels; ovilercalcac stp Sel OTe) Safe lee ence aa ie 
GB/s Rosa alccscvahegas ele Woh Oe fos ly $a1/e) eo try latina ieee alana 
63/4. \ebacslctcuslcke cal Saleh 9 t’et 9 Wl-9 a/alan aes) eee 


Ss ee ras 
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the location of the countersink, and similarly, the number and itio1 i 
tion : ; 4 position of the diagonal 
strokes indicate the height and position of the flattened heads. ‘ 


{T) CN fs oo ED 
KEI RA SYK BQH BKK VSS mMeawwmneweeoee iz 
KIKR QR PWR Ge 4 eRe Wee & CHK 
SR, ay, t WN 


— Shop Rivets—— 
2 Round Heads 


Countersunk and. 


be——chipped— 


|? ReEnCdS0s505G 1a Jo Ya 


ountersunk-and 2 


chipped 


Maximum height of heads @=1; of heads b=! of heads ¢=%" 


Fig. 4. Conventional Symbols for Riveting 
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TERNE ROOF CONSTRUCTION.—The following data were supplied by N. G. 
Taylor Co., Philadelphia: Roofs with less than 1/3 pitch are made with flat seams, and 
preferably should be covered with 14 X 20-in. sheets, rather than with 20 X 28-in. sheets, 
as the larger number of seams tend to stiffen the surface and prevent buckles. For a flat 
seam roof the edges of the sheets are turned 1/2 in., locked together and soldered. The 
sheets are fastened to the sheathing boards by cleats 8 in. apart and locked in the seams. 
Two 1-in. barbed and tinned nails are driven in each cleat. Steep tin roofs should be made 
with standing seams and from 28 X 20-in. sheets. The sheets are first single or double 
seamed and soldered together in a long strip reaching from eave to ridge. The sloping 
seams are composed of two ‘‘up stands”’ interlocked at the upper edge and held to the 

_sheathing boards by cleats. No solder is used in standing seams as arule. In soldering 
tin roofs, only a good rosin flux should be used. The use of acid must be carefully avoided. 

TIN PLATES are made of soft sheet steel coated with tin, and are called in the trade 
“‘coke”’ or charcoal”’ plates according to the weight of coating. These terms have sur- 
vived from the time when the highest quality of plate was made from charcoal-iron, while 
the lower grades were made from coke-iron. Plates to-day with the lighter coatings now 
are known as coke-plates, and are used for tin cans, etc. The various grades of charcoal- 
plates are designated by the letters A to AAAAA, the latter having the heaviest coating 
and the highest luster. One other brand, made with a heavier coating than 5A, is especially 
adapted for nickel-plating. The unit of value and measurement of tin plates is the ‘‘ base- 
box,”’ which is 112 sheets of 14 X 20 in. plate, or 31,360 sq. in. of any size. Plates lighter 


Table 27.—Weights of Roofing Materials 


Average Weight, 


Material lb. per sq. ft. 

Corrugated Galvanized Sheet Steel 

Nice Gu aly) Since bi Graig @iaeye lal etsy a si 2) 210 (oi avols!eretiar'e1 o\e\ sr 0Faiigiarstai aneieielsisieieveielsiareieeiens 23/4 

RNGMEZ ONG ova SEG LRG ame ermyeter cr retelotenersyctsicte ore sister wisilesels. cfs) eis) e'ecsie\siereseieieicia) oie 21/4 

Nr Ceee ener SILEG biG awO caeeentre ey <tetace te ie clale) = tote ysitcivl-slaisie sists. enciase,si is" ¢iguets + <i sie 13/4 
Woppers NO. 22. Bede Se GALE. cciele ie Foci ie scien sons sic viccicinc css eer senerc 11/4 
iat, MIP ae xs ose Cop ooed be JUS Ebb DD OOOO UO OO OD COU COOOO ONO MOnIOUI OC Ong 1/2 
Melerand sap healb OF COAl FAT. sjele.c) <leieicl ects) oicieiol eles) 4 ele eos cele) ois 0/0 e%s sole cele 8 (oishe) 5) 2 
KGTetaes b/g mee Gite Key aray pel cte le eiclele! <!<fa: o) 2fsie) e/nicln ele saln e1ei sie wie'e sie sie) 6 # sidinietels'e ses = 13/4 
Hemlock: sheathingys I inssthickes. 6. ce sc occie cole. cleiele ole sejeicicisinta cee cerissivices 21/2 
Lath and plaster ceiling (ordinary) .....-..++ ee -ee eect eee cert cere e teens 6 to 8 
Herel srmey Dic kraetayate ms eieierietele c) 2 <a) s\« sie clele e)= 1s) aiaisicls ele. siejeieze aisle eleleve efsisi sei « 7 1/2 
Shingles, 6 X 18—1/3 to weather. ... 1... ..- cece cece eee tee eee eee tees 2 
Skylight of glass, 3/1g to 1/2 in. including frame...........--+++++eeeeeeeeeee 4 to 10 
Slag roof, 4ply, with cement and sand............+.s sees cece eter teres 4 
Slate, 1/g in. thick, 3 in. double lap. ........- sss eee eee eect ee tee eet teens 41/9 
Slate, 3/16 in. thick, 3 in. double lap.............50 eee e eect eee e tenet e eee 6 3/4 
Spruce sheathing, | in. thick............eeeeee sees e eee ee eee eee e eens 21/4 
Tara wR WON congo 6oad00 bon odnode a dbeoebe sn u000000b bn oD Uo GoUOonoOnE 5/g 
Mreriienple Lond Norte ieleiersieioie eieiale loin = sre) e iris) eleisic o/eie sic oleiaiaiinle![olnisiis visi+ «sie s1s\s «lexelel 3/4 
Tiles (plain) 10 1/2 X 61/4 X 5/g in —-5 1/4 in. to weather............+++--5-- 18 
Tiles (Spanish) 14 1/2 X 10 1/2 in—7 1/4 in. to WAU erate aire aati darstets a) stess 8 1/2 
White pine sheathing, | in. thick............-.2 +s seeeeeeeeeee reece renee 21/4 
Yellow pine sheathing, | in. thick..............++.- 1) 3 


Zinc, No. 20 B. & S. Gage.......... 22+ sees - eee BOP as hts sens at irs ai 
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than 65 lb. per base-box (No. 36 gage) are known as taggers tin. No. 38 (55 lb. per base 
box) is the lightest plate regularly made. 

TERNE PLATES, or Roofing Tin, are coated with an alloy of approximately 257% tin, 
75% lead. The coating ranges from 40 lb. per box of 112 5A sheets to 20 lb. per box of 1A 
sheets and from 15 lb. to 8 lb. per box in other grades. 

Terne plates are made in two thicknesses: IC, in which the iron body weighs about 
50 lb. per 100 sq. ft., and IX, in which it weighs 62 1/p lb. per 100 sq. ft. The IC grade 
is preferred for roofing, while the LX grade is used for spouts, valleys, gutters, and flash- 
ings. The standard weight of 14 X 20-in. IC plates is 107 lb. per base box, and of 14 X 20- 
in. IX plate 135 lb., with 8 lb. coating per double base box. 

Long terne sheets are made in gages, Nos. 16 to 32, up to 48 in. wide and up to 144 in. 
long. They are made in three grades with coatings of “Regular,” “‘Heavy,’’ and 40-lb. 

A box of 112 sheets 14 X 20 in. will cover approximately 180 sq. ft. of roof, flat seam, 
or 623 sheets 1000 sq. ft. For standing seam roofing a sheet 20 X 28 in. will cover 457 1/g 
sq. in. or 316 sheets 1000 sq. ft. .A box of 112 sheets 20 X 28 in. will cover approximately 
356 sq. ft. 


Table 28.—Weights of Standard Galvanized Sheets 
(American Sheet & Tin Plate Co., Pittsburgh) 


Oz. Lb. Oz. Lb. 


Gage per per Gage per per per 
sq. ft. | sq. ft. sq.ft. | sa. ft. sq. ft. 

10 47.5 + 2.969 20 26.5 | 1.656 1.031 
11 16 42.5 | 2.656 21 2455: )leaat 0.906 
4 17 38.5 | 2.406 22 22:5.) 1.406 . 844 
13 18 34.5 | 2.156 23 20.25 |.1. 281 781 
30.5 1.906 18.5 | £156 719 


Table 29.—Standard Weights and Gages of Tin Plate 
(American Sheet & Tin Plate Co., Pittsburgh) 


Nearest Nearest Wt. of 
Trade| U.S U.S. Wt. per Box, 
Term | Std. std. | 89: f- | 14x20 
Gage .> LX 2 db. Gage Ib. in., lb. 
55-Ib. 38 : 5 5XL 24 0.955 208 
60 * 37 D2x 24 964 210 
65 os 36 5X 24 . 987 215 
70 35 6XL 24 047 


ICL 30 1/2 


D4X 22 
IC 


22 


ie 

7B) 34 6X 23 h. 
BOs 33 D3X 23 I. 
Bae 32 7XL 23 We 
90 os 31 7X 23 rT: 
95 31 8XL 22 Us 
Lue 

ik. 


30 


Table 30.—Galvanized Sheet Gage 
(American Sheet & Tin Plate Co., Pittsburgh) 


Gage | Oz. per |Lb. per 
No. . ft. . ft. . | sq. ft. 


TIN PLATE SPECIFICATIONS.—(Condensed from U. S. Army Specification 

No. 57—140A, December, 1929.) Applies to Grade A Light (Coke), ‘Geads B wees 
(1A Charcoal) and Grade C Extra Heavy (2A Charcoal). Sheets to be of soft Bessemer or 
open hearth steel, or iron, free from laminations, blisters, slivers, open seams, scale pits 
holes, and similar imperfections, and to be as uniform in thickness as practicable Tin 
coating to be of commercially pure tin. Weights shall conform to Tin Plate Gage 
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ee Table 29) and the net weight of the finished product shall conform to the tolerances in 
able 32. 

Coating.—Grade A, no specific weight; Grade B, average of not less than 1.80 lb. per 
base box; Grade C, average of not less than 2.30 lb. per base box. 

Bending and Seaming.—Sheets shall withstand bending cold through an angle of 
180 deg., and flattening with a wooden mallet on a wooden block, without fracture on 
the outside of the bent portion; shall also stand double seaming without fracture across 
the direction of rolling. 

Squaring.—Sheets shall not be out of square more than 1/g in. per ft. Resquared 
sheets shall not be out of square more than 1/¢ in., |shall have no minus tolerance, anda 
plus tolerance of 1/1, in. in each dimension. 

LONG TERNE SHEET SPECIFICATIONS.—(Condensed from U. 8S. Army Ord- 
nance Department Specifications FXS No. 57—140B, November, 1929.) Base metal 
shall be either soft Bessemer or open hearth steel or iron, as ordered. Coated sheets 
of prime grade shall be free from laminations, blisters, slivers, open seams, mill scale, pit 
holes, and similar imperfections, and uncoated spots readily observable by the unaided 
eye. Seconds are sheets containing one or more of the above defects, and shall not exceed 
20% of any one gage and size. <A tolerance of 5% shall be allowed for sheets of one classi- 
fication in a lot of another. All sheets shall be as nearly uniform in thickness as practica- 
ble; shall be commercially flat, and be as evenly coated on both sides as good mill practice 
will permit. Gage weights of coated sheets shall be those of the U. S. Standard Gage 
(see Table 12, p. 6-24). 

Tolerances in Dimensions.—Sheets shall have no minus tolerance. Width of sheets 
shall not exceed that ordered by more than 


1/4 in. for sheets ordered up to 36 in. wide and up to 120 in. long. 


5/ig in. ‘ ie se er eOOUT., go “over 120 in. long. 
3/gin. “* - GF over 36in. “ “up to 120 in. long. 
ite ide a es te Se SONI. aos “over 120 in. long. 


Table 31.—Sheets Required for Tin Roofing 
(American Sheet & Tin Plate Co., Pittsburgh) 


Sheets Sheets Sheets Sheets 
Required Required Required Required 
s 3 3 3 2 3 8 2 8 8 
+3 NN 3 Soy ee a3 ea reel [eles op) eel ett 
= | 8) ga} = gh fay = ge sey =] pe | gay Sf} che) gi 
pense sel ge seiea, Fol s2) es) 2 ERtES] se -| ss tax 
6s }ax|oX/| 3s |ax|] gx] 6s | axXl|gx] 5s [ax] 5X] 3 [ax] gx 
pt| ao er] ao 3 er] qo é M58 |S d et] as 
) Cia as) ° it C) fo mea | ecole Of Sea ais GE an 

ZA | |a Zana 4 |— |a 4 |e 1a A fe 
100 63 | 32 | 280 | 175 | 89} 460 820 | 511 | 259 
110 69 35 290 181 92 470 830 | 517 | 262 
120 75 38 300 187 95 840 | 524] 265 
130 81 41 310 194 98 850 | 530 | 268 
140 88 45 320 200 | 101 860 | 536 | 271 
150 94 48 330 206 } 104 870 | 542 | 275 
160 100 51 340 | 212 |] 108 880 | 548 | 278 
170 106 54 350.) 218 | I11 890 | 555 | 281 
180 113 57 360 | 225] 114 900 | 561 | 284 
190 119 60 370 231 117 O10) | 567.4) 5287 
200 125 64 380 237 | 120 920 | 573 | 290 
210 | 131 | 67 | 390 | 243 | 123 930 | 580 | 294 
220 137 70 400 250 | 127 940 | 586 | 297 
230 144 73 410 | 256 | 130 950 | 592 | 300 
240 150 76 420 262 | 133 960 | 598 | 303 
250 156 79 430 | 268 | 136 970 | 605 | 306 
260 162 82 440 | 274 | 139 980 | 611 | 309 
270 | 169 | 86 | 450 | 281 | 142 990 | 617 | 312 


Table 32.—Allowable Variation in Base Weight of Tin Plate 
Less than 272 lb. to Not Less 


272 |b. 544 |b. than 544 lb. 
per Base Box *| per Base Box { | per Base Box ¢ 
See eee el 
All of one gage or base weight and size f........ Z + oa a i ag = , no 
in si KON GE seer eee A ob: tPaleues .0% 5% .0% 
If packed in single packages = et ano nee 


ingle wleets ns cance ee eae seer end bee ol 


* 20 os. per sq. ft. t 40 oz. per sq. ft. t Lots of not less than 6000 Ib. 
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Length of sheets shall not vary more than 2% of the ordered length. Tolerances in 
weights of finished product will be as in Table 33. 


Table 33.—Allowable Variations in Base Weight of Terne Plate 


Permissible Variation in Weight 
of Sheets, 
Percentage of Theoretical Weight 


All of One 


Gage Range 


Weight, oz. per sq. ft. Weight, lb. per sq. ft. 


Not Not G d Si Single Single 
Less than Less than Less than taught Package Sheet 
PEperoGood AGIONGS LG) Ras seats te 2.5 (No. 16) +5.0 +7.0 +10.0 
40 (No. 16) | 20 (No. 22) 2.5 (No. 16) | 1.25-(No. 22) +3.5 +5.5 +10.0 
20. (NO. 22)0 | eies cies 1.25 (No. 22) | on. cae were 4+2.5 +4.0 +10.0 


CORRUGATED SHEETS.—Table 34 gives dimensions and weights of corrugated 
sheets, which are made in standard lengths of 5, 6, 7, 8, 9, and 10 ft.; maximum length, 
12 ft. Covering widths of sheets, lapped one corrugation, are: 


Covering Width, in. ........----+++++- 24 3/g 23 3/4 24 24 24 25 
ICs oy hil ever reaedencicioic Rech IG meri One 5/g 14/4 Ze 21/2 3 5 


Ordinary corrugated sheets should have a lap of 11/2 or 2 corrugations side lap and 
6 in. end lap for roofing in order to make water-tight side seams; for siding, 1 corrugation 
side lap, and 4 in. end lap. Some manufacturers make a special high-edge corrugation 
on sides of sheets, and thereby are enabled to secure a waterproof side lap with one corru- 
gation only, thus saving from 6% to 12% of material to cover a given area. 

No. 28 gage corrugated iron is generally used for applying to wooden buildings; but 
for applying to iron framework No. 24 gage or heavier should be adopted. 

Galvanized steel is about 2 1/2 oz. per square foot heavier than uncoated flat sheet steel 
of the same gage number. 

CORRUGATED ARCHES.—For corrugated curved sheets for floor and ceiling con- 
struction in fireproof buildings, No. 16, 18 or 20 gage iron is commonly used, and sheets 
may be curved from 4 to 10 in. rise—the higher the rise the stronger the arch. By a series 
of tests it has been demonstrated that corrugated arches give the most satisfactory results 
with a base lencth not exceeding 6 ft., and 5 ft. or even less is preferable where great 
strength is required. These corrugated arches are made with 11/4 X 3/g, 21/2 X 1/2, 
3 X 3/4, and 5 X 7/g in. corrugations, and in the same width of sheet as above mentioned. 

SLATE.—Slate in roofs is measured by the square, 1 square being equal to 100 super- 
ficial square feet. In measuring, the width of the eaves is allowed at the widest part. 


Table 34.—Weight of Corrugated Sheets 
(American Sheet & Tin Plate Co., Pittsburgh) 


ideas b/g in.* 1 1/4 in.* 2 in.* 21/9 in.* | 21/2 in.t 3 in.* 5 in.* 
Formed 25 in. 25 in. 26 in. 26 in. 27 1/9 in. 26 in. 28 in. 
Width Wide Wide Wide Wide Wide Wide Wide 
Os8. B6d.| ob 
Sheet Salles 
Metal Bae 
3 3 
a | 


Gage 


Galvan- 


>? |Galvan- 


sa] - 
su 


29 al estat: Bi hae CSIs ee TD albele gs 
28 71 88 71 88 68 84 68 
27 78 95 78 95 75 91 75 
26 85 | 102 85 | 102 82 98 82 
25 
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Hips, valleys, and cuttings are measured lineally and 6 in. extra is allowed. The thickness 
of slate for roofing ranges usually from 1/g to 3/1, in. The weight ranges, when lapped, 
from 4 1/9 to 6 3/4 lb. per sq. ft. The laps range from 2 to 4 in., 3 in. being the standard. 
As slate usually is laid, the number of square feet of roof covered by one slate is 
w (l — 3) + 288, w and 1 being the width and length respectively of the slate in inches. 


Table 35.—Number and Superficial Area of Slate for One Square of Roof 


Table 36.—Weight of Slate, in Pounds, for One Square of Roof 
(1 cu. ft. slate = 175 lb.) 


Thickness of Slate, in. 


Slate, in. 5/g 

12 3872 
14 3683 
16 3567 
18 3480 
20 3408 
22 3350 
24 


26 


Terra Cotta.— Porous terra cotta roofing 3 in. thick weighs 16 lb. per square foot and 
2 in. thick, 12 lb. per square foot. - 

Ceiling made of the same material 2 in. thick, weighs 11 lb. per square foot. 

TILES.—Flat tiles 6 1/4 X 10 1/2 X 5/g in. weigh from 1480 to 1850 lb. per square 
of roof (100 square feet), the lap being one-half the length of the tile. 

Tiles with Grooves and Fillets weigh from 740 to 925 lb. per square of roof. 

Pan-tiles 14 1/2 X 10 1/2 laid 10 in. to the weather weigh 850 lb. per square. 

SHINGLES.—Pine shingles are 16 in. long, 2 1/4 to 14 in. wide, and 5/16 in. thick at 
the butt by 1/1¢ in. thick at the thin end. Cypress shingles are 16 in. long and 2/5 in. 

_ thick at the butt. In laying, 4 in. of the shingle are exposed to the weather. 

The figures below give the weight of pine shingles required to cover one square of a 

common gable roof. For hip roofs add 5%. 


Inches exposed to weather. .............eee005 4 4lf 5 5 1/g 6 
No. of shingles per square of roof.............. 900 800 720 655 600 
Weight of shingles per square, lb.............. 216 192 173 157 144 
Table 37.—Skylight Glass Required for One Square of Roof 

————————————_———_———————_————————— SSS 
IDI EINE tS 6 AG soon dod COU CO OmICNIA 12X48 15 X 60 20 X 100 94 X 156 
TE GRENTE 30) 5.5 org Galo DOO Ce CIR 3/16 1/4 3/3 1/9 
PAIROAMIBCLpLUsiy eee coche, ce ores & si%s.0 wjaeie oar Oe 6.246 13.880 101.768 
iWieipht per square, Ibis 2. c< se - wie here nore 250 350 500 700 


No allowance has been made in the above figures for lap. If ordinary window-glass is 
used, single thick glass (about 1/16 in.) will weigh about 82 lb. per square, and double thick 
glass (about 1/g in.) will weigh about 164 lb. per square, no allowance being made for lap. 
A box of ordinary window-glass contains as nearly 50 square feet as the size of the panes 
will admit. Panes of any size are made to order by the manufacturers, but a great variety 
of sizes are usually kept in stock, ranging from 6 X 8 in. to 36 X 60 in. 

ROOF PAINTS (American Sheet & Tin Plate Co., 1932).—All sheets should be 
clean, to give close contact of paint and metal. Uncoated sheets should be free from mill 
oxide and rust, and if necessary, wire brushed and wiped with turpentine or gasoline. 
Grease and oil may be washed off with naphtha or toluol. Terne coated (roofing tin) is 
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best wiped with benzine, turpentine, or benzol to remove the oil film. Zinc coated (gal- 
vanized) is best prepared by simple exposure to the weather for a few months. New zinc 
coated sheets first should be brushed with a solution of 4 oz. copper sulphate, copper 
chloride, or copper acetate in 1 gal. water, and after drying brushed lightly. Better results 
may be obtained by cleaning with a solution of 200 parts water, 30 parts trisodium phos- 
phate, and 4 parts sodium hydroxide, all by weight, at 140 to 180 deg. F., then washing 
with hot water, followed by etching at room temperature for about 1/2 min., with a solu- 
tion of 1000 parts water, 200 parts hydrochloric acid, and 20 parts ammonium nitrate, all 
by weight, and then washing and thoroughly drying. 

The weather should be clear and dry and the paint preferably applied in the afternoon, 
as it is essential that the surface be moisture free. Coat the surfaces in laps with fairly 
thick priming paint as the sheets are placed in position. The priming coat should be thin 
enough to fill and wet all parts. The finish coat should be thicker. Not less than two 
coats should be applied, with time for drying between coats. 

Paint applied to sheet metal should be rust inhibitive. The priming coat should have 
as a basic pigment, red lead, lead chromate, or zinc chromate. Zinc dust and zinc oxide, 
3 or 4 to 1, make efficient paint both for priming and finishing, especially as primer for 
galvanized sheets. Iron oxide paint is used for priming, but much better protection is 
obtained if it contains 10% or more of basic or chromate pigment, as zinc oxide, red lead, 
or zinc chromate. The pigment for the finish may be any good moisture excluder of suita- 
ble color. Linseed oil, preferably boiled, is a good vehicle for pigment, and excessive dryer 
should not be used. Boiled linseed oil or durable mixing varnish as part of the last coat 
adds to gloss and water resistance. It is economy to use only the best grades of paint for 
metal work. 
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INDUSTRIAL HEATING PROCESSES 


INDUSTRIAL FURNACES* 


By W. Trinks 


References.—Bullens, Steel and Its Treatment (John Wiley & Sons); Trinks, Industrial Furnaces 
(GJohn Wiley & Sons), Vols. I and II; Mawhinney, Practical Industrial Furnace Design (John 
Wiley & Sons); monthly publication Industrial Heating, Pittsburgh, Pa. 


Many shop processes require the application of heat to solid material without melting 
it. The process, known as industrial heating, is carried on in industrial furnaces. The 
charge or stock usually is metal, but occasionally is a ceramic material. For iron or 
steel, the temperature ranges given in Table 1 are used. For other metals, temperatures 
well below their melting points are used. For the latter values, see p. 1-05 or Fig. 1. 


1. FURNACE CHARACTERISTICS 


CLASSIFICATION OF FURNACES.—Furnaces are classified: 1. According to use, 
as heating furnaces, forge furnaces, annealing furnaces, bright-annealing furnaces, heat- 
treating furnaces, and normalizing furnaces. 

2. According to material or shape which they heat, as: rivet furnaces, bolt heading 
furnaces, plate furnaces, and angle furnaces. 

3. According to the method of mévement of the charge in the furnace, as: batch-type, 
also called in-and-out type, continuous furnaces, automatic or continuous-conveyor fur- 
naces, rocker-bar or intermittent-conveyor furnaces, rotating hearth, car-type, and 
revolving drum. 

4, According to the fuel or other source of heat energy, as combustion type, gas-fired, 
oil-fired, coal-fired, electrical resistor type. 

5. According to the method of fuel saving, as: regenerative, recuperative, preheating- 
chamber type. . 

In muffle furnaces, the charge is heated in a gas-tight enclosure, and is separated by it 
from the source of heat. 

ECONOMY OF HEATING must be based on unit weight of perfect product. The 
latter term involves such features as freedom from internal cracks caused by too rapid 
heating, uniformly high quality of heat-treated products, uniform annealing, uniform 
enamel of first quality, proper distribution of hardness, freedom from scale and ashes, 
freedom from burning of high-carbon steels, etc. In certain operations, such as plate 
bending, railroad spike forming, bolt heading and tool hardening, uniformity of tempera- 
ture throughout the heated stock is not necessary. 


* Nomenclature used in this section is as of 1937. Two separate committees are at present 
engaged in standardizing nomenclature. 


Table 1—Furnace Temperature Range for Industrial Processes on Iron or Steel 


Temperature P Temperature 
Process Range, deg. F. mocess Range, deg. F. 
Hammer or press welding........ 2350 to 2550 | Hardening carbon steel (quenching)| 1450 to 1550 
Hardening high-speed steel *..... 2200 to 2400 | Annealing cold-rolled steel........ 1250 to 1400 
MD TOP MOFLING aes cic «oie sie) leielels' sl = D250 4622 37 Oi) OTA WINR acta « wale 2 cisiels lv ris aleteres 1150 to 1200 
Rolling (low carbon steel)....... OT PPA /oN\ | Inhtiutsbhel een ee a 4G Bo OO GOROUUn oan 950 
Bending and rough forming......| 1900 to 2100 | Tempering................+--+-- 500 to 800 
Normalizing, also for carburizing..} 1650 to 1750 | Bluing f..............+--..--0++ 500 to 650 


ough annealing... 2.2 +. ne. 1500 to 1650 


* Special steels require various temperatures for hardening, usually ranging from 2400° F. for 
greatest hardness to 1850° F. for greatest toughness (for tungsten steel). 
t Still lower temperatures are used for drying and japanning. 
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True heating economy js inversely proportional to total cost per unit of product. It 


can be expressed by 
E=W+(U+M+L+F), 


where E = true heating economy; I = interest on investment; M = cost of maintenance; 
L = cost of labor, including overhead; F = cost of fuel; W = unit weight of perfect 
product. , : . : 
The amount of capital which profitably can be invested in a furnace installation 
depends upon regularity and quantity of output of heated material. Cost of mainte- 
nance, M, depends on furnace temperature, furnace design, selection of refractories, care 
used in operation, and on cost per unit of labor and materials used in repairs. Cost of 
operating labor, L, depends on regularity of production with regard to continuous output, 
size and shape of stock, and on the provision of labor-saving equipment conjointly with 
unit cost of labor per hour. Cost of fuel or energy, F, depends on heating temperature, 
heating process, unit cost of fuel or energy, furnace design, and care used in operation. 
Frequently the importance of fuel cost is overemphasized at the expense of the other 
items (including quality of finished product), because it 1s more readily amenable to 


calculation. 
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Fie. 1. Heat Content of Metals at Various Temperatures 


DISTRIBUTION OF HEAT.—The potential heat energy of the fuel (or other source 
of heat) is distributed as follows: 1. Useful heat in charge. 2. Heat unavailably stored 
in the furnace walls. 3. Heat losses through solid walls. 4. Heat radiated through open- 
ings. 5. Heat to cooling water, 6. Unconsumed combustible in refuse. 7. Sensible heat 
in stack gases. 8. Combustible matter in spent gases. 9. Heat conducted through 
resistor terminals in electric furnaces. 

Heating requirements and heating processes are so different that all of these items 
vary within wide limits. In electrically-heated furnaces, items 6, 7, and 8 are absent. 
The fuel consumption per unit weight of heated material can be computed by detail 
calculation of each of the eight items. While this method is followed for large furnaces, 
it seldom is used for the average type and size of industrial furnaces. Frequently, fuel 
consumption is divided into holding consumption and useful consumption. The former, 
also called furnace constant, is the rate at which fuel or energy must be supplied to keep 
the empty furnace hot. 

The human element and variations in use of furnace cause excessive variations of fuel 
or energy consumption per unit of heated material. For that reason, the data contained 
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in Table 2 are rough averages only. The unit fuel consumption may be as low as 60% 
of the values in the table, or may exceed them by 100%. 

: In furnaces which operate only during the day and are allowed to cool down over 
night, much heat is lost by storage in, and later dissipation from, the firebrick walls. In 
such cases, insulating refractories should be used. These weigh about one-third as much 
and have only one-third of the thermal conductivity of firebrick. When firebrick is 
replaced by the insulating refractories, the time required for heating up the furnace before 
starting work in the morning usually is reduced between one-third and one-fourth of the 
time required with firebrick walls. The fuel consumption for heating up is reduced in 
about the same proportion. In furnaces which are shut down at night the wall losses 
usually are about 11/2 times the heat imparted to the charge, depending, however, on 
the rate of heating in pounds of metal per square foot of hearth area per hour. The use 
of insulating refractories thus effects a saving of about 40% in the daily fuel consumption. 

CAPACITY OF FURNACES.—The number of furnaces, and the size of each furnace, 
which are required to heat a given weight of metal to a given temperature in a given time, 
depend on several variables, as: 1. Thermal conductivity and specific heat of metal. 
2. Requirements for uniformity of temperature in charge. 3. Rate at which heat may 
be applied without injury to stock. 4. Ratio of surface of charge to mass. 5. Ratio of 
brick surface to exposed surface of charge. 6. State of subdivision of charge. 7. Circula- 
tion of furnace gases. 8. Method of heat liberation, and size of heat liberating devices. 
9. Cycle of operation of heating process. 10. Arrangement of charge in furnace. In 
determining number and size of furnaces, total hearth area required is determined from 
the following rules, and then is subdivided into standard size units to suit plant conditions. 

In view of the great number of variables, the following practical rules for furnace 
capacity must be used with great care: 

1. In iron or steel, heat penetrates at the rate of 1/g in. in five minutes. A plate 1/4 in. 
thick, suspended in a furnace, practically.assumes furnace temperature in the center of 
the plate after five minutes. This rule was derived from forging practice, and is suffi- 


~ ciently accurate for practical purposes so long as the temperature is not much higher or 


lower than forging temperatures. In brass, temperatures are equalized twice as fast, in 
aluminum six times as fast, and in copper nine times as fast as in steel, but in spite of this 
fact, the rate at which these metals can be heated, per square foot of furnace hearth area 
per hour, usually is less than for steel. This is because the absorption of radiant heat is 
reduced by the smooth surfaces of these metals. Black copper surfaces, however, absorb 
heat almost as rapidly as oxidized steel surfaces. 

2. Forging ingots are heated at the rate of 16 to 20 min. per inch of diameter if of 
soft steel, and at the rate of 30 to 40 min. per inch of diameter if of high-carbon or alloy 
steel. Certain steels are very sensitive to temperature changes at ‘‘ blue brittleness ’’ 
(around 500° to 800° F.). After they show color all through, they cannot be injured by 
rapid heating. 

3. In ordinary furnaces, steel can be treated at the rate of 25 to 35 lb. per sq. ft. of 
hearth area per hour for heat treating; at the rate of 60 lb. for annealing; 80 Jb. for uniform 
temperature forging and rolling; and 110 to 130 Ib. for work in which 40° to 50° F. tem- 
perature difference per inch of thickness of stock is allowable. 

4, Steel for drop forging can be heated at the rate of 5 to 10 min. per in. of diam. 


Table 2.—Average Fuel Consumption of Industrial Furnaces 
(Material heated is steel, excepted where otherwise noted) 


Highest Tem-| B.t.u. in 
perature to | Fuel per | Thermal 
Type of Furnace and Operation which Stock | Pound of | Efficiency, 
is Heated, Material percent 
deg. F. Heated 
Drop forging or bolt heading furnace, oil fuel.....-...-++---- 2300 3200 11 
Bolt heading furnace, coal fired... ...... 20. ee cece rece eeees 2100 6000 6 
Ingot forging furnace, in-and-out type, oil fired............... 2200 2500 14 
Ingot forging furnace, in-and-out type, regenerative, gas fired. . 2200 1900 18 
Mill-type continuous furnace........-.--+eeere reece cece rees 2200 1100 32 
Mill-type continuous furnace, recuperative........++++++++++- 2200 900 39 
Car type annealing furnace for castings........+-+---++++++++: 1600 1200 21 
Annealing furnace for brass........----eeseee sree eeer renee 750 750 10 
Case-hardening (carburizing) furmace.........+-2+++eeeeeeees 1700 2500 11 
Heat-treating (quenching) furnace..........s.ee eee seen eee 1400 1150 19 
Heat-treating (tempering) furmace............0-+ee seer eens 1150 800 a 
Enameling furnace (muffle). .......- 52. eee cece ees e teen sees eGR aonb 


Electric heat-treating furnace, ... 1.2.4. eee eee eee 
* Based on electrical energy. j Based on fuel. 
IZI—25 
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i in minutes required for heating high-speed steel tools for hardening toa 
cats emda is 8.5 (d)°-78, according to R. C. Deale. This does ne enolate eu 
preheating time, but only the Le to heat from 1600° to 2375° F. If the tool 1s C) 

roughout, @ = 1/2 thickness. 
ees ae the relation between heating time, temperature of bar and furnace tem- 
perature. Fig. 3 shows the arr between surface temperature and temperature in 

e bar per inch of diameter. : 

ny ane fia are based on furnaces in which enough heat can be liberated to 
maintain furnace temperature. The data below assist in checking heat liberating capacity. 

Heat Liberation.—In electrically heated furnaces (resistor ribbon type), working with 
temperature of 1850° F., the input energy usually is limited to not over 3 kw. per sq. ft. 
of side wall plus roof, with nickel-chromium resistor material. Somewhat higher rates 
would be permissible since 1936, on account of better high temperature alloys, but these 
seldom are used in furnaces for this temperature range. 
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Fria. 2 Heating Time at Various Furnace Temperatures 


In furnaces of the combustion type, from 1.5 to 33 B.t.u. can be liberated per cubic foot 
of combustion space per second. The low value applies to very poor mixing of fuel 
and air, very imperfect utilization of volume of combustion chamber by flame or gas 
jets, coarse fuel and cold air. The high value is attained by thorough mixing of fuel and 
air, perfect utilization of combustion space, very fine atomization or powdering of fuel, 
and air preheated to 1000° F. 

FLUES AND PORTS.—TIf furnaces are properly proportioned, the following port 
sizes are approximately correct, based on steel as stock to be heated, and for 100 lb. per 
sq. ft. of hearth per hour. If a smaller quantity is to be heated, the outlet flues should 
be partly covered. 


Temperature of furnace, deg. F......--. +e eee eee eeeees 1400 1800 . 2200 
Port area, square inches per foot of hearth..........++++-+ 2.0 3445) 7.3 


These figures hold for ‘‘ batch type ’’ furnaces of medium size without recuperation or 
regeneration. For large and important furnaces, the ports and flues must be calculated 
on the basis of the flue gas quantity in unit time. 

Ports should be located in or near the hearth, never in the roof. They should be so 
distributed as to cause flow of hot gases to all parts of the furnace. Some of the ports 
should be in the corners near the door or doors. 


2. FUELS 


SELECTION OF FUEL OR ENERGY.—The cost of fuel (or other sources of heat 
energy) is, in many instances, a very small fraction of the total cost of the manufactured 
product, and a minor fraction of the heating cost. In such cases, the effect of the form 
of heat energy on the finished product is most important, and the unit cost of energy is 
not a matter of consideration. In other cases, the fuel cost is a large item in the total 
cost, and cheapness of fuel is the deciding factor. The following tabulation, adapted from 
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Trinks, Industrial Furnaces, Vol. II, Chap. 6 (John Wiley & Sons), may be used in the 
selection. 

The advantages and disadvantages of many of the fuels are denoted by numbers which 
have these meanings: 

Advantages. —1l. Heating value is high. 2. High flame temperature can be attained. 
3. Pipe mains may be small because of 1. 4. Fuel can be burned efficiently. 5. Accurate 
temperature control is possible. 6. Accurate atmosphere control is possible. 7. Uniform 
quality of product is possible. 8. Damage to product is slight (few rejections of finished 
material). 9. Furnace installation is simple. 10. Cost of furnace installation is low. 
11. Fuel cost based on heat units is low. 12. Fire risk is low. 13. Plant can be kept 
clean without difficulty. 14. Cost of upkeep of furnace may be kept low. 15. Labor 
cost is low (no handling of fuel and ashes). 16. Oxidation or scaling of heated material 
can be kept low. 17. Furnace is made ready for use by opening valve. 18. No fuel- 
preparation plant is needed. 

Disadvantages. —19. Cost, based on heat units, is high. 20. Cost of installing gas- 
producing plant i is high. 21. Installation is complicated. 22. Fuel supply is restricted. 
23. Fuel requires handling. 24. Clinkers must be removed. 25. Ashes must be dis- 
posed of. 26. Cost of operating labor for gas making is high. 27. Heat value of fuel is 


low. 28. Large pipe mains are required because of 27. 
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most localities is rather high and 
the trend is upward. 

CITY GAS.—Especially adapt- 
ed to small-size and medium-size, 
high-grade, high-temperature 
work. Advantages: 1 to 10 in- 
clusive, and 12 to 18 inclusive. 
Disadvantages: Fuel cost is very | 
high. Gas is available only in 
cities with gas plants. 

WATER GAS.—YValuable for 
high-grade, high-temperature work, 
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Advantages: 3 to 8 inclusive, 12, 

16. Very high flame temperatures can be attained. Heat value is moderately high. 
Furnace room can be kept clean without difficulty. Items 5, 6, 7, 8, 16 depend on correct 
operation of the gas-making plant. Disadvantages: 19 (in small plants), 20, 21, 22 (coke 
or anthracite is required), 23, 24, 25, 26. Gas is odorless, but poisonous, and is a menace 
to life and health. Danger of backfiring, due to rapid flame propagation. 

RAW PRODUCER GAS.—The most commonly-used fuel for large furnaces in which 
close regulation of temperature and of furnace atmosphere is not required. Advantages: 
Cost on basis of heat units is low. Gas can be made wherever bituminous coal is avail- 
able. Gas-making operation is comparatively simple. Gas burns with luminous flame. 
Installation cost is lowest of any gas-making equipment. Disadvantages: 22 (screened gas 
coal, for good results), 23, 24, 25, 27, 28 (brick-lined flues required). Furnace must be 
located close to producers, because not only do tarry vapors condense, but sensible heat 
of gas is lost in long pipe lines. Gas ducts become clogged with soot and tar, and must 
be burned out at regular intervals. Difficult to maintain constant quality and composi- 
tion of gas. Difficult to keep intelligent workmen in dirty gas house. Steam plant 
required for furnishing steam to producers. Flow of gas can be measured only with 
difficulty, because of tar and soot deposits. Difficult manually, and practically impossible 
automatically, to control temperature and furnace atmosphere. Sulphur exists in the 
products of combustion. 1 

COLD CLEAN PRODUCER GAS.—Ffficient use of this gas is limited to about 
2000° F., unless regenerative or recuperative furnaces are used. Useful for installations 
of large size only. Advantages: 4, 5, 6, 7, 8, 16. Temperature of combustion is low, 
which i is desirable for furnaces with less than 1600° F. temperature. Long life of furnace, 


18-08 INDUSTRIAL HEATING PROCESSES 


if properly designed and operated. Reliability of fuel supply. Stability of fuel cost. 
Gas burns without smoke, even if atmosphere is reducing. Fuel cost is comparatively 
low, in large installations. Gas can be distributed to many small furnaces. Advantages 
5, 6, 7, 8, 16 depend on correct operation of the gas-making plant. Disadvantages: 20, 22 
(screened gas coal) 23, 24, 25, 26, 27, 28. Installation is more complicated than with oil, 
city gas, or natural gas. Tar made in producers must be disposed of. Good furnace 
operation depends on zeal and skill on the part of the gas house operators. 

HEAVY FUEL OIL.—Standard fuel for medium-size furnaces, except where conven- 
ient and cheap gaseous fuels are available. It is very viscous (7 to 12 Bé., 500 Saybolt 
viscosity at 100° F.) and usually contains sediment and dirt. Advantages: 1, 2, 10, 11. 
Convenience of handling and of storage. Simplicity of installation. Oil can be had 
anywhere. Disadvantages: Fluctuation of fuel cost. Furnace temperature and atmos- 
phere difficult to control automatically. Possibility of damaging heated product, caused 
by temperature and atmosphere variations, or by impingement of flame. Fire hazards 
are high. Cost of labor is high because of constant attention required for burners and 
auxiliary equipment. Life of container boxes is likely to be short as compared with non- 
oxidizing gas fuel. Preheated air is required, if reducing atmosphere is to be obtained 
without excessive smoke. Recirculating system, heating and careful filtering of oil 
required. Life of furnace brickwork is shorter than for gaseous fuels. 

LIGHT FUEL OIL usually is a distillate, and is quite fluid (24 to 40 Bé. gravity). It 
usually is free from sediment or dirt. Advantages: Same as for heavy fuel oil. Even more 
convenient to handle. Does not require heating, nor such great care in filtering. Installa- 
tion is especially simple and inexpensive. Can be used in furnaces having many small 
burners; hence it is suitable for work requiring uniformity of product. Temperature can 
be controlled automatically. More suitable for fine work than heavy oil. Disadvan- 
tages: Fuel cost fluctuates, and usually is about 25% higher than for heavy oil, while the 
heat value per gallon is lower. Supply is limited. Atmosphere control is much more 
difficult than with gaseous fuels; hence there is greater danger of damage to product. 
Danger of burning product by impingement of flame (but less than with heavy oil). Fire 
hazard is high. Labor cost is higher than for gaseous fuels, because more attention is 
required for burners and auxiliary equipment. Life of container boxes and life of furnace 
brickwork is shorter than for gaseous fuels. Not so suitable as heavy fuel oil for furnaces 
requiring long, luminous flame, e.g., open hearth. 

Specifications for the six grades of fuel oil, standardized by the American Society for 
Testing Materials, are given in Table 3. 

COAL ON GRATES OR MECHANICAL STOKERS can be used efficiently only for 
fairly continuous service and large furnaces. Advantages: Fuel cost is low. First cost of 
installation is low. Total operating cost is low if reliable heaters are employed, and 
suitable furnaces are used. Fuel supply isreliable. Fuel price is stable. Disadvantages: 
23, 25. Firebox requires frequent repair. Floor space required is large. Competent 
firemen are needed, and difficult to keep. Scaling loss is high. Control of furnace tem- 
perature and atmosphere is difficult. A stack is required. Black smoke is produced if a 
reducing atmosphere is wanted. Sulphur exists in the products of combustion. 

COKE ON THE GRATE.—Products of combustion are free from water vapor; hence 
they are very useful for heating drying-chambers. Gives high temperature and reducing 
atmosphere in open fire, without smoke; hence, is used for blacksmith forge fires. In all 
other respects, similar to coal on the grate. 

POWDERED COAL.—At present (1937), useful in large furnaces only, because satis- 
factory small individual pulverizers have not yet been developed for powdering coal to 
sufficient fineness for combustion in industrial furnaces of average size. 

Advantages: No labor is necessary to bring fuel to, or inject it into, the furnace. Con- 
trol of temperature and control of furnace atmosphere are easy, as compared with coal on 
the grate. Fuel cost is low in large plants. Disadvantages: Flame temperature * is high. 
Combustion chamber difficult to maintain. Cost of pulverizing and coal equipment is 
high. Fine ash and slag must be disposed of. Recuperators or regenerators cannot be 
used. Explosion hazard in pulverizing plant. Ash deposits may spoil heated product, 
or floating in air of shop may damage machinery. Difficult to maintain an even tempera- 
ture over a large hearth. Control of furnace atmosphere is difficult, as compared to 
gaseous fuels. 

ELECTRICAL ENERGY is favored for many heating operations. Advantages: 5 to 9, 
12 to 16, 18. Installation has great convenience and flexibility, including possibility of 


* Whether high flame temperature is an advantage or disadvantage depends on the class of 
work. For low-temperature work, such as annealing, it is difficult with the rich fuels to keep the 
temperature low enough. For high-temperature work, such as welding, it is difficult to obtain 
sufficiently high temperature with lean fuels unless air and fuel are preheated. 
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A 
placing furnace anywhere. No products of combustion in furnace workroom. No piping 
or stacks required. Furnaces can be placed directly in the production line. Life of 
furnaces is long. Operation is simple. There is no auxiliary equipment of the kind that 
requires attention. Inconvenience to workmen in plant isa minimum. Furnace is made 
ready for use by closing a switch. Heat can be developed in the furnace hearth. Disad- 
vantages: Cost, based on heat units, is very high. First cost of furnace and control is high. 
Furnace heats slowly from cold start. Cost of heat lost by storage in furnace walls is 
high in case of intermittent operation. Cost of repair is high. Delay results if resistors 
burn out. ‘‘ Service’ or ‘‘ demand ”’ charge of public utility is high in case of intermit- 
tent operation. Not suitable where high-temperature heating by convection is required. 

TAR AND COKE-OVEN GAS, as a rule, are available only in steel plants. The 
former is similar to heavy oil, but more difficult to handle. Coke-oven gas is similar to city 
gas, but much cheaper. 

GASEOUS VS. LIQUID FUELS.—Gaseous fuels are most convenient, particularly if 
drawn from large sources of supply (city gas, natural gas). They allow regulation within 
wide limits, easy control of air supply, scattered small burners for the sake of temperature 
control, and good control of furnace atmosphere. Regulation is more difficult if the 
furnace unit requires a large share of the capacity of the gas-generating plant. 

Liquid fuels are not quite as convenient with regard to regulation as gaseous fuels, but 
they can be stored more conveniently. Gasoline and kerosene are used for very small 
heating operations only, while fuel oil is (in 1937) the standard fuel for medium-scale 
operations. For small-scale heating, heavy fuel oil is not suitable, because it must be 


Table 3.— Detailed Requirements for Fuel Oils? 
(A.8.T.M. Specifications) 


Fuel oils are to be hydrocarbon oils free from acid, grit, fibrous or other foreign matter likely to 
clog or injure burner or valves. 


Water | Car- ae 
ARG ty, Ea Distillation Temperatures, Viscosity, seconds 
Poy, [Point,| Sedi- | Resi, Geet: 

Grade ee F. deg. | ment,| due, cent | 10% 90% End Saybolt | Saybolt 

Ve ° Poi Poi Universal,| Furol, 

eat ee soit int | at 100° F.| at 122° F. 
Min.| Max.| Max. .| Max.| Max.| Min.| Max.|Min.| Max.| Min./ Max.| Min. 
No: I> A distillate cil) 199 | 159 | 15° re hea Nadel COU elect Veit 


for use in burners < 
ue a volatile legal 

No. 2. A distillate oil 110 | 190 
for use in burners 
requiring a moder- 
ately volatile fuel. 

No. 3. A distillate oil 110 | 200 
for use in burners 3 
requiring a low-vis- 
cosity fuel. 

No. 4. An oil for use 
in burners requiring} 150 |..... 
low-viscosity fuel. 

No. 5. An oil for use 
in burners equipped ~ 
with preheaters per-| 150 |.....|...... : i 
mitting a medium- 
viscosity fuel. 

No. 6. An oil for use 
in burners equipped 
with preheaters per- TSO lo sijallste sie es 
mitting a high-vis- 
cosity fuel. 

@ For heat-treating and other special uses, sulphur may be specified: 


litte a otciore 1 2 3 4 5a Che 
aaa Sats max... 0.5 0.5 0.75 a lipy’45) no limit no limit 


b higher pour points may be specified, as required, but not below 0° F, under any con- 
Bp bomen or or Sige ye oe points may be specified, as required, but not lower eae oa 
under any conditions. @ Shall be waived when carbon residue > 0.07% and < 0.15%. - a 
be waived when carbon residue > 1.0%. / A deduction in quantity shall be made for all water 
and sediment in excess of 1.0%. §& Shall be waived when carbon residue is 4% or more. 
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heated and pumped, and because of the difficulty of maintaining uniformity of operation. 
With clean gas-oil, however, very uniform heating can be effected. 

The relative cost of fuels is shown in Fig. 4. The broken line curve for city gas applies 
in cities having special rates for gas used for industrial purposes. 


3. BURNERS 


OIL BURNERS.—Oil burners atomize the oil, and should thoroughly mix it with air 
in definite proportions. They should maintain uniformly fine atomization with various 
rates of flow and varying viscosity of oil, 


.£ and also should maintain the correct air- 
i] EERE Ne pesbancing of hatecee ole 2  to-oil ratio under all conditions. These 
eB eo For L orprceh poertlilinap 3 goals, practically, never are attained. 
SB 7 { sP Mechanical atomizers which atomize 
$3 60 Pia by oil pressure only, as used for firing 
2 50 z 3 be ee and picts pact as pes a 
38 40 == 3 ouse-heating furnaces, seldom are applie 
3A 30 FRCP ee 2 to industrial furnaces, because they have 
= “ tf—Ft 4 z insufficient turn-down range; also they 

0 


give trouble from coke formation in the 

SO SOT aD LO Oe ee burner tip, when exposed to radiation 

Furnace Tempersture, deg. F. from the hot furnace while the oil flow 

Fia. 4. Relative Cost of Fuels for Heating Furnaces is shut off. The oil burners actually used 

for industrial furnaces, of which there 

are innumerable makes, fall into three general classes or types. The characteristics of these 
are discussed below. 

1. High-pressure burners, in which steam or compressed air at 30 to 150 Ib. per sq. in. 
is used as the atomizing agent. An example Grueond ie 
is shown in Fig. 5. or Steam 

2. Low-pressure burners, in which the 
atomization is effected by air supplied from 
a displacement- or turbo-blower at 3/4 to 5 
lb. per sq. in. Examples are shown in 
Fig. 6, a and 6. Insome burners of this —- 
kind, the oil pressure need be but slight, 
while in others, the pressure must be as 
high as in the following class of burners. 
The oil pressure helps atomization. 

3. Fan-blast burners, in which atomiza- 
tion is effected chiefly by the pressure of Oil 
the oil itself, from 30 to 150 lb. per sq. in. 
The energy of the air which is supplied by 
a fan at pressures of 4 oz. to 1 lb. per sq. in., is used merely for mixing the oil spray with 
the air, with some slight auxiliary effect in atomization. See Fig. 7. 

Everything else being equal, higher air or steam pressures produce better atomization 
than low pressures, and require less of the atomizing agent under pressure. The heavier 
or more viscous the oil, the more difficult is atomization, and the higher is the pressure 
required. Light oil can be 
burned satisfactorily with 
fan-blast burners, but for 
the very heavy residues 
high-pressure burners are 
practically essential. 
Steam is preferable to 
compressed air for atomiz- 
ing very heavy tar or oil, 
although it depresses the 
flame temperature slightly. 
Fia. 6. Low-pressure Oil Burners The heavy oils must be 


a Pas < : heated to between 180° 
and 250° F. before atomization, and recirculated in order to maintain high temperature 


at the burner. If both oil and combustion air are sufficiently preheated, vaporization 
largely takes the place of atomization, and good, quick combustion can be obtained with 
low air pressure. However, cracking and coke deposition, or vaporization and sputtering 
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/ 
occur if the oil is heated too highly. High-pressure burners produce a long flame of 
comparatively small thickness; low-pressure burners produce a shorter, ‘‘ bushy ”’ flame. 
Flat instead of cone-shaped flames can be produced by suitable burners. Steam makes 
a longer flame than compressed air. 

in fan-blast burners, atomization is effected by discharging high-pressure oil in a 
whirling spray through a small orifice. Fig. 8 shows an 
atomizing tip. In most of these burners, the range of 
turn-down is comparatively small, if satisfactory atomiza- 
tion is to be maintained, although in the best designs a 
turn-down of 5 to lis obtained. The very small open- 
ings required, except for very large units, clog easily 
unless gas oil is used, or efficient oil filters are provided 
in the case of heavy oil, and carbonization is entirely 
prevented. 

Steam atomizers use 1/3 lb. to 1 lb. of steam per 
pound of oil; high-pressure burners using air require 
10% to 15% of the total combustion air to be supplied 
under pressure; low-pressure burners require 30% to 
50% to be supplied by the fan. In fan-blast burners, from 70% to 100% of the air is 
supplied by the fan. 

For use with preheated air, the oil tube must be surrounded by a space through which 
cold air flows (as at 2 in Fig. 8); otherwise, carbonization and 
coke deposition will occur. Even with cold air, this takes 
place if oil is allowed to stand in the tip when the burner is 
shut down but exposed to radiation from the hot furnace in- 
terior. When shutting down a burner, all remaining oil 
should be blown out of it by air under pressure. The burner 
of Fig. 6a is designed also for preheated air. 

— = : The proportions of the opening in the burner block are 
Fra. 8. Atomizing Tip important for satisfactory operation. The opening should 
be conical or flared, diverging from the burner toward the 
furnace interior with a total included angle of 15 deg. to 35 
deg. For cold air, the diameter, in inches, at the small end 


should-be 1.0 to 1.3 X V gallons per hour burned. If the air 
is preheated, the diameter should be 40% to 50% iarger. The 
length of the cone should be usually not less than 1 3/4 times 
the smallest diameter. 

Where there is no opening around the burner, a hole should 
be provided in the furnace wall for observing the flame and 
for inserting oily waste when lighting. Blowing-out of the 
flame due to pulsations, or difficulty in lighting, may be 
obviated by providing a refractory tip extending into the 
i flame path at the large end of the burner-block opening, or by 
Fra. 9. Sgeane ener setting a piece of firebrick in the opening so that the flame 

plays upon it. 

Up to about 1930, it was impossible to burn heavy oil satisfactorily in furnaces with 
many small burners and to produce consistently a product equal to that obtained with gas 
firing. This was because silt and other foreign matter in the oil clogged the small openings 
in the burners, and even with constant attention, produced 
constant fluctuations in furnace temperature and atmosphere. 
Improvements in oil filters have made it possible to obviate 
this difficulty, and with light oil as fuel and provision for 
preventing carbon deposits, results practically equal to heating 
with gas are obtained. 

GAS BURNERS.—The functions which gas burners should 
perform are: Proportioning the gas and air; producing suffi- 
ciently rapid, but not too rapid, mixing; and giving direction 
to the flame. In only a few types is the proportioning 
effected satisfactorily over any considerable range of turn- fq. 10, Burner with Gas and 
down, unless special equipment is used, such asinterconnected Part of Air under Pressure 
flow meters. cae Q 

The simplest form of gas burner is the tee-mixer, Fig. 9. Proportioning requires the 
adjustment of two valves, one in the air pipe and one in the gas pipe. Sometimes the 
valves are mechanically interconnected. The completeness of mixing (which controls 
luminosity of flame and speed of combustion) cannot be varied. In the burner of Fig. 10, 


Fig. 7. Fan-blast Oil Burner 


SSS SSS NV 


Blast Air | 


UZZZZZZZZ 


Gas 


Furnace 


18-12 INDUSTRIAL HEATING PROCESSES 


however, this can be done by moving 
the gas pipe in or out with reference 
to the furnace wall, and to some 
extent by varying the opening be- 
tween the tube and the wall. Both 
4 of these burners have a wide turn- 
Fic. 11. Inspirator Gas Burner down range without danger of back- 
firing. Other advantages are sim- 
plicity, and wide range of adjustment of furnace atmosphere. : ‘ y 

A widely-used type is the inspirator burner. One form is shown in Fig. 11. In this 
form, called the high-pressure type, the gas under pressure induces air from the atmos- 
phere. In another form, the low-pressure type, air is supplied from a fan or blower under 
a small amount of pressure, and induces the gas which is maintained at atmospheric 
pressure by a reducing valve or regulator. The inspirator burner has the advantage of 
maintaining a practically constant gas-to-air ratio over a considerable range. If turned 
down to (usually) about 1/3 or 1/4 of its maximum capacity, backfiring occurs. The air- 
to-fuel ratio is quite sensitive to variations in furnace pressure. The inspirator burner 
produces almost perfect mixing and rapid 
combustion, with a very hot, nearly non- 
luminous ‘‘Bunsen’’ flame, which is an ad- 
vantage in some cases, but a disadvantage in 
others. Several manufacturers now make 
good inspirator burners. 

The high-pressure type of burner has the 
advantage of requiring only one pipe and one 
fluid under pressure; it is, therefore, especially 
suited for installations having many small 
furnaces. No fan is needed, and adjustment 
is effected by a single valve burner. For city 
gas, or gases of lower calorific value, it can 
induce enough air without difficulty. For nat- 
ural gas, the gas pressure must be quite high 
(in some cases up to 30 lb. per sq. in.) in order 
to induce the 10 or 11 volumes of air required 
per volume of gas. The high-pressure inspi- 

Wa loeipreminhantand Barman rator is more sensitive to change of furnace 

pressure than is the low-pressure type, is noisy 

in operation, and does not permit adjustment of the flame length. Inspirator burners have 
not been used with preheated air in the U. S., because of the danger of explosions. 

In another system, the gas is mixed with about !/4 of the total quantity of air required, 
put under pressure by a rotary blower, and passed to inspirator burners wherein it induces 
the remainder of the air required for combustion. The mixture in the blower and pipes 
is non-explosive. Pressure regulators are used to maintain the correct proportions of 
air to gas. 

In the “pre-mix’’ burner, both air and gas are sucked into the inlet of a fan, mixed 
therein and supplied through a pipe to the burner nozzle. See Fig. 12. The nozzle has 
small holes for maintaining a pilot flame and preventing the flame from blowing away 
from the nozzle. The proportioning can be changed by moving the air shutter. The pre- 

mix burner also gives a Bunsen flame, 

Hey although some luminosity can be produced by 

{ supplying only part of the air through the 

fan and inducing the rest around the nozzle. 

/ The danger of backfiring is even greater than 

oe) Cae with the inspirator burner, and explosion 

Leo | ae flaps or safety discs must be provided in the 
“ Sy pipe line to prevent serious accidents. 

: Luminous flames (such as are produced 

ee: is paar : by the so-called diffusion burners) transmit 

heat more rapidly than do non-luminous 

“77 gases, and they also reduce scaling of metallic 

objects being heated, by maintaining a reduc- 

ing furnace atmosphere. An example of a 

| luminous-flame burner is shown in Fig. 13. 

Gas under pressure issues from nozzle or 

Fie. 13, Luminous Flame Burner “‘spud’’ A, while air from a fan enters at D. 
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A part of the air is induced into tube JZ, 
another part into F, and the rest flows 
outside of tube F. When cap C is screwed 
to the left, some air from the atmosphere 
is induced into tube B. The positions of 
tubes B and F are adjustable, while E is 
stationary. When B and F are moved 
closer to £, most of the air passes outside 
of F, and the flame becomes long and 
luminous. When B and F are moved away 
from EH, the flame becomes shorter and less 
luminous. The turn-down range is 20 to 1. 

Raw producer gas, because of the tar 
and soot which it contains, is difficult to 
handle in ordinary burners, and usually is 
sent into the furnace through openings in 
the firebrick wall. A special burner designed 
for producer gas is shown in Fig. 14. Air 
at about 1 Ib. pressure induces the gas into 
the throat of the ignition tube, effecting 
excellent mixing. The relative proportions 


CZES B ap 
of the mixing and inducing actions can be S «| GOV 
varied by turning the handle at the back. 


tl Yj = 
The valve is designed to insure ease of open- Miia 


ing even when stuck shut by tar deposits. Fie, 14. Burner for Producer Gas 
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4. SELECTION OF FURNACES 


TYPES OF FURNACES.—The type of furnace which is best adapted to carry out 
a given heating operation depends on many factors, as: Shape and weight of stock; 
number of times the process is to be repeated (job shop, or manufacturing establishment) ; 
eycle of heating (and cooling); highest temperature; uniformity requirements for heating; 
fuel which is available; capital which is available for investment. There are between 90 
and 100 different types of furnace in use. 

For general blacksmith work, the blacksmith’s coal or coke fire is still found; more often 
gas- or oil-heated furnaces or fires as shown in Figs. 15, 16 and 17 are preferred. For more 
special work the types shown in Figs. 18 or 19 are common. Coal-fired heating furnaces 
for general forge work are built as in Fig. 20 with an end slot, or else with a side door. 
Heat-treating furnaces often are under-fired, for the sake of having a hot hearth, as in 
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der-fired (Fig. 22) with 
21. Pack hardening (carburizing) furnaces often are made un 

edt hearth to secure uniformity of tempers ature. Tool-hardening furnaces — 
have a preheating chamber above the main heating chamber, Fig. 23. Furnac or | 
sated ma: rk are made of ee alka ither side-fired as in Fig. 24, or over-fired asin - 


aa 
ing furna s, Fig ig. 28, are used to anneal copper or similar material in a neutral atmosphere 
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Fig. 28. Bright Annealing Furnace 


Elevator-type furnaces, Fig. 29, are used for annealing; they avoid air leakage and oxida- 
tion. A portable type of furnace is the self-heated annealing cover, Fig. 30, in which 
combustion occurs within the tubes and the latter radiate heat to the charge. Tubes some- 
times are placed under the top of the cover as well as at the sides. In operation, the 
material to be annealed is placed on the bottom part, 
which is separate from the cover; the latter is lifted by 
a crane and placed over the charge, fitting into a seal 
at the edges of the bottom part. In many cases, the 
air is drawn out and the interior filled with inert 
gases to prevent oxidation. 

The bell-type electric furnace, Fig. 31, operates on 
the same principle, but is used for annealing coiled 
strip or wire. The ‘‘retort’’ or bell has a well in the 
center into which the central heating element, at- 
tached to the cover, fits when the cover is set in place. 
Inert gas is admitted into the retort through the pipe 
shown at the bottom. In larger furnaces of this type, 
a motor-driven fan is provided inside the retort at the 
bottom, for circulating the inert gas and effecting 
rapid cooling after the cover has been removed. 

Pit furnaces, Fig. 32, are used for hardening large 
dies and long shafts. Rotating hearth furnaces, Fig. 
33, are used to handle material which cannot be well 
moved through a furnace on chains or by pushers. - =t 
Intermittent-conveyor, or rocker-bar, furnaces, Fig. fie S=eae 1 Se 
34, serve the same purpose. Their maintenance is yg 99, levator Type Furnace 
difficult. - Cyanide bath furnaces are very common 
for hardening. Pot furnaces, Fig. 35, heated either electrically or by flame, are used 
as lead baths or salt baths for heat treating to prevent oxidation; or with compounds 
containing sodium cyanide and other salts for liquid carburizing. Cyanide fumes are very 
poisonous, and hoods with stacks must be provided to carry them out of the furnace-room. 
In electrically-heated salt baths, the salt itself acts as the resistor in which the heat is 
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developed; current flows either from one electrode to the pot, or between two electrodes 
which dip into the bath. In the latter design, the current produces a circulating motion 
of the molten salt, which helps to maintain uniformity of temperature. 

Another type of furnace, much used for the heat- 
treating of many small pieces, is the convection-type 
furnace. One design is shown in Fig. 36. In this, heat- 

a ing is effected entirely by convection, by drawing the 
Retort heated air through the charge. The convection furnace 
also may be fuel-fired, and combustion products or inert 
gases may be circulated instead of air. Close tempera- 
ture control is obtained. High-temperature furnaces 
usually are unsuitable for low-temperature work, and 
vice versa, but a combination furnace has been designed in 
which high-temperature heating (up to 2400°F.) is 
effected, chiefly by radiation, while by re-circulating the 
Liquia, 229° low-temperature heating (below 1200° F. with 
Seal accurate control) is effected by convection. 

ELECTRIC FURNACES.—Electric furnaces are so 
eet different from the usual combustion types that building 
Inlet for -4 them in the shop with the aid of an ordinary bricklayer 

Inert Gas — seldom is attempted. With very few exceptions, they are 
Fra. 31. Bell Type Furnace purchased complete from manufacturers specializing in 
this work. For that reason, details of heating elements 

are not given here. Electric furnaces with resistors of nickel-chromium-iron or nickel- 
chromium alloy are excellent for heat-treating at 1200° to 1400° F., and for annealing 
at 1600° F. Above 1800° F. furnace temperature, such resistors burn out in short 
order. For forging (2200° F.) or for hardening high-speed steel (up to 2400° F.), bars 
of silicon-carbide or special alloys must be used as resistors. Two of these special alloys 
are: Kanthal, which contains up to 14% aluminum, up to 30% chromium, up to 6% 
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Fie. 32 Fre. 33, Rotating Hearth Furnace 
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cobalt, and the remainder iron; Smith No. 10 alloy, which contains 37 1 i 
’ : ; . : chromium 
71/2% aluminum, and the remainder iron. ung ; 
A resistor brought out in 1924, consisting of a metallic core imbedded in a ceramic 
material, did not prove successful, because at high temperatures the metal slowly vaporized 
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Fic. 34. Intermittent Conveyor Furnace 


and escaped through the porous ceramic material. However, a newly introduced composite 
resistor, called Stratite, is claimed to operate at 3000° F. over long periods. It consists of a 
core of molybdenum, surrounded by oxides which are not reduced by the action of the 
metallic vapor, the whole being cased in a material which becomes glass-like at high 
temperatures and prevents escape of the metallic vapor. 

The silicon-carbide heating elements are almost unlimited as to temperature, but they 
gradually increase in resistance, to the extent of 30% to 80% after 400 hours operation. 
The expansion of the silica formed by internal oxidation produces a sudden increase of 
resistance when heating up from cold, which makes the oxidized bars practically unusable 
unless the furnace is maintained continuously at a temperature above 600° F. It is 
claimed that improvements in manufacture have eliminated this difficulty in 1936, and the 
bars last much longer. The difficulties in manufacture 
of the high-temperature alloy resistors have not been 
entirely overcome. 

Because there are no products of combustion, the elec- 
tric furnace eliminates the stack loss. On the other hand, 
heat is lost in the terminals, which must pass through 
the walls. If the terminals are made large in diameter, 
the conduction loss is great; if they are made small, 
heat is developed in and lost from the terminals themselves, 
with consequent danger of burning out. An advantage of 
the electric furnace is that heat can be developed in the Fic. 35, Lead Pot Furnace 
hearth, insuring uniform heating throughout the charge. 

Electric heating can be effected without a furnace enclosure, as in the machines for 
heating rivets, or for heating bars for forging or upsetting. A heavy current at low voltage 
is passed through the bar between electrodes which grip the ends, or one end and an 
intermediate area, the bar acting as resistor. The process is to some extent self-regulating 
because of the radiation and the rapid increase of resistance of iron with temperature. 
Heating also can be effected by induction, as in a machine for hardening the bearing 
surface of automobile crankshafts, wherein a high-frequency, low-voltage current is 
passed through inductor blocks which closely surround but do not actually touch the bear- 
ing surfaces. The current thereby induced in the surface layer of the metal rapidly 
heats it to the required temperature; the current then is 
shut off and the heated surface is quenched by a spray 
from a water jacket within the inductor block. See pp. 
18-22 to 18-28 for additional data on electric furnaces. 

CONVEYING OR MATERIAL HANDLING MEANS. 
—Saving of labor is an important advantage of the con- 
tinuous furnace in which the material to be heated is con- 
veyed through the furnace by mechanical means. The 
suitability of the various conveying devices depends 
largely on the temperature. Up to 1200° or even 1400° F., 
the chain conveyor (Fig. 26) with solid links or woven wire 
mesh is satisfactory. Above this, and up to 1800° F., the 
rocker-bar (Fig. 34) or roller-hearth conveyors are suitable; 
the drum-type furnace also may be used for handling 
small pieces. For 2100°F. or over, the material either py, 36. Convection Type Elec- 
must be picked up and set down by tongs or charging tric Furnace 
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machines intermittently inserted into the furnace, or must be pushed over the hearth. 
(See Trinks, Industrial Furnaces, Vol. II.) ‘ 
TEMPERATURE CONTROL.—Automatic devices often are installed for controlling 
the furnace temperature; usually for keeping it constant, but occasionally for varying 
it with time according to aset program. The measuring 
device (see Governing, Regulation and Control, p. 10-03) 
usually is a thermocouple, which actuates the pointer 
of a depressor-bar millivoltmeter. When the pointer 
deviates from the desired temperature, contact is made 
to actuate a relay and contactors which, in electric 
furnaces, throw resistors into or out of circuit; or in fuel- 
fired furnaces operate a motor or solenoid to open or close 
the fuel and air valves as required. One form of tem- 
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eh perature regulator uses air from a blower as the motive 
bone - 2] power, and thus avoids the use of solenoids. 

Bo scepaetie Con baeeon ppaagts The objections to present temperature-controllers for 

Fia. 37. Tool Hardening Furnace Small furnaces are the first cost, the upkeep cost (especi- 

with Gas Curtain ally in high-temperature furnaces), and the supervision 


which they require. If an inexpensive but rugged con- 
trolling device could be put on the market, many more furnaces would be automatically 
controlled than at present. 

In low-temperature furnaces or ovens, gas or vapor thermometers or bi-metallic 
thermostats are used. With the thermometers, the ordinary contact type of instrument 
is used for simplicity, instead of the depressor-bar type. In automatic control of oil- 
burning furnaces operating above 800° F., the fuel and air never are shut off entirely, 
because the oil remaining in the burner tip would coke, and clog the opening. “‘ All-on 
or all-off’’ control in this case means maximum-minimum control. Recently, propor- 
tional or ‘‘ anticipating ’’ controllers have been put on the market, in which the fuel and 
air supply is gradually adjusted over the range between the minimum and maximum. 

CONTROLLED ATMOSPHERE IN FURNACES.—Oxidation or scaling of ferrous 
metals while being heated occurs if an atmosphere of air, carbon dioxide, or water vapor 
exists in the furnace, and to an even greater extent if actual combustion takes place in 
the gases in contact with the metal. The scaling grows rapidly with the temperature. 
It can be reduced or practically avoided by maintaining in the furnace a reducing atmos- 
phere containing either a considerable amount of carbon monoxide (at least 8% is required 
for entire prevention of scaling), or a haze of carbon particles produced by cracking hydro- 
carbons. The former requires merely an excess of fuel. In direct-fired furnaces using 
natural gas, coke-oven gas, or coal gas, luminous-flame burners may be used to envelop 
the charge on the hearth in a blanket of fuel gas, which cracks and forms carbon particles; 
or secondary combustion devices, or ‘‘ smoke burners’’ may be provided. In electric 
furnaces or muffle furnaces, a non-oxidizing atmosphere may be formed by supplying 
either hydrogen or the products of thermal decomposition of ammonia, or of natural gas, 
city gas, butane, or propane. These gases may be decomposed (the heat being applied 
by partial combustion) in a separate producer, or in the furnace itself. In small elec- 
tric furnaces for tool hardening and similar work, where the door must remain partly 
open most of the time, a non-oxidizing atmosphere is maintained in the furnace by pro- 
viding in front of the door a gas-flame curtain, as shown in Fig. 37. The oxygen in any 
air which succeeds in entering at the door is taken up by the gas, and an atmosphere 

containing CO and hydrogen, and sometimes free car- 


Carbon Block bon and undecomposed hydrocarbons, is formed. 
KEK For annealing copper or brass, an atmosphere of 
MW WJ steam is used in furnaces such as those in Figs. 28 and 


29. For heating high-carbon steel parts, such as tools, 
the atmosphere may be made not only non-scaling 
but non-decarburizing. An example is the electric- 
Fra. 38. Electric Furnace Muffle furnace muffle shown in Fig. 38, which consists of a 
hollow carbon block. Any oxygen entering at the 
open end reacts with the glowing carbon to form CO in high concentration. For 
brazing, an atmosphere of hydrogen is used; the parts are clamped together, coated with 
a paint containing finely divided copper or brass, treated with a flux, and placed in the 
brazing furnace in a hydrogen atmosphere. The copper is drawn between the contact 
surfaces by capillary attraction. Instead of the copper paint, a wire of special oxygen- 
free copper sometimes is used. 
In addition to those mentioned, atmospheres of other gases are used for special purposes. 
For nitriding, the atmosphere consists of ammonia; for Chapmanizing, the ammonia is 
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bubbled through a molten salt bath in which the pieces are immersed. For gas carburizing, 
development, carburizing and nitriding are combined by using a mixture of hydrocarbon 
gas and ammonia. A carburizing atmosphere also may be produced by allowing liquid 

Some of the devices used for maintaining a constant composition of furnace atmosphere 
by keeping constant tho ratio of fuel to air, regardless of changes in the fuel rate, are: 
asi kept constant) i positive blowers or fan blowers with proportioning mixers; inspirating 

urners (Fig. 11), in which the velocity of the gas is used to produce a suction which 
sure-difference meters in the fuel and air lines, arranged to vary the air supply to maintain 
a constant fuel-to-air ratio. (Trinks, Industrial Furnaces, Vol. II, Chap. 4.) 
combustion leave at high temperature and carry with them a large amount of heat which 
cannot be utilized directly in the furnace. A part of this heat 
heating the combustion air. Fig. 39 shows a furnace for pre- YUZY KX} 
heating cold stock. The combustion air may be preheated MV ) YZ ',Z 

y b 

the outgoing flue gases transfer a portion of their heat to the Gini, 
incoming air in a steady flow through a wall. In a regenerator Fig. 39 
regenerator chamber, while the incoming air absorbs heat from the brickwork of another 
regenerator chamber which previously has been heated by the flue gases. The hot gases 
intervals. The calculation of regenerative and recuperative surface is too long and tedious 
to be given here. For details of these calculations, see Trinks, Industrial Furnaces, Vol. I. 
Their proper field is in large, continuously-operated furnaces, especially in regions where 
fuel is expensive. 
parts, at the rate of 500 lb. per hour. Furnace is of the under-fired type, Fig. 21. Tem- 
perature of furnace = 1450°F. From Fig. 1, increase of heat content from 60° F. to 
higher than this value, which applies to pure iron. From Table 2, the thermal efficiency of 
the given type of furnace under average conditions = 19%. Heat required in fuel per 
gal., the fuel consumption is (500 X 1140)/140,000 = 4.1 gal. per hour. 

From Rule 3, p. 18-05, the rate of heating will be about 30 lb. per hour per sq. ft. of 
of the heating chamber are determined by the size of the pieces and the method of charging, 
or in some cases by the nearest standard sizes of the furnace builders. 
volume of combustion space required is (500 * 1140) + (3600 X 12) = 13.2 cu. ft. The 
height of chamber required to give this volume of combustion space depends upon the 
per cu. ft. per sec. is somewhat high for the combustion of fuel oil with burners of the 
usual type, but this simply means that part of the combustion takes place in the upper 

From the table of flue sizes (see p. 18-06), area of flue openings required for furnace 
temperature of 1400° F. = 2.0 sq. in. per sq. ft. of hearth; for 1450° F. furnace tem- 
total area of flues. The flue dimensions are made multiples of 21/2 in. and 4 1/2 in. 

The size of doors is determined by the size and shape of heating stock and the method 


a carbon-rich gas, e.g., propane, is introduced into the furnace muffle; and in a recent 

hydrocarbons to drip slowly into the furnace from above. 

Interconnected fuel and air valves (only effective when both fuel pressure and air pressure 

induces an approximately proportional amount of air, or vice versa; interconnected pres- 
HEAT-SAVING DEVICES.—In combustion furnaces of the batch type the products of 

may be recovered either by preheating the cold stock or by pre- 

either by a recuperator or a regenerator. In the recuperator S Oy a 

the products of combustion impart heat to brickwork in a 

are caused to flow through first one and then the other regenerator chambers at regular 
For small, intermittently operated furnaces, it seldom pays to use heat-saving devices. 
EXAMPLE OF FURNACE CALCULATION.—Furnace for heat-treating small steel 

1450° F. = (222 — 6) = 216 B.t.u. perlb. For steel, the heat content is actually slightly 

pound of steel = 216/0.19 = 1140 B.t.u. If the fuel to be used is oil of 140,000 B.t.u. per 

hearth. Required area of hearth = 500/30 = 16.7 ft. The shape of the hearth and height 
Taking rate of heat liberation by combustion as 12 B.t.u. per cu. ft. per second, the 

shape and size of hearth supports, but would approximate 15 in. The rate of 12 B.t.u. 

or heating chamber. No harm is caused thereby. 

perature it would be somewhat more, or about 2.5 sq. in. Hence, 2.5 X 16.7 = 42 sq. in., 

of charging, 


INDUSTRIAL ELECTRIC HEATING 


By R. M. Cherry 


1, FIELD AND CLASSIFICATION 


Electric heat may replace advantageously fuel and steam in many industrial heating 
processes, because the heat generated by electricity usually can be applied at a higher 
efficiency than is realized with fuel. Its application for heating often results in increased 
production, a better quality of work, and in many cases lower overall costs. 

Whether or not electric heating is used for a given application depends on the complete 
cost analysis, including such factors as cost of heat, quality of product, labor of attendants, 
subsequent operations, working conditions, complaints, rejects, etc. 

Industrial electric heating gives perfect heat distribution, and permits great flexibility 
in temperature control. Automatic control is recommended for practically all applica- 
tions, as it not only gives better control of temperature and heat distribution, but also 
eliminates the labor of attendants, danger of spoilage, and insures that parts subjected to 
heat receive exactly the same treatment, thereby producing uniform results. 

In general, industrial electric heating is classified as: 

1. Small heating units and devices, for such applications as small ovens, heating 
watchmen’s houses, crane cabs, soft metal melting pots, liquid heating, glue pots, 
process machinery, etc. 

2. Ovens for baking, drying, etc. 

3. Resistance furnaces, for heat-treating metals, porcelain enameling, etc. 

4. Melting furnaces for melting steel, copper and brass. 

5. Inductive heating of metals. 


2. SMALL HEATING UNITS AND DEVICES 


Manufacturers’ catalogs contains fairly complete information on small heating units 
and devices, method of application, and determination of type, size and rating of the units 
required for a particular service. 
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Small heating units and devices are, in general, classified as: Air heating, liquid heating, 
and contact heating. For these applications, there are various types, sizes and ratings of 
ieee heaters, generally known as strip heaters, tubular type heaters, and cartridge 

eaters. 

STRIP HEATERS are used principally for air heating : 
and contact heating, They consist of an-.outer metal iq 
sheath with the coiled resistance wire electrically insulated 
from the outer sheath and provided with suitable terminals. 
These heaters are usually approximately 1 1/9 in. wide, 1/9 
in. thick or less, and available in standard lengths from 
approximately 7 in. up to 4 ft. They are used principally 
for heating watchmen’s houses, crane cabs, valve houses, 
isolated rooms, small ovens, pump houses, ticket booths, 
process machinery, etc. 

TUBULAR-TYPE HEATERS are used principally for 
liquid heating and contact heating. They comprise a tubular 
outer metal sheath in which the resistance wire, electrically 
insulated from the outer sheath, is coiled. The outer sheath 
material may be steel, nickel, copper, stainless steel, Monel 
metal, etc., depending on the application of the unit. This 
type of unit can be formed into almost any desired shape. i 
Also, it may be cast into gray iron, alloy iron, aluminum, 
or other metals. Such cast-in units provide a large area in 
contact with the liquid to be heated, and form a mechanically 
strong unit. 

Tubular units, either of the plain sheath type or cast-in Lig GO TEP Siew meen 
type, are used principally for heating such liquids as water, Units 
oils, paraffin, alkaline baths, nickel-, copper- or chrome- 
plating bath solutions, mild sulphuric acid solutions up to 10% concentration, if no other 


“ acids are present; for melting soft metals, as tin, lead, solder, babbitt, type metal, and 


similar alloys; and for heating salt baths to temperatures up to approximately. 1000° F. 
Locating the heating units directly in the liquid to be heated, gives a maximum efficiency 
of heating, in that all of the heat is generated in the liquid itself; also, this method of 
applying heat provides for the best possible temperature control. 

The tubular type heating unit is made in sizes varying from approximately 1/4 to 3/4 in. 
diameter and from 2 to 20 ft. long. The size and rating depend on the application. 

CARTRIDGE HEATERS.—Cartridge heating units are used principally for contact 
heating. The construction is similar to that of the tubular unit, in that it consists of an 
outer shell of metal, and coiled resistance wire suitably insulated from the outer shell. 
The two terminals of the heating unit are brought out at one end. Cartridge heaters are 
used where small quantities of heat are required at a definite location. They are applied 


usually by drilling a hole in the part to be heated and inserting the heating unit. 


Cartridge heating units are available in sizes from 3/g in. outside diameter by 1 1/9 in. 
long to approximately 11/4 in. outside diameter by 8 1/2 in. long. Ratings range from 
50 watts in the smaller size, up to approximately 1200 watts in the larger size. These 
ratings are based on a sheath material of brass. Cartridge heating units also are available 
with an alloy steel sheath, suitable for a maximum sheath temperature of 1200° F. The 
electrical rating for these units is approximately 50% higher than those listed above. 

Typical heaters are shown in Figs. 1, 2 and 3. Fig. 1 shows several forms of strip 
heaters, and Fig. 2 various arrangements of cartridge heaters. Fig. 3 illustrates a number 
of varieties of liquid heating units, technically known as immersion units. As shown, 
the units may terminate in a pipe fitting which may be screwed into the wall of the cham- 
ber containing the fluid to be heated. Typical methods of application of the strip, tubular 
and cartridge units are shown in Figs, 4, 5 and 6, 


38. OVENS FOR BAKING AND DRYING 


Electric ovens are widely used for many industrial applications. Examples are core 
baking, paint drying, japanning, bread and cake baking, and baking of such electrical 
parts as armatures and coils. , 

Batch-type Ovens are used principally for small production. A typical batch oven is 
the box type, with a door at one or both ends. The material to be baked is loaded on 
trays, trucks, or an overhead intermittently-operated conveyor. 
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Fic. 4. Strip Heaters Mounted in a Small Oven 


Continuous Ovens are used for quantity production. Typical continuous ovens are 
the straight-through conveyor type, straight-through conveyor oven with ventilating air 
passing counterflow to the work, or continuous counterflow oven where outgoing hot 
material preheats incoming cold work. 

The electrical equipment for such ovens consists of standard type oven heaters and 
suitable automatic control equipment. The heaters usually are open-type ribbon resistors, 
wound on suitable insulators. These, in turn, are supported in a metal frame, suitable for 
mounting on the walls or floor of the oven. A typical installation of strip heaters is shown 
in Fig. 4. 

VENTILATION is an important factor for many oven applications, such as those used 
for paint drying and japanning, where considerable quantities of volatiles are given off 
during heating. The amount of ventilation required depends on the size of oven, the size 
and surface area of parts being baked, and the amount of volatiles to be driven off. Most 
of the volatiles are driven off during the first part of the heating cycle. Therefore, in a 
continuous oven they must be removed near the entrance to the oven. All dipped or 
sprayed parts should be allowed to drip thoroughly before being placed in the oven. 

ENERGY REQUIRED for the baking of particular parts depends on the production, 
me oe and type of oven. The approximate energy required for various applications is 
as follows: 


Application: <1. .idewtaceiee el sietces Japanning Core Baking Bread Baking 
Type of ONvenivad cae cese eerste Batch Continuous Batch Continuous Continuous 
Approx. lb. per Kw.-hr......... 15-20 25-45 10-12 12-15 10-12 


4, RESISTANCE FURNACES 


The resistance furnace consists of a heating chamber, containing heating units, which 
may be mounted on the side walls, roof, floor, doors, depending on the application. Heat 
is transmitted to the work by radiation and convection. Resistance furnaces are used for 
such heating applications as annealing, normalizing, hardening, drawing, carburizing 
porcelain enameling and brazing. ; 

RESISTORS are principally the metallic resistor in rod, ribbon or cast form, or a non- 
metallic resistor, as silicon carbide, usually in round bar form. Nickel-chromium alloy 
(approximately 80% Ni, 20% Cr) is universally used for operating temperatures up to a 
maximum of approximately 2100° F., which covers the majority of industrial heating 
applications. A metallic resistor material (an Al-Cr-Fe alloy) recently developed (1937) 
may increase the maximum temperature range of the metallic resistor. 

TYPES OF FURNACE.—(See also pp. 18-13 to 18-18). Many standard types of furnace 
are available, the selection of type and size of furnace depending on the application, pro- 
duction, and method of handling desired. The more common types of furnaces are: 


Box-type Furnace, which is essentially a box, with a door at one or both ends 

treated are handled by hand, either individually or in containers. | Get oe 
Pit Furnace, which may be either circular or rectangular, with the i 

vided with a suitable cover. ‘ Oe oe 
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Bell Furnace, which may be either circular or rectangular. The material to be treated is loaded 
on bases, and the furnace is lifted and moved from base to base; or the furnace may be lifted and 
the bases moved. Bell furnaces are used either with or without an inner retort, depending on the 
application. 

Elevator Furnace, which may be either rectangular or circular, usually rectangular. The work 
is loaded on a car, which is pushed under the furnace and elevated into the furnace chamber. 

Car-bottom Furnace, which is similar to the box-type furnace, except that the hearth is mounted 
on wheels to permit it to be removed for loading and unloading. 

Pot Furnace, which consists of an inner metallic pot, with the heating units located outside of 
the pot. Pot furnaces are used principally for lead hardening, cyanide or salt hardening, and hot 
dip galvanizing. 

Pusher Furnace, in which the work is pushed through the furnace, one piece against the other 
where the parts can be so handled; or the parts are loaded on stools or trays, which are pushed 
through the furnace one position at a time. 

Rotary-hearth Furnace, in which a rotating table, provided with sand seals between the rotating 
table and stationary part of the furnace, carries the parts to be treated. Loading and removal of 
work is through the same or adjacent doors, thereby providing for loading and unloading from one 
central point. 

Roller-hearth Furnaces have a hearth of driven rolls, on which the material being treated is 
carried through the furnace. The spacing between rolls depends on the parts or trays to be handled. 
The rolls extend through the walls of the furnace to bearings mounted on the outside. 

Conveyor Furnaces are of many types, depending on the type of conveyor used, as a mesh-pelt, 
cast link belt, monorail conveyor, etc. For such applications as hardening of steel, the conveyor 
should be arranged to remain in the furnace at all times to conserve heat. When the furnace is 
used for annealing, the parts being cooled in the furnace, the conveyor usually returns underneath it. 


ATMOSPHERE EQUIPMENT FOR RESISTOR FURNACES.—The trend in resistor 
furnace applications is the use of protective gas atmosphere in the heating and cooling 
chambers to prevent oxidation during the heating cycle. Typical applications are for 
bright annealing copper and steel, scale-free hardening, scale-free annealing of castings, 
electric furnace brazing, etc. For most of these applications, a suitable protective atmos- 
phere is provided by equipment which processes the available gas, such as city gas, natural 
gas, butane, propane, etc. 

An equipment for re-forming the available gas consists of suitable visual flowmeters to 
indicate the amount of air and gas used, a motor-driven air-gas mixer, a combustion 
chamber with burner, and a surface cooler for removing excess moisture. In operation, 
air and gas are fed into the combustion chamber at a definite ratio, which depends on the 
gas used and the required analysis of the output gas. In the combustion chamber, the 
gas is burned with a deficiency of air, in the presence of a catalyst under controlled condi- 
tions. The output gas contains principally nitrogen, hydrogen, carbon monoxide and 
carbon dioxide. The relative proportions of the constituent gases depend upon the air- 
gas ratio used. Ap 

The output gas may be purified, depending on the requirements of the application. 
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For example, most city gases contain a small amount of sulphur, which must be removed 

if material such as copper is to be bright annealed. In other applications, it is essential 
to remove more of the moisture from the gas, either by refrigeration or chemical dryers, — 
or both. i 

The cost of a protective atmosphere is relatively low. For instance, in bright annealing 
copper, and using available city gas of 530 B.t.u. content per cubic foot, the air-gas ratio 
used is approximately 4:1. Therefore, a gas output of 1000 cu. ft. would require approx- 
imately 250 cu. ft. of city gas. For scale-free hardening, the air-gas ratio may be approx- 
imately 2 1/) : 1, and there would be required approximately 400 cu. ft. of city gas of 530 
B.t.u., per 1000 cu. ft. of output gas. 

When a higher reducing gas than that provided by processing available gases is desired, 
an ammonia dissociator may be used. The equipment is essentially a tube or coil, con- 
taining a catalyst, through which the ammonia gas passes, inserted in an electric furnace. 
The ammonia gas dissociates when heated to the required temperature, the resulting gas 
containing 75% hydrogen, 25% nitrogen. Many sizes of standard atmosphere equip- 


Table 1.—Typical Applications of Electric Resistance Furnaces 


a re 


Approx. Energy 


Process Material Type of Furnace Typical Applications Required, 
Ib. per kw.-hr. 
Box . 
Copper wire on reels......... 25-35 
Copper and ee saint Copper tubing, straight lengths 12-20 
Brass Roller Hea we Copper tubing, in coils....... 10-15 
Bell Brass wire or strip, in coils... . 15-20 
Elevator 
Malleabl 
erage Pusher Tray Malleable castings........... 5-7 
Tron 
Roller Hearth 
Car-bottom 
P Steel bar Pit 
Annealing stock and tubes} Elevator 
Roller Hearth 
Steel sheets Bell A d 
coiled stip Aree Steel strip in coils............ 11-14 
Steel strip ¥ Roller Hearth 
(continuous) 
Car-bottom 
Steel castings Elevator 
and forgings Pusher Tray 7-10 
Roller Hearth 
Steel wire in coils} Bell 10-13 
Copper Ass 
Brazi ‘onveyor 
ama Roller Hearth 
Box 
Pot 
Pit H : < 
Hardening Steel Conveyor Ce at approximaiely 
Pusher 1500" Baxcuabataake cence 7-11 
Rotary Hearth 
Roller Hearth 
d ae Drawing 
Drawing Steel Oil Bath at approximately 400° F.... 40-60 
Salt Bath at approximately 800° F.... 20-25 
Galvanizing Steel Pot Hot dip galvanizing.......... 12-20 
Sheet steel, single coat 
in box furnaoce/jio. eicsoesien 5-8 
Poraclain, Steel Box : in continuous furnace...... 10-15 
Enameling Gace cron Continuous Cast-iron, wet process single 
conveyor coat 
in box furnace....... eloate 6-10 
in continuous furnace. 12=15 
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4 
ments are available for a wide range of outputs and applications. Makers should be 
consulted in regard to equipment for special conditions. 

The quantity of atmosphere required depends on the type and size of furnace, and the 
application. In general, it is a relatively small item in the total cost. Such protective 
atmosphere easily can be supplied to practically all types of furnaces, if they are properly 
designed for use with protective atmosphere. 

The protective atmosphere eliminates oxidation of most materials. A considerable 
saving is effected thereby, by the elimination of the subsequent cleaning operation, and 
the quality and appearance of the product is improved. The cost of fabrication, such as 
brazing fabricated metal parts in the electric furnace, is lowered. 

SELECTION OF TYPE. ENERGY REQUIRED.—Table 1 gives, in general, the types 
of furnaces used for various applications. The type and size of furnace to be selected 
depend on the size, shape, weight and material of parts to be treated, as well as the pro- 
duction and the desired heating and cooling cycle. The energy required, usually stated 
in net pounds per kilowatt-hour, based on continuous operation, depends upon the size 
of furnace, production, and the heating cycle. The data in Table 1 are approximate and 
are to be used only as a rough guide. 
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Fic. 7. Heat Loss Through 1-in. Thick Insulation of 85% Magnesia or Similar Insulator. Heat 
Loss Varies Inversely as Thickness 


ENERGY CONSUMPTION AND ELECTRICAL RATING.—An estimate of the 
energy required for a given application should include the heat absorption of the material 
being heated, heat absorption of auxiliaries used for carrying the work, as trays, conveyor, 
etc., heat absorption of the ventilating air if used, heat absorption of the protective gas 
atmosphere if used, heat losses through the walls, doors, etc. 

The heat absorption of the material to be heated, including the net work, conveyor, 
trays, etc,, can be calculated by 


Kw.-hr. = {w X hs X (te — t)} /3412, 


where w = weight of material being heated, hs = average specific heat, t; and tf. = respec 
tively, initial and final temperatures of the material, deg. F. Heat losses for many appli- 
cations may be estimated by means of Figs. 7-11. The heat loss data in the above curves 
are principally for low temperature applications, For the higher temperature resistance- 
type furnaces, operating up to approximately 1850° F., a good rule-of-thumb method for 
estimating the heat loss in Kw.-hr. is 


Kw.-br, = (0.8 A X T)/10,000, 


a 


where A = inside wall area of heating chamber, sq. ft. and 7 = operating temperature, 
deg. F. The application of this rule will give the approximate heat losses through the 
insulated walls and closed doors, based on a well-insulated furnace. 
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REFRACTORIES AND INSULATION FOR OVENS AND RESISTOR FURNACES. 
—The usual construction of ovens, for temperatures up to approximately 600° thse com- 
prises a metal inner liner and an outer shell, the space between being filled with insulating 
material, as 85% magnesia, rock wool, mineral wool, etc., care being used to have little or | 
no through metal. : 

The thickness of insulation used depends on the operating temperature and, in general, 
should be at least as follows: 


Ovourvenmpersture, deg: Bee | css eceeen aee eee 200 400 600 800 
Approx. thickness of insulation, in..............-.. 2 4 5 6 


For electric resistance furnaces, the wall construction consists of an inner refractory 
lining of brick, backed by a suitable thickness of insulating material. Several types of 
light-weight refractory are available in standard brick sizes. These bricks are of less than 
half the weight of regular firebrick, thereby providing for additional insulation, and absorb- 
ing less heat while the furnace is being heated to operating temperature. For the average 
size heating chamber, the inner refractory lining of 4 1/9-in. standard light-weight refractory 
brick is sufficient. For high walls and long spans for arches, this thickness should be 
increased. For data on refractory brick see pp. 5-03 to 5-20 of this book. For additional 
data on heat insulation see Kent’s Mechanical Engineers’ Handbook—Power, pp. 3-54 to 
3-71, forming Vol. 2 of this series. 
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Fie. 8. Heat Losses from Various Metals 


The thickness of insulation depends on the operating temperature and the complete 
time-temperature cycle. A furnace to be held at operating temperature for long periods 
should be well insulated. For a cycle requiring cooling of the charge in the furnace, the 
thickness of the insulation must be in accordance with required heating and cooling cycle. 

In furnaces held at the operating temperature, the thickness of the insulation, in addi- 
tion to the refractory lining, should be approximately as follows: 


Operating temperature, deg. F......... 800-1100 1100-1400 1400-1800 1800-2100 
Approx. thickness of insulation, in...... 5 71/9 10 12 1/2 


5. MELTING FURNACES 


The three types of electric melting furnaces are, in general, the resistance furnace, aro 
furnace, and induction furnace. 

RESISTANCE FURNACES, usually of the pot type, are used for melting soft metals, 
as tin, babbitt, lead, solder, type metal, ete. The heating units may be immersed directly 
in the metal to be melted, or placed outside of the melting crucible, depending on the 
application. 

ARC FURNACES, in general, are of two types, the direct arc and the indirect arc. 
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The Direct Arc Furnace is used principally for melting and refining steel. The 3-phase 
arc furnace, generally used, has three electrodes. The electric current passes between 
the electrodes and the bath of metal. Each electrode is provided with a motor-driven 
mechanism which, by suitable automatic 
control, raises and lowers the electrodes to 
Maintain a constant power input. 

The Indirect Arc Furnace usually has two 
electrodes. The current passes between the 
electrodes and above the bath, which is 
heated by radiant heat from the electric arc, 
as well as by conduction and convection. 
This type of furnace is used frequently for 
melting of copper and brass. 

Electrical Equipment of an electric arc |_| fark edes 
furnace consists of a step-down transformer, 7 2B Bann 
primary and secondary control, motors for into ices | 5 
raising and lowering the electrodes, and a =O 4 5 6 7 
tilting motor if the furnace is to be of the Watt hr. 2 hr. ver sq. in. of Water Surface 
tilting type. The primary control consists of Fre. 9. Heat Losses from Open Water Surfaces 
an oil-circuit breaker on the high-voltage 
side of the step-down transformer, suitable 
means for changing taps on the transformer, 
and metering equipment. The secondary s& 50 
control consists of control equipment for 
controlling the movement of the electrodes 
to maintain constant power input. Voltages 
used on the arc vary, depending on the char- 
acter of the application. The higher volt- 
ages are used normally for melting down, 
and the lower voltages for refining. 

INDUCTION FURNACES are of two 
types, the core type, used on standard fre- 
quencies, and the coreless or high-frequency 


Temperature of Water - deg. F, 


Temperature of Oil - deg. 


furnace. Ommtera? oo EIA a 
Core-type Furnaces consist essentially Watt-hr. per hr. per sq. in. of Oil Surface 

of an electrical transformer circuit with a yc, 10. Heat Losses from Surfaces of Oil 
primary coil, a laminated iron core, and the Baths 
bath arranged for completion of the secon- 521000 
dary circuit. Heating is accomplished by ae oa i Le 
the induced current in the secondary. This 3 aan 
type of induction furnace is used principally =z £00 | sa0n 
for melting brass and copper. S 700 

, Coreless or High-frequency furnaces con- si 600 

_ sist of a crucible to hold the material to be a 500 
melted, around which is placed a water- = 400 
cooled copper coil to which the high-fre- © 300 
quency source is connected. Heat is Se 8 200 
erated by the electric current induced in the B 
charge. The rate of heating is limited prac- a Zazeecea 
tically only by the capacity of the high-fre- Hi Ob Tas ese tebe Cig S895 1011 718 


i : Watt-hr. per hr. per sq. in. of 
quency source. This type of furnace provides Molten Metal Surface 


for rapid heating, accurate control of heating, 
agitation of the bath, and is used principally Fie. ren Foe Bee on 
for the melting of alloy steel. 

ENERGY REQUIRED FOR MELTING in induction furnaces depends on the size of 
furnace, and the material to be melted. In general, the approximate electric energy con- 
sumption for melting for various applications is as follows: 


Brass, yellow (core induction furnace) iGGe oreo 220 to 350 Kw.-hr. per ton (2000 Ib.) 
Brass, red Gs ) areca de s/avete 250 to 400 = et vs 
Copper (indirect arc furnace)..........-+2+--+++-+- 250 to 400 oh 4 . 
Steel (3-phase arc furnace melting only).......... 450 to 600 Wh ry 4 te 
Steel (coreless induction furnace).............+-- 500 to 800 ee J 


The selection of the right type and size of furnace for a given application requires 
experience and, in some cases, tests. When there is any question as to size and type of 
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furnace, manufacturers of such equipment should be consulted. Complete data should | 

be given, 7.e., voltage, phase and frequency of the power circuit; floor space and head-room 

available; the size, shape and material of parts to be treated; the complete heating and 
pounds of material to be loaded per 


cooling cycle desired; the efficiency of loading, 1.e., 
square foot or cubic foot; production per given time, hours to be operated per day or week. | 


6. INDUCTIVE HEATING OF METALS 


The use of high frequency (1000 to 3000 cycles) for heating (not melting) metals, for 
such application as skin hardening is of recent (1937) development. This method of heat- 
ing permits heating only that portion of the metal that requires hardening. In addition 
it permits of heating only the surface of that portion. A typical example is the heating of © 
the bearing surfaces of crank-shafts for hardening. A high-frequency current of low 
voltage and high amperage is passed through inductor blocks which surround but do not 
actually touch the area to be heated. The inductor block current induces a current in 
the surface of the metal, thereby providing quick heating of the outer surface. 

This method of heating reduces the time for hardening of heavy parts, such as crank- 
shafts, from hours to seconds and gives a superior product at lower overall cost. High- 
frequency heating for surface hardening is particularly applicable to the heating of steel 
parts of cylindrical section. 
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FORGING PRACTICE * 


By Eugene C. Clarke 


Forging, the plastic forming of hot metal, is one of the older arts of civilization. The 
early smiths provided the energy necessary to form the metal by striking with hammers 
the subject held in place on anvils. Also, they were the early heat treaters; they tempered 
their products. ' 

The operations and mechanisms cited below account for the production of practically 
all the forged products in current use. There are, of course, special operations employing 
modifications or different applications of the principles described, but the tonnage so pro- 
duced is relatively insignificant. j 

Progress in the reduction of the art of forging to a scientific basis has brought about 
specialized development of the various elements involved in shearing, heating, plastic 
formation, trimming, heat treating, sizing, inspecting, and the many other operations 
incident to modern practice. The plastic forming of the metal, being accomplished by 
working the metal beyond its elastic limit, has not enjoyed the same theoretical study 
that is common to processes within elastic limits, and practically all formulas employed 
are empirical. 

ENERGY REQUIRED.—TIf in mechanical forging E represents the forging energy, V 
the velocity of impact of the forging element of a mechanism, and W the weight or force 
applied, H = WV2/2g. From this it is readily appreciated that the weight or pressure 
applied must be greater than the affected mass of the forging and that, with the size of the 
forging placing a practical limitation on mechanical equipment employed, the classes of 
forging equipment are economically complementary rather than competitive. 

The rate of plastic flow of the subject metal at forging temperature limits the amount 
of deformation per operation and governs the application of forging power. If deforma- 
tion is accomplished beyond the rate of plastic flow, rupture of the metal occurs. The 
rate of plastic flow varies with the subject material, its form and density, its temperature 
during the forging operation, and the velocity and continuity of power application. 

LIMITATIONS.—This discussion is confined to consideration of actual forging appli- 
cations. It, therefore, cannot include details of heating, shearing, heat treatment, etc., 
but a few characteristics of the metal being forged exert 


influences common to all procedures and are briefly _= Cee 


mentioned. 
During all forging operations the metal is cooling. = 


_ Hence its fluidity for plastic flow is being reduced. The Hammered Section Pressed Section 


: : 7 aaeaer, (Exaggerated) (Exaggerated) 
durati f rat thus is limited, th 
po en ey Ore NSA OP SHAT OT - ed 2 Fia. 1. Metal Flow—Presses and 


limitation varying further with the kinds of metal being THaminers 

forged. The forging dies are extracting heat from the 

forging in relation to the time in contact with it. Hammer dies have relatively little 
thermal effect, but in press dies this extraction of heat is a major consideration. 

When the forging is larger in the area to be deformed than the impinging or contacting 
dies, as in cogging down an ingot, the forging effect is reduced by the resistance to distor- 
tion of that part of the metal not in contact with the dies of the forging mechanism. The 
deformation necessarily is limited in scope to that which will not cause laps at adjoining 
forged areas and which does not shear the metal at those sections under the edges of the 
dies. 

When the forging is smaller in area than the die face, a limitation on height is intro- 
duced. Generally, the greater the area upon which the dies impinge, as related to the 
height between impinging dies, the less is the control of plastic deformation, with the 
limitation that the distance between the dies at the point of impact cannot safely be 
gteater than three times the smaller sectional dimension. When the height limitation is 
exceeded the forging frequently will bend, forming a lap, rather than follow the desired 
plastic deformation. The hammer with high impact velocity is effective on thin stock 
which is unworkable in a press, and the press is more effective on relatively thick sections. 
The difference in metal flow under the two tools can be observed at the ends of sections 


* Forging as discussed herein is defined as the craft of the smith and as such does not consider 
plastic deformation as accomplished in rolling mills. 
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reduced by forging. That reduced under a hammer will have the edges extending beyond © 
the center; that reduced under a press will have the center extending beyond the edges. 

IMPACT AND PRESSURE.—The velocity, constancy and duration of the applied 
forging force are best considered with relation to the mechanism employed. The first . 
application of force must overcome the initial resistance to deformation of the metal, 
after which plastic flow will occur only so long as the force is continued in motion and in 
magnitude. Coincident with the application of the force, the density of the metal is 
increased, increasing its resistance to flow. That immediately worked-on area of the 
metal in contact with the forging dies is further restricted by friction between die and 
work, and this increases with the magnitude of the force. , ; 

The mechanical application of power to accomplish plastic deformation or forging has 
been developed along two distinctive lines: 1. Impact forging, 7.e., the utilization of the 
energy due to velocity at impact as in hammers; 2. Pressure forging, 7.e., the application 
of pressure at relatively low velocity. ; 

Tremendous strides have been made in mechanization of forging processes. Forging 
equipment generally divides into three groups, namely hammers, hydraulic presses, and 
crank-driven machines. Likewise forged products have developed along clearly defined 
lines, i.e., drop forgings or die forgings, made within enclosing dies controlling form and 
size; drawn forgings combining piercing and extruding, as shell blanks; and, that group of 
forgings manipulated, between open dies, to form and size, and controlled by observation 
or gage. 

Forging by Impact, as by hammers, is an application of maximum force during contact 
of dies and metal; the forging effect continues until the resistance to flow brings the impact- 
ing die to rest, thus absorbing all the useful energy of the applied force. If the hammer 
blows are of sufficient rapidity, advantage is gained of the momentum of flow, and greater 
rate of flow per blow is attained than will be the case with blows at greater intervals. 

Forging by Pressure, applied and maintained in motion hydraulically, is limited by 
the resistance to flow of the metal, the increased density of the metal between the dies, the 
friction between dies and work and the increasing resistance to flow caused by reduction 
in temperature during the operation. Forging by pressure applied through a crank 
mechanism is the application of a force of increasing magnitude at decreasing velocity. 
Such applications are almost universally applied to forgings completely enclosed in dies; 
the limitations on useful deformation then are the amount of metal under compression in 
the dies, and its density as being workable within the useful force available. 

GRAIN FLOW.—The strength and durability of steel forgings are at their maximum 
values only when the grain flow lines are in the correct position. The selection of the 
forging mechanism, the determination of the successive forging operations, and the design 
of dies are governed by the required grain flow. Grain flow in steel is the fibrous structure 
imparted to the constituents by mechanical working as in rolling or cogging. The align- 
ment of such fibers is parallel, and in the longitudinal direction of the working. 

Forging operations should dispose the grain flow to the best advantage of the duty 
of the finished forging. Thus gear blanks are upset to secure radial grain flow and uniform 
strength in all teeth. If the blank were forged with longitudinal grain flow, half the teeth 
would have cross grain flow, and thus would be weaker than the remainder. 

In a crank-shaft, the grain is required to flow without rupture through the cheeks, pins 
and bearings, and to be radial at the end when a flange or disc is employed to transmit the 
power of the engine or motor of which the crank-shaft is a part. The size of the crank-shaft 
determines the equipment employed. An automotive crank is forged from rolled stock 
in a drop hammer, and the end is upset in a forging machine. 

Table 1 shows the characteristics of impact forging and pressure forging, and illus- 
trates the current uses and limitations of equipment available in 1937 markets. 


1. IMPACT OR HAMMER FORGING 


Impact forging is commercially developed along two lines: 1. Drop-forging, or die- 
forging, t.e., the accurate reproduction of metallic parts shaped by forms or cavities in 
enclosing dies, which dies are actuated by power hammers; 2. Hammer-forging, %.e., the 
refining of billets, and the forming of billets and bars into shapes between flat dies and 
swages in power-driven hammers. The principal difference in the hammers employed is 
in construction. Die-forming or drop-hammers are rigidly constructed with respect to 
the alingment of the reciprocating hammer ram and the anvil, so that accurate die align- 
ment is maintained. Forging hammers are constructed with the anvil separate from the 
balance of the hammer and mounted on an independent foundation. 

DROP-FORGINGS or die-formed forgings made under drop hammers must embody 
in their forms, as outlined by R. E. W. Harrison, Developments in Modern Drop-forging 
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and Their Relation to Current Machine Shop Practice, Trans., A.S.M.E., 1936: 1. Mini- 
mum machining allowance consistent with proper cleaning up of finished surfaces; forgings 
true to die and perfectly matched; 2. Consistent and easy machinability; 3. Controlled 
grain flow of metal and avoidance of defects, as cold shuts, laps or seams; 4. Accurate siz- 
ing and locating of all surfaces which otherwise would require machining; 5. Minimum 
wastage of material, 7.e., small stub and flash; 6. Minimum number of actual forging and 
straightening operations; 7. Speed, precision, reliability and safety for the operator, in 
so far as the forging mechanism is concerned. 

‘ As these requirements are reduced to practice for a given material the major considera- 
tions become: 1. Die material, die design, and die setting; 2. Type of hammer; a, gravity 
drop with fixed fall, and hence the same energy available to accomplish each stage of the 
operation; b, power accelerated hammer, controlled as to power of each blow by the ham- 
mer operator. It is obvious that dies designed to operate in the one type of hammer 
will not be of the best form for use in the second type. 

DIE BLOCKS.—Die blocks are made from nickel-chrome-molybdenum grain-con- 
trolled alloy steels, of which the following are typical: 


Carbon Manganese Chromium Nickel Molybdenum 
0.50-0.70 0.50-0.90 0.60-1.30 100-2500. — = Ses. te ee 
0.50-0.70 0.60-0.90 Oni 5—L 00 wee Fe cree tte 0.15-0.25 
0.50-0.70 0.50-0.90 0.50-1.00 1.00-2 .00 0.15-0.35 
0.50-0.70 0.50-0.80 0.75-1.00 1.50-2.50 0.60-0.90 


, Blocks are forged on six faces—upset to destroy all original directional fibers, an essen- 
tial factor, since the forging forces are exerted in all directions in a die cavity. Die block 
steel is never permitted to become cold from the time the ingot is cast until final tempering 
treatment. Blocks are normalized, quenched and tempered. 

The block is machined and ground on the working face in order to secure a well-pre- 
pared surface for Brinell hardness testing. Blocks are hardened to a uniformity of 0.10 


ball diameter. Converting this into scleroscope, it means approximately 4 to 5 points of 


hardness. 
Table 1.—Characteristics of Impact and Pressure Forging 


Impact Forging Pressure Forging 


Mechanism 5 H . Steam Mechanical 
Hammers Hammers Neste! Hydraulic Forging 
Presses Machines 
Power applica- | Mass falling Mass acceler- | Continuous ve-| Continuous ve- | Crank 
tion by gravity ated in fallby | locity and locity and high 


power through | power through 
relatively long | relatively 


stroke short stroke 


power 


Nature of Surface of forging worked more} Upsetting, Interior worked| Upsetting, 
deformation rapidly than interior piercing and more than sur- | piercing, 
extrusion face which is extrusion 
restrained by 
die friction 
Practical Height of fall | Weight of Strength and Size of ingot to | Size of machine 
limitations anvil flow of sub- be forged elements 
ject metal 
Die forgings * | Die forgings * Die forgings * 
Products Surgical instru-| Billets Shell carcasses | Reduction of Cluster gears 
ments Bars Pressure con- Ingots Automotive 
Shears Shapes tainers Billets gears 
Pliers Car axles Tubes Bars Bolts, nuts, 
Tableware Crank-shafts Bends Shapes rivets 
Automobile Airplane pro- | Oxygen bottles Die blocks Valve tappets 
parts pellers Propeller Automotive 
Machine Crane hooks shafts parts 
parts, etc. Anchor chains Massive ma~ Machine parts 
Automobile chine parts 
parts, ma- Ordnance 


chine parts, 
railroad parts, 
marine parts, 
etc. 


* Die-forgings has been used as a more descriptive name for the products commercially known as 
Drop-forgings. The latter designation comes from the initial die forgings made on drop- or gravity- 


hammers. 
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The modern die block is furnished in four hardness ranges as follows: 


Hardness letter. 3.0. cesses A B Cc D 
Brinell ball diameter........... 2.95-3 .05 3.10-3.20 3.25-3 .35 3.40-3.55 | 
Scleroscopet eles. ces suse cers aes 60-56 55-52 51-48 47-44 | 


The hardness is decided according to the type of impression in the block. The modern 
machine shop of 1937 can machine a die block as hard as 2.90 ball diameter, or approxi- 
mately 62-63 scleroscope. 3 

DIE DESIGN.—Drop-forgings are formed, usually of hot bar steel, between two dies, 
one reciprocating, in the faces of which are machined “‘half”’ impressions of the parts. 
Thus a parting line provides for insertion of the stock and withdrawal of the forged shape. 
To prevent sticking of the shape in the impression, draft is used on vertical surfaces. 
Hammers with slow return stroke pick-up require larger draft than those with properly 
accelerated return stroke, the range run- 
ning from 10 deg. draft to 1 1/2 deg. draft, 
with 7 deg. generally employed in the 
slower hammers, and 3 deg. common to 
the more rapid double-acting hammers. 
The amount of deformation of the stock 
and its nature dictates the number and 
form of die impressions for drawing, 
fullering, roughing and finishing. The 
finishing impression, and sometimes the 
roughing impression, are surrounded by a 
gutter into which the flash, or excess 
metal, flows. Great care is essential in 
the design of the die for all functions to 
secure proper grain flow and minimum 
flash, since the flash, which is the thinnest 
section, governs the rate of plastic flow 
within the metal. One of the important 
characteristics of hammered forgings is 
the ability of the impact energy to sharply 
fill raised surfaces such as bosses and 
flanges. Only in rare cases is venting 
necessary to accomplish this purpose. A 
typical lower die for a drop-hammer is 

Fiauosdammer Die shown in Fig. 2: The upper die matches 
and is similarly machined. 

DIE SETTING.—The final blow struck on a die-forging, and producing the exact 
reproduction from the dies, also is that blow which has the least vertical displacement and 
hence absorbs the greatest amount of available energy in the least time. It, therefore, is 
essential in the reproduction of exact forgings that the dies be set so that the displacement 
load of the final impression is centered under the falling mass. Since die designing can 
only approximate this load distribution, it is necessary that adjustable yet rigid means of 
fastening the dies in the hammer be employed. Fig. 3 illustrates a typical dove-tail 
mounting for dies. Shims are used on the sides of the slot for left to right adjustment, 
and a series of dowels with graduated offsets provides adjustment from front to back. 

DROP FORGING PROCESSES.—In the actual forging 
operation the hammer man manipulates the forging stock Key: 
in the various impressions of the dies to secure the desired 
plastic flow in the finished forging. The heating of the 
metal is of prime importance to this manipulation, and 
requires: a, control of the rate of heating and avoidance of 
over-heating or of burning; b, forging with the stock at the 
proper temperature throughout; c, elimination of surface 
ot usually blown off by blasts of air or steam between Fre. 3. Die Notch 

ws. 

The Subcommittee on Forging of the American Society for Metals in its Recommended 
Practice for Heating Steel Bars for Forging, Metals Handbook, 1936 edition, suggests 
practice for bars and billets up to and including 4 in. square or diameter The rate of heat- 
ing suggested to bring the center of the stock to forging temperature for plain carbon steel 
of 0.50 carbon or less is five minutes per inch of diameter or thickness up to 3 in., with a 
slower rate for larger sizes. Slower rates are recommended for steels with higher carbon 
content. For alloy steels the rate recommended is six minutes per inch of diameter and 
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thickness. In the ‘“Metals Handbook” data are gi i i 
t! 18S. “Met given on hot ki 
popecenne and Finishing Stainless Steels,’’ V. W. Whitmer. Se Samant 
aximum forging temperatures, cited by Adam M. Steever, Factors Relati 
i ; é : ating to th 
Production of Drop and Hammer Forgings, Trans. A.S.M., vol. xxv, 1937, are: . i 


OflOccarbon steel sem. on..cnceun 2400° F. OnOUUGarboni steels oc.cc-s <1. aw ene 2150° F, 
0.20 Re Neh ce sce art ane ee 2375° Fi. 100s = Seen eitorens tie aks 2000° f. 
au Gaal ee Sa ea 250° Bilt sU + eee eet. 1900° F. 
0.40 * ¥ hte craks.<c oo xteh se 2325° FE MonelllVietal Srcroeiscetra o tovencrch' 2100° F. 
0.50 yet 2 Bahn wileee wate 2300° F GODPEE side wiiatia cnc oes terest 1800° F, 
0.60 CAE hy Re) ee 2250° F BYES: Mh peti eich tate eon tes econo 1400° F 
Perea ce ee ea 2225° F ; 


The cooling of the finished forgings requires attention in the higher carbon content 
steels, usually retardation of the cooling rate. 

f The larger drop-forgings are trimmed hot, the flash being removed by blanking in a 
trimming press after they are finished under the hammer. The forgings frequently are 
re-struck in the hammer for straightening and sizing. Hot trimming is essential when 
there is any hazard of introducing defects due to the tearing that occurs in cold trimming. 
Flash from aluminum forgings sometimes is removed by sawing. 

} The desirable features in a drop forge shop production line are specified in Fig. 4, which 
diagrams the principal processes involved. The chart is abstracted from a diagram by 
Ra Es. Wis Harrison (Developments in Modern Drop Forging, and Their Relation to Cur- 
rent Machine Shop Practice, Trans. A.S.M.E., 1936). Greater detail is obtainable from 
Mr. Harrison’s paper. 
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Fic. 4. Drop Forge Processes 


DROP-HAMMERS.—Two types of hammers are available for drop forging. In the 
U. S., these are principally, a, board drop-hammers, and, b, steam drop-hammers. The 
hammers are rated by the weight of the reciprocating parts without dies. Principal 
dimensions are indicated in Tables 2 and 3, and Figs. 5 and 6, respectively, for the two 
types. 

Since the hammer is the pacemaker for production, controls the accuracy of form, and 
represents the major equipment investment, the selection of the proper tool requires expert 
study. In general, shapes involving considerable drawing are not adapted for production 
on board drop-hammers. Relatively flat thin shapes best are produced in gravity drop- 
hammers and the smaller forgings usually are produced on this type. For specific recom- 
mendations the manufacturers of hammers should be consulted. 

HAMMER FOUNDATIONS.—Typical drop-hammer foundations are shown in Figs. 
5 and 6. _ It is essential that foundations be properly installed, that hardpan be the base 
of the foundation, or that piles be driven. Proper foundations insure the highest produc- 
tion, lowest maintenance costs, and freedom from shock transmission to surrounding 
structures. 

POWER REQUIRED FOR DEFORMATION.—No generally accepted method of pre- 
determining the power required to deform metals in forging hammers exists. Many tests 
on sample shapes under varying conditions have been made (R. H. Thurston, Trans. 
A.S.M.E., vol. v, p. 53, 1884, with copper cylinders; A. W. Moseley and J. L. Bacon, 
Trans. A.S.M.E., vol. xxvii, p. 605, 1906, with Bessemer steel plugs; W. T. Sears, Am. 
Mach., March 10, 1910, with lead plugs), but the variables are so great and so little is 
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Table 2.—Dimensions of Board Drop Hammers and Foundations (See Fig. 5) 
Chambersburg Engineering Company, Chambersburg, Pa. 


Hammer Dimensions 
Front to Back, 


Co ie Dre Beane 4 in. ate : 
a an sy ig Ram | Cap | No. Size, in. | 
27. | 211/4| 41/2] 72 35 14 21 3 Il/gxX3xX 81i 
27 (| 2238/4) 14 8801/9} 39 16 23 3 1i/gxX 3X 84f 
26 24 181/g} 88 42 20 26 4 llexX3xX WY 
26 251/4| 23 92 I/ 45 21 27 4 1 i/o XK 3 Xe SBI 
26 28 1/2 | 263/4} 99 1/2 46 23 30 5 15/g X 3 X& 102! 
26 | 3038/4] 29 3/4) 112 54 25 32 6 17/g X 3 & 105; 
25 321/4| 321/4| 124 63 27 38 vi 17/3X 3X 114) 
Foundation Dimensions 
J, K, Go M, N, Timbers 
in in in. in in No. Size, in. | 
84 132 43 91 20 1/2 7 12 xX12x 43 
7 12 x ID dhs 
88 1/2 | 1361/2 47 95 29 3/4 { 1 41/o x 12% 47 
8 12 «12x 50 
98 1/2 | 1461/2 50 98 35 1/9 { 1 21/. x 12 x 50 
8 12 x12 Seas 
1 
1041/2 | 1521/2] 53 101 421, | { duet ome 
3000 116 3/4 108 168 54 112 44 3/4 9 12 ~ 12s 
4000 123 3/4 120 180 62 122 45 3/4 10 12 x 12 X 62 
5000 126 132 192 71 131 48 11 12 « 125% 741 
Table 3.—Dimensions of Steam Drop Hammers and Foundations (See Fig. 6) 
Chambersburg Engineering Co., Chambersburg, Pa. 
Rated Hammer Dimensions 
Falli FE ti 
Weight, Bore,| A, DEF] G H, J, K, Back, in 
lb. in. in, in In in in. In in. 1n. “Ram | Cap 


41/9} 51/9] 36 | 75a/g\15’ 31/4”) 0 35 16 20 
41/9 \@ 53/4] 36 | 82 115’ 1038/4) 71/4 | 39 19 23 
41/9| 61/s| 36 | 881/o\16’ 71/4”| 11 1/4 | 43 22 26 
51/o| 61/9] 36| 94 |17 O1/9”| 15 47 1/o | 23 27 
5Yo} 7 | 3641017 7” | 15 52 25 1/2| 30 
6 7Yo] 364112 [17117 ‘| 20 59 27 1/9 | 32 
7 81/4} 36 |1251/9|18" 83/4’7| 23 1/4 | 64 29 34 
7 9 | 36}129 1/91" 2” | 29 68 31 36 
: 10 | 36 |137. |19% 91/9’| 34 77 35 40 
8 
8 
7 


1,000 | 71/2] 16 
1,500 | 9 18 
2,000 | 10 1/4] 19 
2,500 | 11 21 
3,000 | 11 3/4| 23 
4,000 | 13 1/2} 25 
5,000 | 151/2| 27 1/4 
6,000 | 16 27 1/4 
8,000 | 181/4| 28 
10,000 | 20 28 
12,000 | 21 32 


10 36 | 146 20’ 41/2’) 63 74 38 44 
10 1/9} 36 | 153 20’ 10” 74 1/2 | 78 42 48 

14,000 | 23 32 10 1/g} 36 | 154 20% tO 90 78 42 48 
16,000 | 25 34 37 W/2| 42 Wa 11 36 | 163 22’ 41/9’! 91 84 44 Sh 


Foundation Dimensions 
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12127’ 6” 
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A OOO TO Uy Oe te NO eae One aT Or eer = 12X12 10 6” 
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12X12 12? 6” 
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4 la a 

12x 12x 7” 6 Perret. 
1,500 | 41”) 81) 81) 1271): 3541/4 B11 Ya"| 4] 12x12x BO” | Bl 12x12x4 0” 
2,000 | #7 #7 gr 127 aay Y Sag f 4) 12XI2xX BE | 8) IZKIexK¥ GF 
‘4 1 4) “extagen | 1} eciaxa 6 
2,500 | 71") vi II 45 |» OF 5| 12x12x ¥0” | 9] 12K12%5" 0” 
3,000 | 571") ¥ 1") 97 13977" 45 | OF 5| 12x12 re | eee 
eta 1] 6x 12x50” 

1 
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5,000) 68724100 77) eA RS 7 She tOees { 


6,000) 679%) 10! 9 TOG) 59 Ont { 
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8,000 .| 7? 7/7) Vi? 27) 127 27”) 16" 7”) 64 


WW 4” { 


Crone neKH nen WD 


10,000 | 7? 177) 147 14 13° 1) 20° 4) 117) }19% 9” 123612613007 12X12X7' 0” 
12,000 | 8 1”) 15’ 177) 147 177) 21” 177,128 1/9}20’ 8 1/9” 12X12x 14 0” herrser Y” 
15’ 1) 147 1”) 217 171144 = 22” 12X 12x 14 0” 12 12x 8’ 0” 
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known of strains beyond, elastic limits, that the practical application of formulas has not 


been developed. 


Anvil Weight 
Falling Weight 


Ratio 


30 40 50 60 70 80 90 100 


Comparative Efficiency, Percent 


Fic. 7. Comparative Efficiency of Anvil 
Ratios 


Hammer Rating in 100 lb. 


Fic. 8. Air and Steam Consumption of 
Power Drop Hammers 


In the laboratories of the Chambersburg Engineering Company, Chambersburg, Pa., 
tests have been made in a specially constructed apparatus, which, with varying falling 
weights, velocities and anvils, simulates all conditions met in current practice. Not only 
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are temperatures accurately controlled, 
but the rebound of the impacting die 
and the motion imparted to the entire 
structure are measurable. While useful 
data for designing hammers have been 
developed, all are empirical and inca- 
pable of reduction to formula. Three 
very useful points have been established, 
however, in the research conducted to 
the end of year 1936, viz., 1. Within the 
range of present hammer velocities there 
is practically no difference in work ac- 
complished by different falling weights 
and varying velocities tea give the same 
available energy. Hence, within reason, 
it is desirable to forge on large rather 
than small hammers to save time and 
heat by shorter strokes; 2. The speeds 
of steam- or air-driven drop hammers 
as now constructed are near the eco- 
nomic limit; 3. The work done per 
blow is definitely related to the ratio 
of falling weight to anvil weight. Fig. 7 
shows the relative efficiency of various 
ratios of anvil weight to falling weight. 
Ratio of falling weight to anvil weight 
of 20 : 1 or greater is standard practice 
for drop-hammers. 

POWER CONSUMPTION OF 
DROP-HAMMERS., — Gravity drop- 
hammers are driven by direct-connected 
motors, or are belt driven, and use 
energy only to lift the falling mass. 
Hence, the speed of the lift and friction 
within the mechanism readily indicate 
the power requirements. For indi- 
vidual drive it is common to calculate 
1 Hp. per 100 1b. of rated falling weight. 
In group drive, the differential in opera- 
ting cycles of the hammers will permit 


a reduction in peak load to as low as 3/4 Hp. per 100 Ib. of rated falling weight where six 
or more hammers of approximately one size are in the same group. : 
Steam- and air-driven hammer power consumption is shown in Fig. 8. 
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Table 4.—Dimensions of Geared Trimming Press (See Fig. 9) 
Chambersburg Engineering Co., Chambersburg, Pa. 
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TRIMMING PRESSES.—Drop-hammer forgings require trimming to remove the 
flash. Crank-driven power presses are employed. For hot trimming, such presses are 
provided with a side shear for cutting the sprue, or stub end, from a bar. A typical trim- 
ming press is shown in Fig. 9. Dimensions are given in Table 4. 


2. POWER-HAMMER FORGING 


~ TYPES OF POWER HAMMERS.—By far the majority of hammer forged products 
in the United States are produced in double-acting hammers, actuated by steam or com- 
pressed air. These tools, rated by the weight of the falling parts, are made in two types, 
single frame forging hammers (Fig. 12), and double frame forging hammers (Fig. 13). 
Both types are manually controlled by the hammer man to deliver a range of blows, from 
a squeeze to the maximum velocity ofthe particular size. Common sizes range from 1000 
Ib. falling weight to 16,000 lb. falling weight; smaller sizes listed in Table 5 are used for 
tool dressing and general maintenance work; larger sizes than those listed in Table 6 
usually are specially designed for a particular product. The most important individual 
characteristic of forging hammers is that the anvil is a separate structure from the frames 
and is mounted on a separately constructed foundation. (See Fig. 12.) 

Recommended hammer sizes for the various sizes of forging stock are shown by Fig. 10. 

POWER CONSUMPTION of double-acting hammers varies with every job, and when 
several hammers are served by a single power plant the stand-by requirements are mate- 
rially reduced. Fig. 11 indicates the stand-by requirements of a single hammer for nor- 
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mal operation. 


quently reduced 60%. 


Operating Levers here 


FORGING PRACTICE 


For a group of six or more hammers, the stand-by requirements are fre- | 


No general data on power consumption are reliable, and the manu- | 


facturer should be consulted 


uP Risce for specific information. : 
ae 
eee £2. | WEIGHT OF THE ANVIL | 
from front |_| sea | as compared with the weight | 
= pega ie Ue of the falling parts has a 
gief ig marked effect on the amount 
g Peer | Z of forging accomplished per 
2 248 F 3 blow. Fig. 7 shows the rela- 
g Ee] 8 Filltohereand tive efficiency of various ratios 
5 aoa | Iectharden for = of anvil weight to falling 
Fi Die = a ecttioganvilin © weight. It has been found 
Fo Anyil to allow for settling Lager: that a 15 : re anvil is the 
Fr most economical for this type 


Packing to 
prevent anvil 
shifting. 


of hammer. 

HELVE- AND SPRING- 
HAMMERS.—In addition to 
double-acting forge hammers, 
helve hammers, spring ham- 


2500 Ib., 
3300 Ib, 
4000 Ib, 


helve. 


' 
it 
' 
1 
1 
1 
' 
> 
750 1b. 
1100 1b, 
1500 1b, 
2000 1b. 


Fia, 12. 


\ 4 Rows of Timbers 


5 Rows of Timbers 
te Rows of Timbers 


Frame pier of concrete to 
rest on solid ground or piles. 
To be entirely seperate from 
anvil pier, 


Single-frame Forging Hammer 


mers, and self-contained 
pneumatic hammers also are 
employed for occasional spe- 
cialized jobs. Helve ham- 
mers, as the name implies, 
carry the hammer head and 
upper die on a crank-driven 


These hammers principally are used for drawing, tube shaping, etc. 


Table 5.—Dimensions of Single Frame Forging Hammers and Foundations (See Fig. 12) 
Chambersburg Engineering Co., Chambersburg, Pa. 


Rated Hammer Dimensions 
Falling 
Weight,| Bore,|Stroke,| A, By Cs i986 d, E CPs F, G, H, 
lb. in. in. in. in. | an. joins) | ime | iy a tear in. 
750 7 23 8 10 7 26 18 11’ 03/4” 12 34 1/9 28 60 
1100 10 28 1] 13 7 26 23 13’ 3 1/9” 13 1/g 39 32 60 
1500 12 35 13 1/9} 13 8 27 25 14’ 41/9” 16 43 36 72 
2000 13 36 12 16 8 27 28 1S Bal 16 52 1/2 40 72 
2500 14 39 16 16 9 27 32 16’ 7 1/9” 16 1/4 46 50 96 
3300 15 42 20 16 9 27 38 ite, 16 1/2 541/2 54 96 
4000 16 42 20 16 9 27 38 17’ 5 1/9!” 18 W/o 58 1/9 54 96 
Foundation Dimensions 
J,in. | K,in.| Z,in. | M, in.| N, in. oO ig Q Ft, in. |S, an0| fsa 
750 36 40 48 56 68 (Ome 4% Y fen fe 7’ 0 1/9” 36 18 58 
1100 36 40 48 56 68 10° 4” 70% fe es 40 18 62 1/4 
1500 36 52 48 62 74 UD hae de bgt a Wo 48 18 70 1/2 
2000 36 52 48 62 74 Li? 47 HL ied 8’ 6 1/9” 48 18 70 1/2 
2500 36 58 48 65 77 LU tO” 8 0” ba ke 54 18 77 
3300 36 70 48 71 83 12 107 OG 10’ 8 1/9”” 60 24 89 1/2 
4000 36 70 48 7) 83 Leda Ag k aial hd 11’ 0 1/9” 60 24 89 1/9 
Foundation Timbers 
U-Timbers V-Timbers W-Timbers X-Timbers Y-Timbers Z-Timbers 
z Size e Size fe Size = Size sf S Size S| Size 
750 | SIIZKIZK76™ |} BVL25¢12<3"'0" |) 3 T2<IZSe GOUT TODS 12523707 lee | ee (a eee = 
1100: | 3)12K 12X76 | 8/T2>¢12X3" 0" 1-3) 12K 129< 9.0 10/1 25<125¢30 0 1. een ree eel ee 
1500 | 4/12K12x8'0" | 9)12X12x4'0" | 4/12xK12x 9’ 6” |10}12<12>¢470" |..] ........... |.c1..00-. 
2000. | 4)12K12K8' 0" | 91ZKIZX<K4°0" | 4/1212 99” 111]12>¢129<470" |.) blo. oe ee 
4)12129' 0” reu$ | 412X12X10' 6” nS | 4{12X12X 11 6” 
500 "] RE, SUAVE A TE WY fe oil vieteisielal 
2500 {| 113 Se lollaxi2x4' 6” | 4 12% ae Ufiaxi2x4' er] | 12x 6xil6” |..|...... 
5} 12129 0” reu$| 5)12K12XK11 0" 5|12X1212"'6" 12 
3300 1 76" x12 
{ thax oxo 0 0]12x 12x" 6”{ iN ae 12}12<12x5 6"{] > Rs ees hers 
NO? ad 121211’ 0” rgu$| 5|12K12 12! 6” 12x12 
40) 
00{] | 125¢ RE lo}i2x<taxs' 6” {| | 12% Se 12]12x12x5" 6”{] # 12% oe 13) 5 6" 


*Between guides. 
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THE HAMMER FORGE 


Self-contained pneumatic hammers have a crank- 
driven compressor piston, the chamber of which is 
connected to the hammer cylinder by proper valving. 
Limited in speed to that of the compressor crank, such 
hammers have characteristics which confine their use 
to certain specialized jobs. 

THE PRODUCTS OF THE HAMMER SHOP 
cover a wide range of use, from machine tool bits 
to large crank-shafts and special shapes. In almost 
every case the subject material is steel, and in finish- 
ing, allowance must be made for the contraction 
occurring as cooling takes place from the forging 
temperature to atmospheric temperature. 

COMMERCIAL TOLERANCES on size are given 
in Table 7 by E. J. Poole, Jr., Forging in a Tool and 
Alloy Steel Plant, Heat Treating and Forging, March, 
1931. Forgings usually are made full to forging size 
and a tolerance allowed from the new size. 

FORGING METHODS.—tThe selection and heating 
of forging stock, and its annealing and inspection, are 
beyond the scope of this publication. For such detail 
it is suggested that reference be made to Recommended 
Practice for Large Forgings, by John L. Cox, Metals 
Handbook, 1936 edition. 

In forging operations, ingot reduction should be 
slight at the start and uniform on every face to 
properly consolidate the ingot structure. Too rapid 
operation will cause transverse fractures in the center, 


_and may produce mechanical piping by working the 
It is important to cause the metal to flow in proper 
In shaping forgings to the desired 
form the preservation of proper grain flow is important. 


surface metal faster than the center. 
relation to the stress to be imposed on the subject. 


SHOP 


Fria. 13. 
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Double-frame Forging 
Hammer 


THE HAMMER FORGE SHOP employs auxiliary equipment such as furnaces, work- 
holding and forming tools, crane and hoist material-handling means, and, for larger ham- 
mers, Manipulators for the stock. A typical layout for the manufacture and maintenance 
of railroad forgings is shown in Fig. 14, a reproduction of the layout of the shops of the 


Norfolk and Western Railroad at Roanoke, Va. 


Table 6.— Dimensions of Double-frame Forging Hammers (See Fig. 13) 


Rated Dimensions 
Falling Weight, A, B, (Oy D E Die Face, 
Ib. in. in. in. in. in. 
1000 41 27 14 4 6” 15 3/4 6 xX 131/4 
1500 43 1/9 27 16 1/2 50" 17 3/4 SMS 
2000 43 1/9 27 16 1/2 5) 67 18 1/4 71/2 X 16 
2500 47 27 20 6’ 0” 19 3/4 il x 7/ 
3000 47 27 20 6’ 6” 22 8 x 18 
3500 47 27 20 6’ 6” 23 8 1/2 x 19 
4000 50 27 23 LOE 23 1/4 >< 20 
5000 50 27 23 7’ 10 1/9” 25 3/4 tiles 2) 
6000 50 27 23 87-6" 29 WSe 7) 
8000 51 27 24 920% 32 14 X 26 
10000 52 28 24 10’ 0” 321/29 EIS 7¥l 
12000 63 30 33 10’ 0” 33 1/9 16 xX 28 
14000 63 30 33 10’ 0” 33 1/2 IZ 29 
16000 63 30 33 10’ 6” 34 1/2 18 x 30 
20000 63 30 33 107972 37 1/2 195932. 
24000 63 30 33 1021977 37 1/2 20 x 33 


en 
Table 7—Commercial Tolerances for Forgings 


Tolerance 


Tolerance 


Specified 
Dimension, in. 


Addition for 


Specified Addition for n for 
Forging Size, in. 


Dimension, in. |Forging Size, in. 


Allowed from 
Forging Size, in. 


Allowed from 
Forging Size, in. 


Up to 11/4 1/39 +0.015 Over 5 to 6 9/64 +1/16 
Over | 1/4 to 2 3/64 Se WIS Over 6 to 7 5/39 15/64 
Over 2 to3 5/64 + .025 Over 7 to 8 3/16 3/39 
Over 3 to 4 +1/39 Over 8 W/4 +1/g 


Over 4 to 5 +3/64 
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’3. HYDRAULIC FORGING * 


Forging in hydraulic presses particularly lends itself to piercing, drawing, and extrud- 
ing. The plastic deformations which occur in these operations are diagrammatically 
indicated in Fig. 15. 

PIERCING.—In piercing, the shape of the punch has an influence on the flow. If the 
punch tip is pointed the layers are ruptured in a relatively shorter depth of piercing. 

Pressure of Fluidity, that is, the point at which flow begins, Increases as temperature 
decreases. Assume that at the temperature of the point of incipient fusion the pressure 
of fluidity at low velocities equals zero. From observation, and accepting that the pressure 
increases by a straight line law as the temperature falls, the pressure of fluidity may be 
calculated. For 0.45% carbon steel, observed pressure of fluidity at 1470° F. is il 3/4 
tons per sq. in., and at 2470° F., the region of incipient infusion, the pressure of fluidity 
is 0. Then Py, the pressure of fluidity between these points, the velocity being slow is 
Py = 0.0118 (2460 — T), where T = temperature of the metal. Variations in carbon 
content in pearlite steel are insufficiently great to seriously affect this formula. 

Pressure to produce flow, Pm, when the upward velocity of the pierced metal appre- 
ciably exceeds the downward velocity of the punch, can be determined within practical 
working limits by the formula Pm = Py [{d?/(D? — a?) }+ 1], where d and D = diameter 
of piercing tool, and of the die, respectively. These conclusions will be modified if the 


Piercing 
Stock 


Pierced 


Drawing 


Extruding 


Extraded 
Fic. 15. Plastic Flow in Hydraulic Press Operations 


velocity of the piercing tool deviates greatly from the normal speed of 3 in. per second 
common to shell piercing operations. Appreciably slower speeds will result in reduced 
flow, because of the cooling of the metal. Allowance will be required if the tools are not 
in normally good condition with regard to surface defects. If the piercing tool is tapered, 
greater pressure is required, because of frictional resistance on the tapered section. See 
chapter on Mechanical Treatment, in Bower, Hydraulic Forging, for formulas reflecting 
varying conditions. 

DRAWING of shells or tubes generally is limited by the stress in the walls of the shell 
in tension. It is undesirable to stress steel walls more than 50% of their strength at 
1650° F. A difference in temperature of 200° F. easily may exist on the two sides of the 
drawing die. 

EXTRUDING + is limited in its usefulness in so far as hydraulic forging of steel is con- 
cerned. It is a major operation in the production of various cross-sectional shapes of 
lead, tin, zinc, copper, aluminum, etc. Such shapes in the form of rods or bars are made 
by forcing the metal through an aperture die by high pressure, producing smooth sur- 
faces, free from flaws, to close dimensions, and generally imparting higher physical prop- 
erties to the subject. 

PUNCHES AND DIES.—Punches must be rigid to maintain concentricity, and tough 
to withstand abrasive action. Chrome-nickel steels generally have the longest life. 
Since scoring due to abrasion starts at the tip, renewable tough cast-iron tips frequently 
are used, in order to reduce the expense of renewals. Cooling and lubrication are required 
between piercing operations. 

Dies for piercing operations commonly are constructed in the form of a steel jacket 
completely enclosing a renewable cast-iron liner, bored to suit the outside diameter 
required of the forging. Such dies have stripper plates to strip the forging from the 
punch, and the larger sizes are slidably mounted on the lower platen of the press to permit 
mechanical handling. 


* The material here presented is principally an abstract of Hydraulic Forgi b hf 
Bower, printed by The Library Press, Ltd., London, England. 0 Por eo 
_ . t Extrusion of Metals, by D. K. Crampton, Trans., A.S.M., vol. xxv, 1937, contains much detailed 
information on extrusion of non-ferrous metals. 
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The mean average life of punches and die liners for forgings over 6 in. diameter is 
approximately 600 forgings. Smaller forgings may result in tool life of double or triple 
this amount. 

Drawing dies are made of the hardest close-grained iron. It is common practice to 
use 20 deg. as an entrance angle, and 12 deg. as the friction angle of the die. See Fig. 15. 
Some dies have a curved entrance. Dies may be mounted in series for multiple drawing 
operations. The larger drawn forgings are produced on horizontal presses called draw 
benches. ’ 

HYDRAULIC FORGING PRESSES.—The piercing and drawing of steel forgings 
requires high pressures, which are most satisfactorily applied by means of hydraulically 
operated presses. The simplest forms are driven from constant-pressure systems, pres- 
sures of 1500 lb. or 2000 lb. per sq. in. being most general. 
The return stroke of the press ram usually is accomplished 
by return rams. Double-acting cylinders are uncommon, 
because of the inconvenience of packing. The simplicity 
of such presses permits construction adaptable to all con- 
ditions, and standards of working space, stroke, etc., are 
not established, Fig. 16 shows a typical shell drawing press. 


jap ilVea.= 
JAR 


JE 
q L il I! 


Fic. 16. Shell Drawing Press Fic. 17. Self-contained Drawing Press 


Multi-pressure systems, using low pressure for non-working traverse motions, embody 
more complicated piping and valves. Such systems sometimes are more economical, but 
the economies should be proven before these systems are adopted. 

For light operations and for non-ferrous metals, variable pressure systems are appli- 
cable. Self-contained presses, utilizing motor-driven rotary pumps and greater volumes 
of lower pressure fluid, are employed on light drawing and piercing work. Fig. 17 illus- 


trates this type of press. 
4. STEAM HYDRAULIC PRESSES 


The reduction of ingots, the manufacture of large forgings and the refining of large 
sections, such as hammer die blocks, all require deep penetration into the mass of the 
forging. The steam hydraulic press is used for such work. ‘ 

As the name implies, the presses are steam powered. The press head is lowered to 
the work by gravity, water being forced into the cylinder by air pressure in the storage 
tank. Steam admitted to the intensifier raises the water pressure during forging opera- 
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tions to as high as 6000 Ib. per sq. in. Steam also is used to return the ram to its upper 
position. e i 
The working spaces available in standardized steam hydraulic presses of the four- 
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Fie. 18. Diagrammatic Arrangement of Steam Hydraulic Press 


Bottom Die 

Press Head 

Main Hydraulic Ram 
Hydraulic Ram Cylinder 
Steam Pull-back Cylinder 
Steam Pull-back Pistons 
Pull-back Piston Rods 
Intensifier Piston 
Intensifier Cylinder 
Intensifier Piston Rod 
Intensifier Ram Cylinder 
Intensifier Ram Cylinder 
M Hydraulic High-pressure Pipe 


Intensifier Inlet Valve 
Intensifier Exhaust Valve 

Inlet Boiler Connection 
Pull-back Valve 

Pull-back Pipe Connection 
Pull-back Cylinder Connections 
Intensifier Exhaust Connection 
Pull-back Exhaust Connection 
Prefiller 

Prefiller High-pressure Connection 
Hydraulic Valve to. Prefiller 
Operating Hand Lever 
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Table 8.—Dimensions of Four-column Forging Press (See Fig. 19) 
Chambersburg Engineering Co., Chambersburg, Pa. 


Nominal Rating of Press, tons 
Movement of Presshead, per 
stroke of intensifier, in.*... . 5.43 8.21 
. Approximate size of ingot, in. . 18 48 

(DimMEUAION: Als ici we omens 2 Ate 5! 8” 
5 B clei raatesetear tek 5/07 10’ 6” 
” Gio tre etemne rate tanetele 2 Gm 4/0” 
be DD 5 atta DlStasin tee ZUG 6! 5” 
Ss DE hora aegoreteit exe ave 10’ 8” Uh hae dé 
2 He ithes See ie tee 14’ 8” 23) V4 
“a G 22’ 8” 250 11” 37’ 3” 
s Fo ERO ye TORAS StS Y Gay fl ocoe [lege 
os VS Or wees Vaart 2 OE 37 0% 4 6” 
ss his NOR etes thee OF.ge LB a hse Pgh 
s HO ORIST TOS oe 11’ 0” E20" See 
1) Pee eee eae oats bk 14’ 6” 23/67 
fe WN). arate nr © yee 1407 17’ 0” 22007 
OLR ota eee To 10 De ae he 337 11” 
8 BY, Staines J oid Se 134.0" 1510? 16’ 0” 19 0” 20’ 6” 
s Qh tatarans Sah ar sara CN Rt BI ed 6’ 4” vleteyee 8’ 6” 
3 Baie ore einesitere 7 4” tA” S93 ra he LN bend be 
Wy Pea he Cicns GOR: 4 6” Can Ga Ka bie CMa ie 
os Y piiehstybacte int txts t 4¥ 9” Bye ie 6’ 4” Sag Ce 


* Without resistance. At full load, actual movement is about 15% less. 
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column type together with dimensions are gi i i imilar i 
1 given in Table 8 and Fig. 19. - 
ae yas aera presses is given in Table 9 and Fig. 20. - a 
-—The mass of the forgings worked in steam h i 
; 1 r ydraulic presses 
requires material handling equipment to manipulate the stock. This faites hee 
done either by overhead cranes with power-driven chains for rotating the work, or by 


1 = ee ae = a) 
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Fie. 19. Four-column Steam-hydraulic Press 


manipulators which grasp the forging and position it between the dies of the press. 
Mechanical means for handling cutting off tools and the like also is desirable with the 
very large presses. 

METHODS.—Refer to Forging Methods, Hammer Forging, p. 19-04. The same 
methods are applicable to press forging. 

POWER CONSUMPTION.—Neither the water nor the air employed in the steam 
hydraulic press are lost in operation. The steam is used only as forging pressure is applied 
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Fie. 20. Open-frame Steam-hydraulic Press 


Table 9.—Dimensions of Open-frame Steam Hydraulic Presses (See Fig. 20) 


Chambersburg Engineering Co., Chambersburg, Pa. 


150-ton Press 300-ton Press 
Stroke, 18 in. Stroke, 24 in. 
Presshead moves 3 in. per stroke of intensifier Presshead moves 4 in. per stroke of intensifier 
Size of ingot (approx.), 10 in. Size of ingot (approx.), 14 in, 
Dimensions, in. Dimensions, in. 
A B C D E Py |e B C D me Fe 
17 7/3 95 W/o | 135 |_176 3/4 | 27 | 2441/4 | 1191/4 | 1913/4 | 178 (2208/4 | 27 
G H J K Vi, M| G H i K ity TE 
35 1/9 60 79 74 32 28 | 64 1/4 65 114 96 39 | 40° 
N 0 P Q Ris) aa Q WT the home 
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or released, and consequently is in direct proportion to the work done. The nature of 
the work, pressure required, temperature and characteristics of the subject material are 
so variable that a general statement of steam consumption is impractical. 


5. MACHINE FORGING 


The displacement of metal in closed dies, one of which is reciprocated by a crank 
mechanism, is plastic flow induced principally by upsetting and by piercing, or by both, 
for the mass production of identical shapes. Since each operation fills the die cavity 
under high hydraulic-like pressure, the stationary, or grip, dies are split to permit placing 
and extraction of the stock. The grip dies hold the stock, 
by frictional grip, against the forging force of the heading 
tool. Bar stock normally is used, and successive deforma- 
tions to complete the shape are done in multi-impression 
dies. Positioning stops for each impression, and a cut-off to 
shear the finished forging from the bar are provided. 

The plastic flow engendered in machine forging is illus- 
trated by Fig. 21, wherein both upsetting and piercing have 
contributed to the desirable internal structure. In properly- 
designed dies, the stock is plastically flowing under compress- 
ion in all impressions, resulting in a radial grain flow and 
refinement that is essential to a great variety of forgings, 
such as gear blanks, bearing races, etc. 

DIES.—In a paper, Laws Governing Forging Machine 
Die Design, before the Am. Drop Forge Assoc., E. R. Frost 
gives three rules as follows: Let d = diam. of bar. 

1.—The limit of length of unsupported stock that can 
be gathered or upset in one blow without injurious buckling 


2.—Lengths of stock more than 3d can be successfully 
upset in one blow, provided the diameter of the upset made 
is not more than 1 1/2 d, 

3. In an upset requiring more than three diameters of 
stock in length, and in which the diameter of the upset is 
1 1/2 d, the amount of unsupported stock beyond the face of the die must not exceed ld. 

The dies in a forging machine must resist pressure, abrasion and heat. In automati- 
cally-fed machines, the drawing of the temper of the dies generally reduces the forgings 
per dressing well below the number of forgings secured per dressing when hand fed. 
Cold-heading operations, as used in forming rivet heads, enjoy the longest die life. High 
chrome-nickel or vanadium steels, or other alloys, which retain their characteristics at 
relatively high temperatures are desirable when large radiation surfaces occur in the forming 
operation. Before be- 
ing put in service, dies 
should be checked for 
hardness, which should 
conform to the require- 
ments of the particular 
operation while avoid- 
ing excess hardness 
that may introduce 
brittleness. Fig. 22 
indicating practical se- 
lection of die steels is 
reproduced from The 
Selection of Steels for 
Forging Machine Dies, 


Fic. 21. Grain Flow in Ma. 
chine Forging 


Fic. 22. Die Set-up for Forging Machine 
A Straight Carbon Steel B Chrome Steel oem eioeke Metals 


i ten Steel : 
C High Tungsten Steel D Low Tungsten Stee Handbook, 1936 edi- 


tion, should be consulted for details regarding the selection and heat treatment of dies 
for machine forging, cold heading, etc. i 
FORGING MACHINES.—Requirements of the modern forging machine are: Grip 
sufficiently tight to prevent die separation and consequent fins; maintenance of alignment 
in both the gripping and upsetting mechanism to insure concentricity and to avoid break- 
age of punches; rapid starting and stopping; ease of control by the operator. Of major 
importance is the rigidity of the frame enclosing the mechanism, This must be extremely 
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massive, and currently (1937) is made of a single steel casting, heat treated, and pre- 
stressed with heavy steel bars, shrunk in place. Commercial forging eaernacira ero 
nally rated in inches of stock, which rating usually requires ae ae bs ‘ ic 
matic arrangement of a 
horizontal upset forging 
machine. The header-slide 
A carries the tool B. The 
bar from which the forging 
is to be made is gripped 
between the holding dies 
D and £E, E being moved 
horizontally by the slide 
F at right angles to the 
movement of slide A. 
Movement of F is effected 
by the toggle G, which is 
actuated from the cam 
= : ; mM slide H, by complemen- 
Stationary Gripper Die | tary enmndt oxtail 
Fre, 23, Diagrammatic oS ae of Horizontal Upset Forging sree Se ee 
pitman J from the crank- 
shaft J. The driving shaft K is driven by a motor through the clutch flywheel Le In 
this forging machine, the clutch is a pneumatically operated friction clutch. Air is 
admitted to the clutch by a foot-controlled valve at the operator’s end of the machine. 
When the crank-shaft has completed one revolution, a cam opens the valve and actuates 
a band brake M to bring the machine, to rest. The die blocks D and £, actually may 
carry two or more impressions, and the header-slide two or more working tools, one 
above the other, each of which performs one of the successive forging operations neces- 
sary to complete the work. : 
Table 10 gives the specifications of typical heavy-duty horizontal forging machines. 


Table 10.—Specifications of High Duty Forging Machines 
National Machinery Co., Tiffin, O. 

Designated size, in..... 11/9 2 21/2 3 4 5 
Speed) ix. pimith.... cited. 75 60 55 45 35 30 27 25 
Hp: of Motor. ...3..... 10 15 20 25 35 50 75 150 
Speed of Motor, r.p.m.. 720 720 720 720 720 720 600 600 
or 900 | or 900 
LA iW keg 9 6” y 8” LI’ 2” 13’ Of 14’ QI" 16’ 3” 19’ 5” 
6’ 9g” 8’ 5” 8’ 8’ g 10” 10’ 8” lV’ z7” 14 2? 16’ 8” 
13,000 | 23,500 | 37,000 | 43,000 | 75,000 | 120,000 | 170,000 | 250,000] 375,000 


MECHANICAL FORGING PRESSES.—For accurate sizing, coining, and the pro- 
duction of relatively simple symmetrical forgings, the mechanical forging press is a 
valuable contribution to processes, in that it reduces subsequent machining operations. 
The excessive rigidity and freedom from stretch built into the frame is of primary import- 
ance. The stationary die employed is not parted, as in the forging machine, but is solid. 
In other respects the die requirements are similar to those of the forging machine. 

GENERAL.—The application of crank-driven forging machines to production of bolts, 
nuts, rivets, as well as to the manufacture of mechanical parts, has encouraged the develop- 
ment of many special machines for which specific information cannot be given. The 
manufacturers of such machines should be consulted. 

BIBLIOGRAPHY.—Grain Flow.—1. The Flow of Met 
Forging and Heat Treating, Jan., 1923, Feb., 1923. 2. Grain Flow in Precision Drop Forgings— 
R. W. Thompson, Metal Progress, vol. 28, 1935. 3. Plastic Forming of Metals, E. Sirbel, Steel, 
Oct. 16, Oct. 28, Oct. 30, 1933. 4. Fine Forgings Require Correct Heating and Grain Flow, 
A. M. Steever, Metal Progress, vol. 21, June, 1932. 5. Flow Lines in Forged Steel, E. W. Nelson, 
Heat Treating and Forging, vol. 18, 1932. 6. Effect of McQuaid-Ehn Grain Size of Steel in Forg- 
ing, W. E. Sanders, Trans. Am. Soc. for Metals, Dec., 1934. 

Dies.—7. The Construction of Drop Forging Dies, G. A. Smart, Heat Treating and Forging, 


July, Aug., Sept., Oct., Nov., 1929; also vol. 18, 1932. 8. Preparation of Drop Forging Dies for 
Use in Cutlery Manufacture, F. B. Jacobs, Steel, Sept. 7, 1936. 


Processes.—9, Hollow Forging, E. V. T. Ellis, Engg., July 10, 1931. 10. Hollow Forged Ves- 
sels for High Temperatures and Pressures, R. Benson, Metallurgia, Feb., 1932. 11, Forging and 
Heat Treating Locomotive Parts, J. B, Nealey, Steel, March 23, 1936. 12. Hot Press and Upset 
Forging, J. H. Freedman, Trans. Am. Soc. for Metals, vol. xxv, 1937. 13. Developments in Steel 
Forging, John L. Cox, Forging, Stamping and Heat Treating, Jan., 1924, Feb., 1924. 

Safety.—14. Safety Code for Forging and Hot Metal Stamping, U. S. Burean of Labor Statis- 
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Net Weight, lb 


al During Forging—Harold F. Massey, 
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1. GRAY IRON CASTINGS 


DEFINITION.—Gray cast iron covers a wide range of alloys. Cast iron is a com- 
bination of iron with carbon, and other elements as silicon, manganese, phosphorus and 
sulphur. Nickel, chromium, molybdenum and other elements are used to obtain certain 
effects in the cast product. The fundamental governing material is graphitic carbon, 
associated with pearlite, ferrite, or both. Most commercial gray irons contain 2.50 to 
3.75% total carbon (T.C.). 

USES.—Cast iron is extremely important in the manufacture of machinery. Where 
bulk and inertia are important, its uses are well known. Machine tool frames and bases 
are made of cast iron in intricate forms, with high accuracy to finished dimension without 
undue machining. Machining time is a minor consideration in ordinary gray iron, as the 
material cuts rapidly, and, when properly made, has a smooth accurate surface which 
shows regularity and fine grain under the microscope. Its low cost recommends it for 
general purposes, limited by its physical properties and by the detailed method of 
manufacture. 

PHYSICAL PROPERTIES.—In gray cast iron, carbon is held in solution in the 
molten state, but is precipitated in flat flakes like mica when the metal freezes in the 
mold. These flakes form weakening planes which tend to lower strength when subjected 
to stress. To the casting buyer, this condition is important only when a part is subjected 
to stress. 

Strength Properties.—Tensile strength of gray cast iron ranges from 20,000 to 60,000 
lb. per sq.in.; 25,000 to 35,000 Ib. is a fair average, unless special, high-strength cast iron 
is specified. Transverse strength may be made to range from 1500 to 6900 lb.on a 1.2 in. 
diam. bar, 18 in. between supports. Hardness varies inversely with machinability, 
although in direct proportion; it may be varied from 100 to 400 Brinell by increasing or 
decreasing different alloy elements or by hastening or retarding cooling of the iron in 
the mold. The ultimate compressive strength of iron ranges from 70,000 lb. to 200,000 lb. 
per sq. in. 

Wear Resistance.—The early explanation that particles of free graphite form a 
lubricating element which prevents binding or galling when gray iron is used with similar 
material, or with steel, is not now generally accepted. J. W. Bolton offers a theory that 
the heterogeneous structure provides an interspersing of soft and hard materials, like 
bearing metals and bronzes. Wear resistance of gray cast iron under certain conditions 
is extraordinary. Examples are: automobile cylinders, subjected to sliding friction of 
cast-iron piston rings; slides on machine tools. For more severe wear, so-called chilled 
iron, resulting from rapidly cooling the surface of gray iron castings, finds wide use. Cast- 
iron car wheels are examples. Chilled cast iron also is used for die blocks, gears for certain 
services, scrapers, conveyor buckets, etc. White cast iron, low in Si, having a white frac- 
ture throughout, also resists wear extremely well, and is used for balls and liners for 
grinding machinery. 

Corrosion Resistance.—Gray iron does not deteriorate rapidly under normal corrosion 
conditions. Special alloy cast irons are resistant to commercial acids, mine waters, and 
the extraordinary hazards of machinery in the chemical, tanning, fruit preserving and 
allied industries. See p. 3-24. Strong dense irons, low in total carbon and silicon are 
acid resistant. High-silicon irons, about 14% Si, resist all acids except hydrofluoric and 
hot concentrated hydrochloric acids. These irons are brittle and practically unmachin- 
able, but are useful in chemical industry, notably the production of nitric acid. Gray iron 
has many applications in production of caustic or alkaline products, where high-nickel, 
austenitic types are preferred, particularly for boiling kettles. 
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EFFECT OF ALLOYING ELEMENTS 20-05 


Impact Resistance.—The engineering conception of gray cast iron generally is a 
brittle material, incapable of shock or impact resistance. However, gray iron castings 
are used in many places where knowledge of impact resistance is important. Examples: 
Pistons for internal combustion motors, and car wheels, which are specified and pur- 
chased on impact tests. 


A far-reaching investigation undertaken by A.S.T.M. Committee A-3 on the relation of impact 
properties to chemical and physical properties of cast-iron was completed and reported in 1933. 
See Proc. A.S.T.M., 1933. The developed data of the investigation are given in Table 1. Each 
test includes an investigation of 3 to 6 sets of specimens with varying chemical analyses and dif- 
ferent types of foundry conditions. Beside impact values, transverse, tensile and compression tests 
were made and hardness values established. 


In Table 1, summarized from data presented, average values are given. Brinell hardness is an 
average of values taken at the rim, center and midway on the cross-section of test specimens. The 
final columns include impact values established on unnotched specimens by the Charpy and Russell 
pendulum type testing apparatus, the specimen being supported rigidly near the ends and struck 
at the center. Three of the columns are variations of the falling hammer test on a specimen 1.20 
in, diam. supported at 6 in., 5in., and 6 in., respectively. The first of these falling hammer tests 
used a 25-lb. weight from an elevation of 2 in., with increasing increments of 1/9 in. The table 
gives average height from which hammer dropped when the bar broke. The second of the falling 
hammer tests was on specimens supported at 5 in. centers with an 11-Ib. weight starting at 1 in., 
with increasing increments of lin. The third summarizes average tests at 6-in. centers with 25-lb. 
weights starting at 1 in. with increasing increments of 1 in. 

The impact test, essentially a measure of energy absorbed in breaking bars, may be expressed 
by the work done, namely force times distance through which force moves. Results of Charpy and 
Russell tests are in foot-pounds. The others may be computed from the drop and weight of hammer. 

Electrical Properties——Castings may have a wide range of electrical properties, 
depending on alloying elements. Non-magnetic cast iron is obtainable, an important 
factor in signal equipment or electrical control machinery. Non-magnetic iron contains 
a relatively large amount of Niand Mn. The electrical resistivity of pure iron according 
to Dr. T. D. Yensen is 9.87 micro-ohms per cu.cm. at 20° C. Interruptions in resistivity 
~ are provided by other elements, especially carbon. The resistivity of soft gray iron is 
74.62 micro-ohms, and of hard iron 98.04 micro-ohms per cu.cm. (J. E. Hurst, Metallurgy 
of Cast Iron, p. 270.) : 4 

According to Hatfield (Cast Iron in the Light of Recent Research) magnetic properties 
of cast iron may vary between wide limits ranging from low permeability and high coercive 
force, for permanent magnets, to hizh permeability, low coercive force and low hysteresis 
loss for electrical machinery. ; 

Thermal -Properties.—Specific heat of gray iron has not been determined accurately 
for all temperatures, but the International Critical Tables give it as 0.13 between 0 and 
100° C. Hurst supplies accumulated data to show that it varies in pure iron from 0.1111 
at 100°C. to 0.1948 at 1600°C. The addition of various elements appears to raise the 
specific heat. ; 

c Thermal conductivity according to Donaldson, Proc. I. M. E., 1928, varies from 
0.110 to 0.137 calories per cm. per sec., and decreases with temperature increase. — Values 
obtained depend on composition and structure of gray iron. Si lowers conductivity as 
does Ni, Mn and V. Chromium and tungsten tend to raise conductivity. 

Growth.—Gray cast iron expands when heated, and unless certain limits are exceeded, 
returns to its original size when cooled. Growth is the permanent increase in volume 
that occurs in some grades of gray iron under repeated heating and cooling. The critical 
point which influences growth is about 1200° F., but in the presence of steam or corrosive 
elements, the change occurs at lower temperature. Different irons show varying sus- 
ceptibility to this change, which is accompanied by loss in strength. Rugan ate tee 
penter (report to British Iron & Steel Inst.) showed that growth is en alan hes e to ‘A 
content in the range from 1.0 to 3.5% Si; that P, S, and Mn all are elements t obits 
this action. Piwowarsky (Trans. Am. Fdymen’s Assoc., 1926) shows that super ee 
molten iron tends to reduce growth in resulting castings. This is ascribed ae aa fo) 
extremely fine graphite formation. Hurst (Fdry. Trade Jour., Aug. 12, he i sta ve 
that growth tendency is inversely proportional to maximum strength, and directly pro: 

i dulus of elasticity. , ne Rss 

COE deuce. eeaiiancee= Faticds tests conducted at the Universities of Illinois and 

i i A.S.T.M., vol. xxix, Pt. 2, p. 100, 1929) included 

Wisconsin (J. B. Kommers, Proc. A.S.1 ; ee eae 
tension, compression, transverse, Russell impact, and rotating beam sei i 
ratio of endurance limit to modulus of rupture to average 0.26, See also a ff 2. 
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i ast iron, the Am. Fdymen’s Assoc. suggests: 
Bec ticell ols che ico opens the grain, lowers density; in excess, it weakens and hardens 


iron and causes sponginess in heavy sections. 
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Table 2.—Minimum Breaking Loads for Transverse Tests of Cast-iron Test Bars 


Test Bar Class No. 
Distance} 29 =| 25 | 30 fiends | 40 [9 50 | 60 
Diam., between i 
as yl hed Minimum Breaking Load at Center, lb. 
0.875 12 900 1025 1150 1275 . 1400 1,675 1925 
Nees 18 1800 2000 2200 2400 2600 3,000 3400 
yaa) 24 6000 6800 7600 8300 9100 103300 © ||) 2e ee 


Sulphur hardens iron, closes the grain, increases density; in excess, it causes defects 
and may weaken the metal. It increases tendency to chill white in thin sections. 

Phosphorus increases fluidity of iron; in excess, it lowers impact value. It fosters 
formation of porosity in heavy sections. 

Manganese increases density of iron; it has strengthening effect up to around 1.00 Mn; 
in very small amounts it has a softening effect. Over 1.00, Mn has a tendency to harden 
iron. 

Combined Carbon (CC) increases hardness and toughness of iron; it increases strength 
below 0.80 C, decreases strength when in excess, and closes the grain. 

Graphitic Carbon (GC) increases softness and machinability in iron, weakens it, opens 
the grain, and decreases density. 


2. SPECIFICATIONS FOR GRAY IRON CASTINGS 


CLASSIFICATION.—A.S.T.M. tentative specification A48-36 covers general gray 
iron castings not covered by other existing A.S.T.M. specifications, and applies to cast- 
ings where strength is a consideration. Its purpose is to list and classify cast irons 
and gray iron castings according to minimum strengths of tensile test bars as follows: 


Class No. 20 25 30 35 40 50 60 
Min. Tensile Str., lb. , 
DeresdealN.. 2 es 20,000 25,000 30,000 35,000 40,000 50,000 60,000 


Transverse tests are optional and minimum breaking loads are givenin Table 2. 
By agreement between manufacturer and purchaser deflection values in transverse test 
may be specified. Transverse tests are made on bars as cast, with central loading between 
supports. To correct test result to standard diameter, breaking load obtained in testing 
the bar is divided by correction factor, given in Table 3. 

Controlling dimension is diameter of bar at fracture. Rate of application of load should 


Table 3.—Correction Factors for Transverse Cast-iron Test Bars 


0.875 in. Diameter Bar 1,20 in. Diameter Bar 2.00 in. Diameter Bar 
Diameter Correction Factor Diameter | Correction Factor | Diameter | Correction Factor 
of Test ; of Test of Test 
Bars, in. Load | Deflection! Bars, in. | Load | Deflection] Bars jn, | Load | Deflection 
0.825 0.838 1.061 1.10 0.770 1.091 1.90 0.857 1,053 
. 830 .853 1.054 el vio 1.081 1.91 . 871 1.047 
. 835 . 869 1,048 Vet2 813 1.071 peo2 . 885 1.042 | 
. 840 . 885 1.042 halls) . 835 1.062 193: . 899 1.037 | 
.845 . 900 1.036 1.14 .857 1,053 1.94 Sue) 1.032 
. 850 .916 1.029 eats . 880 1.043 1.95. .927 1.026 
.855 19a 1.023 1.16 . 903 1.034 1,96 941 1.021 
. 860 949 1.017 LAL 4 3927 1.026 E97) -955 1.015 
. 865 966 1.012 1.18 ste 1.017 1,98 .970 1.010 
. 870 .983 1.006 ili) 975 1.009 heh) .985 1.005 
.875 1.000 1.000 1.20 1.000 1.000 2.00 1.000 1.000 
. 880 1.017 .994 1,21 1.025 .992 2.01 1,015 (995 
. 885 1.034 .989 La? 1.051 -984 2.02 1.030 “990 
. 890 1.051 . 983 123 1.077 .976 2.03 1.046 “985 
.895 1.069 .978 1.24 1.103 . 968 2.04 1,061 “980 : 
.900 1.087 972 eZ 1.130 .960 2.05 1.076 (976 
.905 1.106 .967 1.26 1.158 -952 2.06 1.092 ‘972 
.910 Lek25 .962 1527 1.185 .945 2.07 1,109 (967 
915 1.143 -956 1.28 1.214 - 938 2.08 1.125 962 i 
.920 1.162 951 ee) 1.242 . 930 2.09 1.141 (957 F 
925 1.181 . 946 1,30 Pozi . 923 Zao 1.158 “952 
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Table 4.—Dimensions of Test Bar and Controlling Section of Casting for Transverse Tests 


Controlling Section of Casting Test | Dimensions of Test Bar, in. eae ae 
Bar Diameter Length Transverse Test 
OUOOMNE mats abet ce wheels ook es , A 0.875 15 12 in. 
Oma ECON hn OO inmate eke cree ers. nic Serie te kee B 1,20 21 18 in, 
PROGorar OOlin Marne. Gar. Acta Recess Cc 2.00 27 24 in. 


* For sections over 2.00 in., test bar C or a larger bar may be used by mutual agreement. 


produce fracture in not less than 15 seconds for the 0.875-in. bar; 20 sec. for the 1.2-in. 
bar; 40 sec. for the 2.0-in. bar. 

Tension and transverse test bars are cast separately from the casting; 3 tension, 3 
optional tension, and 3 transverse test bars are required. Size of test bars depends on 
controlling section of the casting, and the corresponding transverse test bar is used, as 
shown in Table 4. Form of tension test bars is shown in Fig. 1, and dimensions in Table 5. 
Instead of using the separately cast tension test bar, it is optional to use test specimens 
machined from the transverse test bars. Form and dimensions of the optional tensile 
test bars then shall give a minimum section in the breaking area as follows: 


Test Bar A Test Bar B Test Bar C 
TRING LOR erie ae tee as RO A cots ora 0.505 in. 0.800 in. 25m 
Length of reduced area.............. Shall be equal to or greater than diameter 


For sections of castings over 2 in., test bar C or a larger test bar may be used by agree- 
ment between manufacturer and purchaser. 

The previous correlation is only approximate and may need modification for com- 
plicated castings. Tension test specimens must so fit holders of testing machine that the 
load is axial; self-aligning shackles are recommended. 

There is no definite factor for correlation between tensile and transverse strengths 
for various types of gray cast iron. Table 3 shows minimum values only. If manufac- 
turer and purchaser agree on transverse tests to 
govern, the proper range of transverse values may 
be taken from the table or determined by pouring > 
transverse and tension bars to establish a correla- | 
tion for that particular cast iron. Test bars should A 
be made under the same sand conditions as the > 
casting, poured from the same ladles of iron as the Reb ts ias caeeie AN es 

: . AS Nie art NN 
castings, and as nearly as possible at the same tem- a j hae te EAE ea » 
perature. They should receive the same mechanical Fie. 1 
and thermal treatment as the castings, and in heat ri 
treatment, should be treated adjacent to the castings they represent. 

GRAY IRON CASTING COMPOSITION.—The compositions of castings given in 
Table 6 are not absolute, but are a guide for general practice. Designers and purchasers of 
castings should rely on specifications of desired physical properties and should not attempt 
to designate chemical analyses. Questions of technique and skill permit competent 
foundrymen to produce a satisfactory product which may vary from these empirical com- 
positions, and individual practice may offer a superior product which does not accord with 
the compositions recommended in Table 6. 

Shrinkage of Castings The allowance necessary for shrinkage varies for different 
kinds of metal, and the different conditions under which they are cast. For castings 

(Continued on p, 20-10) 


U.8Stenderd fa 
Thread 


Standard Test Specimen 


Table 5.—Dimensions of Cast-iron Tensile Test Bars 


See Fig. 1. 
Dimension Test Bar A Test Bar B Test Bar C 

CI ects oats ees star ee ls ae eels aves. ais 3/4 in. 11/g in. 17/g in. 
Dee euarcPe rer cre Pot age h ccsi nfelauore Caio dscns 5/g in. 15/16 in. 1 7/16 in. 
CRP Recueil aes HN hats a eevee Peas 0.505 in. 0.800 in. Ne?) in. 
CLO 0 cites rau cr ohn aR GORD Oe kc ORD are 1,00 in. 10.0% ixx; 2.00 in. 
Ce ae ree cate cere lea ways Saks) ole nye) Suess Shall be equal or greater than c (diameter) ; 

PIRI loss ee tot AsV esoneieves setae ovvsedavereiare 1.00 in. 1.00 in. 1 3/4 in. 
prep nsc rete ciisyotejelehsfaui?= nie) eletaieiete vets siece'ers 0.25 in. 0).25, Ant 5/16 in. 
ip. altel si elyn cans Oo ba bOGD aa BUDE e250 0 150) ein. 21/4 in, 
AIIM DE eter aac telens one cesar iels 3.75 in 4.00 in. 6 3/g in. 


* Length of parallel. 
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Table 6.—Recommended Analyses for Gray Iron Castings 


‘ n, 
Type of Casting tbe 
anaes Se REL ot ee 
Acid-resistant.......-0se02-20 | to 2 
Acid stills and eggs......... one 1 to 1.5 
Agricultural implement (medium) 2.10 
Agricultural implement (light).. 2.20 
Annealing boxes for malleable 
ROL eens ielare 5: sua nee eee 0.50 to 0.80 
Annealing boxes, pots and pans | 0.60 to 1.20 
IATEVAL DIOCRS c/c.ae nove 0.0 cue ale eleleleie 0.80 
Automobile castings (soft)...... 2.60 
Tales MIVETD |< 16:0) 4, wierel6i ste sivas 1.00 
Balls for ball mills. .| 0.90 to 1.20 
Bed plates....... ..| 1.25 to 2.20 
Bédstead works .5 2c si. css see's 2.60 to 2.80 


Bells and hoppers (blast furnace) 
Tin Hye anes Cicegerecroricot ces 
Blast furnace castings.........- 
Boiler fronts........ 
Boiler sections..... 
Brake drums (auto) 1.........-. 
Brak SHOCK ae tsrc.s.3-4\o/cletele cause gis ie 
Car castings, gray iron......... 


Car wheels, chilled............. 


Caustie’ potas Siew oe ic a erence ol 
Chenmnical castings. ........... 
Chilled castings), 65. 0160 a2 sen3 ss 
CCU Pire oc haroe  iaverer Ostotane oie octote 
Collars and couplings (shafting) . 
Cone pulleysee.s. ce cs e+ oe 
Cotton machinery.........+...+- 
Grusher castings. ....525600<08. 
Cypshor SWS 36 s.o00405 ccc gneisses 
Cutting tools, chilled iron...... 
Cylinders 


OEP a i ewraigte sees 


“ 
“ 


gas engine (light)... . 
Ue i (medium).. 
(heavy)... 
+ hydraulic (heavy).... 
re (medium)... 


“ “ “ 


TRATING Udine ree ieee 
steam (heavy)....... 

Os F(medium)/s se 
Cylinder bushings, locomotive. . 
Diamond polishing wheels,..... 
Dies for drop hammers......... 


Dynamo frames, bases and 
spiders, large and medium.... 


Dynamo frames, bases and 

Spiders, AMAll yj wocs s pnemine sie 
ELGOCDtIG BETADE.. § 015.05.» cele ove 6s 
Electrical castings 
Embossing heads 
Engine frames 
Fan and blower casings 
Ferrocyanide pots 
Fire bars 


(heavy) 
Fly-wheels (auto) 
oo (machinery) 
Friction clutches 
Gears (heavy 


“a 


(medium) 


Grate bars 


Fuso dike te. a 
Suomen eae ke 


1.25 to 1.50 
Z to 2250 
1.25 to 1.75 
2.25 to 2.75 
25 £0\2.50 


1.40 to 1.60 
1.50 to 2.25 


0.65 


1.00 
| to 2 
0.75 to 1.00 
1.75 to 2.25 
1.75 to 2 


RUNDO NRKRN 
uouVwce Vw 


[ls 
0.80 to 1.20 

1.20 

1.25 
1.20 to 1.80 
1.0 to 1.25 
1.25 to 1.75 
1.25 to 1.50 
2.50 to 3 
1.00 to 1.25 


1.40 to 1.80 
2.20 
1.75 to 2 


2 __ to 2.60 
1.25 to 1.50 


2.25 to 2.50 
1.20 to 2.00 


ip 
0.60 to 0.90 


Sulphur, 
Percent 


Max. 0.05 
Max. 0.05 
0.10 
0.10 


Max. 0.10 
Max. 0.06 


Max. 0.08 
0.06 to 0.08 


.08 
0.08 to 0.10 
Max. 0.08 


0.12 


0.07 
Max. 0.06 
0.08 to 0.10 
Max. 0.07 
Max. 0.08 
Max. 0.08 
Max. 0.08 
Max. 0.09 
0.80 to 0.10 
Max. 0.08 
Max. 0.10 


0.10 
Max. 0.08 
0.10 


0.09 
0.06 to 0.10 
0.06 to 1.0 
Max. 
Max. 
Max. 
Max, 

Max. 
Max. 
Max. 


Max. 


0. 
0.08 to 0.10 
Max. 0.09 
Max. 0.08 
Max. 0.06 
Max. 0.12 


1 Tadle additions of Ni, 1.25, Cr, 0.30, are used. 


2 For auto cylinders 
hardness is 180 Brinell. 
corners or spots). 


Phosphorus,| Manganese, 


Percent Percent 
Max. 0.40 | 1. + to1.5 
Max. 0.40 | 1 to 1.25 

0.50 0.60 
0.70 0.55 
0.10 to 0.20 | 0.10 to 0.30 
Max. 0.35 | 0.35 to 0.60 
0.30 0.70 
0.30 0.65 

Max. 0.35 0.70 
0.20 0.60 to 1.0 
0.30 to 0.60 | 0.60 to 0.80 
0.90 to 1.10 | 0.30 to 0.60 
Under 0.30 | 0.80 to 1.0 
0.60 to 0.80 | 0.60 to 0.80 
0.30 to 0.60 | 0.50 to 0.80 
0.50 to 0.70 | 0.40 to 0.60 
0.15 to 0.30 | 0.60 to 1.0 
0.15 0.65 
Max. 0.50 | 0.50 to 0.70 
0.40 to 0.60 | 0.60 to 0.80 
0.35 0.60 
0.20 0.75 
Max. 0.25 | 0.90 to 1.50 
0.20 to 0.40 | 0.70 to 0.80 
0.10 to 0.20 | 0.60 to 0.90 
0.40 to 0.60 | 0.50 to 0.70 
0.50 to 0.80 | 0.50 to 0.70 
0.60 to 0.80 | 0.50 to 0.80 
Max. 0.40 | 0.60 to 0.80 
0.20 to 0.35 | 0.80 to 1.20 
0.20 to 0.30 | 0.60 to 0.80 
0.30 to 0.60 | 0.60 to 1.0 
0.20 0.65 
Max. 0.22 0.80 
0.20 0.65 
0.15 0.65 
0.15 0.70 
Max. 0.22 1.00 
0.35 0.80 
0.35 0.80 
0.35 0.80 
Max. 0.22 | 0.80 to 1 
Max. 0.22 0.80 
Max, 0.30 0.80 
Max. 0.22 0.80 
0.20 to 0.40 | 0.80 to 1.0 
0.30 to 0.50 | 0.70 to 0.90 
0.30 to 0.50 | 0.70 to 0.90 
0.20 to 0.40 | 0.30 to 0.50 
Max. 0,30 | 0.60 to 0.80 
0.50 to 0.80 | 0.40 to 0.60 
Max. 0.70 0.70 
0.40 to 0.60 | 0.60 to 0.80 
9.50 to 0.80 | 0.40 to 0.60 
0.30 to 0.50 | 0.70 to 1.0 
Max. 0.60 0.70 
0.60 to 0.80 0.60 
0.40 to 0.80 | 0.40 to 0.80 
Max. 0.40 0.70 
Max. 0.20 0.80 
Max. 0.20 0.80 
0.40 to 0.50 | 0.50 to 0.70 
Max, 0.80 0.70 
Max. 0.22 | 0.50 to 0.70 
Max. 0.40 0.90 
Max. 0.50 0.80 
Max. 0.60 0.70 
Max. 0.30 


x. 0. 0.80 
0.20 to 0.40 | 0.40 to 0.60 


Brinell 190. 


otal 
Carbon, 
Percent 


(3.35 

1(0.90 C.C.) 
3.60 

2.75 to 3.40 

3.30 to 3.40 


eee 


Low 
3.09 to 3.20 
3.30 


WWWWWWWL WWW s 
Wrprtbbon NW 
oooooow ww 


.30 
3.20 to 3.40 
Low 


(3.20 to 3.30 
(CxCoreo) 


Max. 3.40 


3.30 to 3.40 
Max, 3.35 


3.20 to 3.40 
Max. 3.50 
3.20 
3.30 
3.40 
3.30 
3.00 


general practice is to run a Brinell hardness test in the bore; a desired 
aol Senpbars 3s ese ee eee a machinable iron (no hard 
po is analysis wi i, 0.60, Cr, 0.25, Brinell 190, i low-nick i f 
3 An addition of 1.25% nickel is added to the ladle. ee eee 


a — 


: ANALYSES OF GRAY IRON CASTINGS 20-09 
Table 6.—Recommended Analyses for Gray Iron Castings—Oontinwed 
we Total 
; Type of Casting ee a eee 
Gun Carriages se neiss ic see eck 1 to 1.25] Max. 0.06 | 0.20 to 0.30 | 0.80 to 1.0 
é Een, eons esate wievekesaevese,e 1.50 to 2 Max. 0.09 | 0.40 to 0.60 | 0.60 to 0.80 
gers ( g 
< Bardening potas. ..vonsere sweet 0.60 to 1 Max. 0.06 | Max. 0.20 | 0.40 to 0.60 
” Hardware, Wight... 2. jo... es sie 2.25 to 2.75 | Max. 0.08 | Max. 0.80 | 0.40 to 0.60 
2 Heat-resistant i TPOM Ges fe ears beers 1.15 0.07 0.10 0.80 
High-test i fo ee yi Scere es ets er Nee 
‘ =? imiekel) 43.0, os. - R X , ; 
Hictlowswhrec cose ceases 2.25 to 2.75 | Max. 0.08 | 0.60 to 0.90 | 0.40 to 0.60 
: Housings (rolling mill). ........ 1.0 to 1.25] Max. 0.10 | Max. 0.30 0. 
. Ingot molds and stools......... 1.06 0.07 0.20 0.90 
y ooksvand: hinges: 2.5 esccs cece 2.50 to 2.75 | Max. 0.08 | 0.70 to 1.0 | 0.40 to 0.60 sisidttens 
. Locomotive castings, heavy..... 1.25 to 1.50} Max. 0.10 | 0.30t0 0.50] 0.70t0 0.90] ..... 
Re P hens Sone 1.50 to 2 Max. 0.09 | 0.40 to 0.60 | 0.60t0 0.80} ..... 
ings eavy 
weary service) epeeess 1.25 0.10 0.50 0.50 3.25 
achinery castings eavy 
(medium service) . cs  aercigaks sfc ee 0.10 0.50 ee oe 
Machinery castings, light....... a8 0.09 0.50 0.30 See 
f Magneto and armature parts.... Ty Max. 0.08 | Max. 0.70 0.5 ” i 
Mine-car wheels.......... aererens 0.75 to 1.25] Max. 0.10 | 0.30t0 0.50] 0.40t00.60/ ..... 
eee a he Presale see ESOT | COS eee 
- REN Te tia tare Oaha-aca ahastdakle oe . 0: F i i 
a i per | a Syeag mal Wrae @ one’s 508$.0°80'1.0.30 40 00 |e 
3 Mere he ss ler ot Max. 0.09 | 0.60 to 0.80] 0.50to 0.80] ..... 
» iQ AY ada de 4s Bone eo PA a See Max. 0.40 0.70 3.30 
INTE helnie ewan dpa ace Gdiege bee 1 to1.50] Max. 0.06 | Max. 0.20 | 1.0 to 1.50 Low 
‘ INOW GLU GeW OLE, store cteieieiche 5 cte.s)o= 2.50 to 3 Max. 0.08 | 0.80 to 1 OF40 tOONGO IT Banr-ts 
: Ornamental... c.. ce ocieee cases 2.25 to 2.75| Max. 0.06 | Max. 0.90 0.60 3.50 
Permanent molds............-. 1.70 i 0.08 ne ooo ‘ease oF le aA i 3.50 
Permanent mold castings....... 1.50 to Max. 0. i o 0. ax: 040) | . Seer 
; PGI DIAGEB's 2 sie ives vsiele oe dats 2 to2.25| Max. 0.08 | 0.40 ga iNes 0% so tO 80 a8 
BE EAP ONGS. F<, ..osle cio lorersiepste e528 2.00 0.07 Max. 0. i A aise 
= Willow blocks’ snvs.cebiock cles ao se 1.50 to 1.75 | Max. 0.08 | 0.40 to 0.60 oe oo 
4 Pipe (light and medium)....... ie et ae ee ane 
= oS Oe aes 1.75 to 2.50] Max. 0.08 | 0.50 to 0.80 | 0.60%00.80| ..... 
” ‘(superheated steam) .| 1.50 to 1.75 | Max. 0.08 Bane SE oe ron 
- Pistons POO. ony jedaseshebad is ane aa ee ee 
ad i) eee . . . . . 
¢ Piston rings (individual) ARS ae ae een Ae ae 
_ Plow mold boards......... 262 ene oe aH one Ane 
‘ Plow shares, chilled..........-- a a clans linere eal Payee ie 
m oe for praeies billetss..4 cee < 1 ioe , ‘ae a o oe ie aos 
ressure castings...........++. i eee 
Printing press.........---+-++- He to of ae Ae Ae a LEED pe Manna 
eee eos nice 030 1000 160.401 0.60ie 1.0 |e 
4 Pulleys, medium... fake 1.70 Max. 0.08 | Max. 0.70 0.70 3.40 
; Paraalhone O Pie ie 2.30. | Max. 0.08 | Max. 070 0.70 3.50 
BME Eirrripa handiearees Wa. Acokie oes Zito 2.2 Max. 0. ; o 0. : ; 
2 Pee RE Om 2.20 Max. 0.08 | Max. 0.80 0.60 ans 
y i i 7 0: ax. 0. ; rs Eb 
a ere se 130 Max. 0.08 | Max. 0.22 0.70 Max. 3.40 
‘ eR Pec eke 1.75t02 | Max. 0.06 | Max. 0.20 | 0.60to 1 Lo 
SR ic oa ea 0,60 to 0.90 | 0.06 to 0.08 | 0.20 to 0.40 | 0.55 to 0.80 | 3.20 to 3.40 
4 Rolls, chilled.............+++-- wee Rene ORE Niece 0.80 3°40 
vj Seale, castings....... J aeecnictsee eek a0: ae ee es aac 
‘ School desks and furniture...... eer te ce lig eae 46 a 
ie piss car bowie... ene: 1.75 to2 | Max. 0.10 | 0.30 to 0.60 | 0.60 to 0.80| ..... 
i 000 (romoliv) » vines WC 0.08 0.80 0.50 3.40 
a) taco | ataz. 0.08 | 0.60%0-0:90| 0:60 3.50 
ee ee 2.70 Max. 0.08 | Max. 0.80 0.70 Max. 3.50 
- tone eS a ee ae 2.50 to 3 Max. 0.08 | 0.80 to 1.0 | 0.40 to 0.60 yee 
Typewriter castings... ole 50 to 2. 75 Max. 0.08 0.60 to 0.80 0.50,t0 : “5 49° 
Valves, aeaee vadynoe oamoeee oe a Loe es nae en 330 
Fra NUR Bis Mics AO aCe ; : aa 80 
| protee penton: Late SH DODO OOO Oe 2 pee? me 00s 0.30 ee O85 3°20 
4 earing plates..........+.++++- : ie Max. 48 nee 50 
Welding CMeRL bode 290 Mae 0.08 0.60 0.60 3.50 
SEER San aay 1.50t02 | Max. 0.09 | 0.30 t0 0.50] 0,.60¢00.80| ..... 
SE teamed 1:75 to 2.25] Max. 0.08 | 0.40 to 0,60 | 0:50t0.0.70| ..... 
Rae ee ee HVS Hod 50)|* Max 1.10 10:30'0 0.50'| O:70't0 0.9077 12. 
White Se oasiaae: ae 0.80 0.08 to 0.10 | Max. 0.40 0.40 3.00 
ite iron castings............ ; : 
Woodworking machinery....... 1.70 Max. 0.08 | Max. 0.60 0.60 


, 1.00 
Bhiene ae plas oe Si and C; heavy, 10 to 12 in. diam., lower Si and C. 


ee ee er ay 
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where the thickness runs about 1 in., cast under ordinary conditions, the following allow- 
ance can be made: 


For cast iron, 1/g inch per foot. For zinc, 5/1, inch per foot. 
oe brass, 3/16 ae ae ae ae tin, 1/19 més “cc rat 
‘* steel, LH es wae ape * “aluminum, 8/ig* 

‘* malleable iron, 1/g ‘' ‘' * f pritannia, 2/7 Hows 


Thicker castings, under the same conditions, will shrink less, and thinner ones more, 
than this standard. The quality of the material and the manner of molding and of 
cooling the casting also will make a difference. W. J. Keep (Trans. A. S. M. E., xvi, 
p. 561, 1895) gives the following ‘‘ approximate key for regulating foundry mixtures”’ 
so as to produce a shrinkage of 1/g inch per foot in castings of different cross-sectional 


area: 


Size of casting, IN. BG.......0++eecreses 1/o 1 2 3 4 
Silicon required, percent..........--- 3.25 he 2.25 12755 1.25 
Shrinkage of a 1/2-in. test-bar, in. per ft. 0.125 0.135 0.145 0.155 0.165 
Table 7.—To Determine Weight of Casting from Weight of Pattern 
(Allowance must be made for the metal in the pattern) 
A Pattern Weighing 1 lb. Will Weigh When Castin 
When Made of Cast Iron | Yellow Brass| Gun Metal Zinc Copper | Aluminum 
Baywood... 2252096 8.8 Ib. 9.9 lb. 10.3 lb. 8.5 lb. 10.5 Ib. 3. 24b: 
i eeG ie eis/oiece oxen este cies 8.5 95 10. 8.2 10.1 Sa 
Cedari ie sscit teal acinins 16.1 18. 18.9 15.6 ib ey? 5.8 
(lies cnn cr cee o6 Geo 10.7 12. 12.6 10.4 12.8 Bian 
Dandonee aaatea on selec P23 iS 14.1 11.6 14.3 4.3 
Ni awhowauyc cee cist stelera 8.5 9.5 10. 822 10.1 Seal 
Maple se access ofl ers O52 10.3 10.8 8.9 Ele 3; 2 
OBIS har eoveie aiswe.ce ase 9.4 10.5 Lie Se] 11.2 3.4 
PEar an fe Meicigs nor era oie 10.9 12.2 12.8 10.6 13: 3.9 
Piney Hiteerdat aera 42 16.5 723 14.3 17.5 3.3 
Pine, yellow 2 25% scutes a et 14.7 15.4 12.7 15.6 4.7 
Whitewood... 2.00. .05%.2 16.4 18.4 19.3 15.9 1925 Pk) 
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Cupola Practice 


The American cupola furnace is a vertical, cylindrical stack of riveted mild-steel plate, 
elevated on columns above the floor level, with semi-circular drop doors at the bottom. 
The stack has small openings at front and back, close to the bottom, and a suitable opening 
above at a predetermined level for charging metal and fuel. It is surrounded by an 
enclosed, stecl-plate wind belt, continuous about the lower portion of the stack, connected 
with a blower and communicating with the interior of the cupola through a series of 
openings or tuyeres. An inner lining of refractory brick or blocks is built from top to 
bottom inside the stack. The lining is 41/2 to 101/g in. thick, depending on overall 
diameter of the cupola. 

In operation the bottom doors are closed and a molding sand bottom 3 to 10 in. deep 
is sloped properly to direct molten iron to the tap hole. Special refractory shapes dlose 
the breast or front opening, and a special shape inserted at the back of the cupola at a 
higher elevation drains slag. Air is delivered at pressures of 10 to 25 oz. per sq. in. by 
blower or fan to the wind belt and enters the cupola through the tuyeres. 

Special types of cupolas admit blast in a variety of ways. The simpler forms, as in 
the standard cupola of Whiting Corp., Harvey, Ill., have one or two rows of ‘gayeres. The 
bottom row is rectangular, expanding inward to the inside of the cupola, the discharge 
area being approximately double the inlet area. The upper row, of similar construction 
supplies air to consume gases generated by the coke at the lower level. Appropriate damp- 
ers or blast pipe gates govern the amount of entering air, or blowers can be regulated 
to give correct pressure and velocity of air. Table 8 shows a simple calculation of tuyere 
areas based on inner lining of the cupola. 

At a melting ratio of 8 lb. iron to 1 lb. coke, 30,000 cu. ft. of air usually is assumed 
to be required for melting 1 ton of iron. This ratio is not arbitrary, and a 10: 1 melting 
ratio is common. Table 9 summarizes the actual performance of a number of cupolas 
based on studies by Dr. E. E. Marbaker. ; 
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Table 8.—Calculation of Tuyere Ratios 


Effec- Di “ : 
hiveulwAred Noto ke imensions of Total Area Total Ratio of Total 
Diana hinaide Play crea rimary Tuyeres, | of Primary Tuyere Area, Tuyere Area to 
[nade IGining: in, Tuyeres,sq.in. sq. in. Area Inside Lining 
Lining,} sq.in.| Pri- |Secon- At At At At At At At At 


in. mary | dary Shell Lining | Shell | Lining} Shell | Lining} Shell Lining 


43 1452 6 6 10x 12 5x18 720 540 810 630 We sy) Wha es} 

62 3019 Be Neacrornres 7X21 axX<a2i 1176 | 1176 1176 | 1176 Le Saal) (ES 2G 

72 4072 Bit lerpeuste 9x6 9x9 432 648 432 648 Laieedecs! Om 

69 3729 NSP tescrsterese 7 (diam.)| 6X10 578 900 578 900 Xe) I Oe 7 

63 3117 Bim lect ¢ 9 1/oX 14,9 Vox 14) 1064 1064 1064 | 1064 Le Ae tS deo) 

Table 9.—Examples of Cupola Practice 

eee es Ce | 2 ee 4 5 
ise of Cupola, NO.<0...-..scoe. 8 91/9 12 10 91/2 
Diameter, inside lining, in....... 60 72 72 72 70 
Bosh diameter, in.............. 40-46-30 GZ oretercrerets atc 66 63 
LOANED ER Ga Ihe yeaiiare cris cickeice oli acioersiccs S30 o ctcmyescres SGM e verene cite 
Normal melting rate (10 : | melt- 

ing ratio), tons per hr........ 6-7 14-18 18-21 19-20 14-18 
Total iron charged, tons........ 107 220 160 150 139.5 
‘Lime of melting: hr). <7). «.:c << 93/4 11 10 8 9 
Melting rate, tons per hr........ 11 20 16 18.75 Wine 
HVEGucOke: Deas cee oe aie eusioie ens 4 1,500 4,000 4,500 4,500 4,200 
First coke charge, Ib............ DilO! | eererstet reborn Merete eusievariwe'|sslcierscccira, W) rersitester mete 
Intermediate coke charge, lb... . 135125 49,050 32,000 20,550 39,525 
Total coke charged, Ib.......... 15,135 53,050 36,500 25,050 43,725 
@okein drop, Ibio. 61s «sees os 1,400 2,000 2,000 2,500 1,400 
Total coke consumed, lb........ 14,735 51,050 34,500 22,550 42,325 

~ Melting ratio (iron-coke)....... 14.5°3 1 826751 Ce pO | (lexeyeu| 6.6: 1 
Temperature of iron at spout, ° F. 2,640 2,800 2,300 |2,500—2,550 2,650 
Air volume, cu. ft. per min...... 3,200 9,750 8,000 9,700 7,400 
Blast. pressure, 02%... . ..s..c<+ 2+ 12-13 20 8-10 16 24-25 
EFFriciEncy CaLtcoLation Basep oN Hourty Me ttina Rate 

Tron melted, StODS . <c.s/e0<6 e120 < 11 20 16 18.75 Wee 


Total heat to melt and superheat 
to pouring temperature, B.t.u.*| 12,034,000 | 23,360,000 | 15,008,000 | 19,762,500 | 19,250,000 


Carbon content of coke, percent 90 88 87 90.4 89.1 
Coke consumed, Ib............- 1,510 4,650 3,450 2,820 4,700 
Carbon content of coke con- 

BUTE LD aterceieepekersiele eyes cious 0 1,360 4,090 3,000 2,540 4,210 
Total heat evolved (14,550 B.t.u. 

per Ib. carbon), B.t.u......... 19,788,000 | 59,510,000 | 43,650,000 | 36,957,000 | 61,255,500 


Melting efficiency, percent, = 
{ (B.t.u. required X oa) 
B.t.u. evolved 

Theoretical air necessary, cu. ft. 
(Carbon consumed X 143 cu. ft. 
SON doses cHOOO ECO MOBOoee 194,480 585,000 429,000 363,320 602,030 


Total air supplied, cu. ft. (Cu. ft. 
DELI < OO) lee wie ctlel eve «i aileteitove 192,000 585,000 480,000 582,000 444,000 


Excess or deficiency of air, per- 
bare eN Cickeaie S a Ber Na e258 — 1.00 0.00 +11.9 | * See note — 26.2 


60.8 39 eZ 34.4 53) 31.4 


* Calculation of B.t.u. necessary to melt and superheat iron to pouring temperature: Let 
Q= ee required to melt and paneled 1 lb. of iron; Tm = melting temperature = 2260° F, 
average; Tn = average temperature Of blast air = 60° F; Tp, = temperature of iron at spout, 
deg. F; H = specific heat of iron up to 2260° F = 0.19; h = specific heat of iron up to 2800° F 
= 0.23; L = latent heat of fusion of iron = 41.5 (say 42) B.t.u. per lb. Then 


Q = H(Tm — Tn) + h(Tp — Tm) + L = B.t.u. required = pounds melted X Q. 


in No. 5: Heat for melting = 0.19 (2260 — 60) = 0.19 X 2200 = 418 

OO Tae Heat for superheating 0.23 (2650 — 2260) = 0.23 x 390 = 90 
Latent heat of fusion = 42 

Total = Q = 550 


Total B.t.u. = 35,000 X 550 = 19,250,000. 


Efficient cupola operation comprises more than obtaining hot iron with the lowest 
coke consumption. Smoothness of operation, uniformity, freedom from bridging and 
tap hole difficulties, and economy by avoiding frequent lining troubles are factors. The 
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A. F. A. Committee on Gray Iron Castings (Trans. A. F. A., vol Xxxix, p. 49, 1931) 
has formulated recommendations for operating a 54-in. cupola, summarized below. 


RECOMMENDATIONS FOR OPERATION OF A 54-IN. CUPOLA. Lining.—To line a new 
cupola or reline an old one, use good grade cupola block of proper dimensions, laid with are joints 
filled with fireclay mixture. Typical mixtures are: a. 1 part fireclay, 1 part molding sand, 1 pat 
sharp core sand; b. 1 part blue clay, 1 part finely-ground firebrick, 2 parts fire sand or heavy mo i 
ing sand; c. 1 part fireclay, 2 parts molding sand. The shape of lining depends on ee ani 
may be classified under two types: 1. Straight side, i.e., straight from bottom doors to charging 
door. 2. Boshed, i.e., a 3 to 6 in. projection at top of tuyeres, tapering to the straight side Just 
above melting zone. After each heat, chip out badly burned brick, and patch with new brick, 
maintaining original outlines as closely as possible. A new breast brick or tap hole should be used 
if tap hole has become too large for desired flow of metal. Tap hole should be about 1 in. diam. 
at the shell for intermittent tapping and not over 2 or 3 in. long; for continuous operation size 
should be adjusted to melting rate. Its location is just at the level of the sand bottom. The slag 
hole should be located 2 to 4 in. below bottom of tuyeres. Its size depends on thickness of lining 
and size of cupola, and usually is 1 to 2 in., either round or square. : 

Tuyeres.—Area of tuyeres should be approximately 1/3 area of cupola at the tuyeres. Height 
of tuyeres should be 10 to 20 in. above center of the sand bottom, depending on amount of iron 
required at one tap. They should be as nearly continuous as possible with a vertical opening 3 to 
5 in. high. For ordinary conditions, use only one row of tuyeres. ‘ : 

Bottom.—Bottom doors should be securely propped and rigid, to eliminate possible cracking 
of sand bottom and running out of iron. Bottom sand should be riddled rich heap sand, at same 
temper as for molding, carefully rammed and sloped with a 1 to 2 in. pitch from all directions to the 
tap hole. All-new, or too wet sand should not be used. Make bottom 5 to 6 in. thick at tap hole. 

Lighting —Flat wood is laid to protect the bottom while charging heavier wood. The wood 
usually is ignited through the tuyeres, or by ignited oil-soaked rags dropped from the charging 
door; sufficient wood then is added to ignite the coke thoroughly. From 65 to 75% of the coke for 
the bed next is charged and allowed to burn until the whole bed is cherry red. The remaining 
coke is added and leveled to receive the charge of iron. The coke bed should be high enough to 
melt iron in 8 to 10 min. after blast is put on. This usually requires 2,000 to 2,400 lb., depending 
particularly on height of tuyeres above the bottom and shape of cupola well. The above amount 
should raise the bed 40 to 50 in. above the tuyeres. In starting a new cupola, it is safe to use a coke 
bed 45 in. above the upper edge of the tuyeres. The upper edge of the melting zone is easily located 
by examining the lining after the first heat. It is wise to determine height of bed coke with a 
measuring rod. At least one hour should elapse between lighting of the cupola and putting on of 
the blast. A period of 2 hr. is better to thoroughly warm the charge before melting begins. 

Charges and Charging.—All materials should be weighed and loaded systematically according 
to size of pieces and composition. The proper system is best determined by experiment and practice. 
Good practice charges the heavy pieces around the lining of the cupola; this tends to better blast 
penetration. Under ordinary conditions, the charges should be 2,000 to 3,000 lb., of the same 
weight, and in the approximate ratio of 10 lb. of iron per Ib. of coke. Charging may be either 
mechanical or by hand. It is not good practice to use in the same heat, mixtures of widely different 
composition. If this is necessary, the mixtures may be partly separated by an extra charge of coke. 

Flux should be a good grade of limestone. For long heats and continuous melting, the limestone 
should be 2 to 4% of weight of the iron charge, with 4 to 5 lb. of fiuorspar, per charge. 

Blast.—Volume of air required depends on rate of melting, coke ratio and quality of coke; 
30,000 cu. ft. of air per ton of iron melted is generally assumed. Blast pressure varies with style 
and size of tuyeres, height of stack, size of coke and metal used in the charge. Pressure ranges from 
6 02. to 24 oz., depending on the above conditions. For uniform melting, volume should be constant 
and pressure varied. Every cupola should have volume and pressure gages and means to adjust 
the volume of air delivered to the wind box. For a given cupola and blower, melting rate increases 
as the square root of the pressure. Power required varies as cube of melting rate. 

For a 54-in. cupola, one blower manufacturer recommends a blower of 22, 25, or 29 cu. ft. dis- 
placement. To obtain 6000 cu. ft. per min. in accordance with the recommendation, it will 
be necessary to operate the blowers at 272, 240, or 206 r.p.m., respectively. With 10% slippage 
allowance the speeds will be 299, 264, or 227 r.p.m. To use the blower as a volume meter, it is 
necessary only to know its displacement and its speed. In calculations, the 10% slip correction 
should be included. For example, with 25 cu. ft. blower displacement and 250 r.p.m., tachometer 
reading, the volume supplied, allowing 10% slip, will be 0.90 & 250 X 25 = 5625 cu. ft. per min., 
which is less than desired; hence the blower should run at 264 r.p.m. While the blower can be 
used as a volume meter, slippage is difficult to determine aécurately; a standard orifice is recom- 
mended for accurate measurement of air supply. 


CUPOLA COMBUSTION.—Since the combustion of 1 lb. of carbon to CO2 or CO 
evoives 14,600 and 4,450 B.t.u. respectively, cupola economy demands that operation 
shall produce a minimum amount of CO. A clearly defined melting zone is established 
in a completely charged cupola, which should be slightly above the tuyere area, as no 
melting occurs below this level. If air passes through the cupola in uniform quantity 
and velocity and encounters a cylindrical coke column, uniform in shape, size and area 
exposed, combustion occurs uniformly. This condition is ideal rather than practical. 
The U. S. Bureau of Mines, by analysis of gas samples obtained from the center to the 
outside edge at different levels, has located the melting zone as regards its upper level. 
In a cupola lined to 27 in. diam, at the tuyere level, with 1000 cu. ft. of air per min. at 
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Table 10.—Capacity Table of Steel Pressure Blowers for Cupola Service* 


Cupola Tuyeres Tron Air Blower Pipe 
ae Oo. a ee PSP T ey OSS Say ae OR) RR SSS Te ea (Goa eee 
COG si | 8 al ¢ cB ee 
~ f i q cel c S) : 
eH] 7E d | 88] ee] ge] & | g8l® 2] se | ug] ale 4 
Tali ie ees | | a ea 3 2 H JoS.lb 44] pia Se ees 
cel pla ier ele) e2 roe 590 = 552s o.8 a ah > I2ay 
Pies bee ee a Bee Lee ise | ae tds | 2 ieee 
as) o8 a | So oP at os © RN e236 a Sst ct | eens 
Ae|/s3}2)/ 82] ss oF xs & [Eaol|§soal as Acla BED) 
18 254 2 51 13775 444 Ye) Sate wane seleae are ASB: ae 
23 415 4 83 3,090 773 8.5 4150 9 752 4.20 53/4} 9 | 1800 
27 573 8} 115] 4,420 1,105 9.2 3740 10 1,093 6,78 63/4) 10 | 1900 
32 804 8 | 161 6,480 1,620 | 10.0 2880 10 1,840 | 11.40 83/4} 13 | 1900 
Saele 175: Soe 25 8,980 | 2,245 | 10.76] 2595 |‘ 10 2,280 | 14.13 93/4) 15 | 1900 
42 | 1385 | 12 | 277 | 11,960 2,990 | 11.46] 2470 11 2,910 | 19.85 10 3/4} 16 | 2000 
45 | 1590 | 12 | 318 | 13,960 3,490 | 11.88] 2080 11 3,930 | 26.80 | 121/9} 19 | 2000 
48 | 1810] 12 | 362 | 16,120 | 4,040 | 12.25} 2170 12 +) 4,110 | 30.60 | 1214/9} 19 | 2100 
54 | 2290 | 12 | 458 | 21,050 5,260 | 13.00} 1995 13 5,360 | 43.25 14 21 | 2200 
60 | 2827 | 12 | 566 | 26,630 | 6,650 | 13.70} 1728 13 7,010 | 56.66 | 16 24 | 2200 
66 | 3421 | 12 | 685 | 33,000 8,250 | 14.33] 1540 13 8,390 | 67.66 | 1711/9) 26 | 2200 
72 | 4071 12 | 814 | 40,150 | 10,020 | 15.00] 1393 13 10,140 | 82.00 | 191/4) 29 | 2200 
78 | 4778 | 12 | 955 | 48,000 | 12,000 | 15.66] 1318 14 12,520 }109.00 | 21 32 | 2300 
84 | 5542 | 12 |1109 | 56,750 | 14,200 | 16.20] 1410 16 13,3800) 132275 | Zi 33 | 2400 
16 


1189 | 61,600 | 15,400 | 16.50] 1340 16 | 15,675 {155.66 | 2238/4) 35 | 2400 


* Air pressure less than given in the table indicates too much air flowing, with more power 
required to drive the blower than is specified. Blast gate in pipe between blower and cupola 
should be closed sufficiently to reduce the Hp. to that given in table. Volume then will be correct 
for highest melting efficiency obtainable with cupola, regardless of proportions or resistance, table 
being based on the greatest resistance usually encountered. 


5.3 oz. per sq. in. pressure, the percentage of free oxygen at any given point was taken to 


_ locate the area of complete combustion. The upper level of the melting zone thus was 


shown to be more or less conical, extending from a height of 7 in. at the lining to about 
28 in. at the center. 

AIR SUPPLY TO CUPOLAS.—Two common types of blowing units are used to 
supply blast pressure to cupolas. The positive pressure type delivers a fixed volume of 
air, regardless of the pressure against which it operates. Cupola blowers of this type are 
driven by motors coupled to the main shaft of the blower, or by multiple V-belt drives. 
Table 10 gives capacities of positive pressure blowers for cupola service. 

The other common type of unit used is the centrifugal compressor. Certain centrifugal 
compressors have an auxiliary blast gate, with suitable motor-driven gear control and elec- 
trical operating devices, to permit delivery of a fixed weight of air into the cupola blast 
pipe. Based on using coke of 88% fixed carbon, and allowing 5% air leakage, the rate of 
air delivery for various melting ratios is 


Se Vbenhtiye TAOS. tes ss. evs 12 to 1 Ld ton 10 to 1 9 tol 8 tol 7 to 1 


Dbsof airpermin......... 25.3 26.0 26.8 27.8 29.0 30.6 


See Kent’s Mechanical Engineers’ Handbook—Power, pp. 1-55 to 1-88, forming Vol. 2 of 
this series, for additional information. 

The blast gate control automatically compensates for changes in cupola restriction 
and changes in atmospheric conditions, and maintains the flow of a constant weight of 
air into the cupola. 

The usual relation of size of cupola, quantity of iron melted and air supply is shown in 
Table 11. The diameter of blast pipes for various volumes of air is given in Table 12. 


Table 11.—Air Supply Required for Cupolas 


i i nsid 
Tons of aexeehoer Cu. Ft. Tons of rae Cu. Ft. Tons of ee Cu. ft. 
Tron of Air Tron of Air Tron of Air 
Cupola, ; Cupola, : Cupola, 5 
per hr ae per min. | per hr. a per min. } per hr. pag per min. 
1 ee) 500 11 54 5,500 21 78 10,500 
2 27 1000 12 60 6,000 22 78 11,000 
3 30 1500 13 60 6,500 23: 78 11,500 
4 BZ 2000 14 60 7,000 24 84 12,000 
5 36 2500 15 66 7,500 25 84 12,500 
6 39 3000 16 66 8,000 26 84 13,000 
7 42 3500 17 66 8,500 27 90 13,500 
8 45 4000 18 72 9,000 28 90 14,000 
9 48 4500 19 72 9,500 29 90 14,500 
10,000 30 90 15,000 
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Table 12.—Diameters of Blast Pipes % 
Length of Pipe, ft. 


Te = et Bee it ee 
Tona of| Inside ye ad eT ee ee ee 
ies Diam.of of Air Pressure Drop, 02. 


| i ee Feesore Drep,.°8 eee 
per br, {CUP “per [G74] 7a | Wa | Be | Wa | Wo | Va | Ve | V/s | V2 | V4 | Vo | Ve | 2 
min. 


Diameter of Pipe, in. 
9 8 


6 5 7 6 7 6 8 7 g. 8 5 8 

2 ro ace 8 7 9 8 | 10 Cait 9 AT a hO 12) Ua ato a 
3 30 1,500 | 10 Bil otde | Onl Ale alOml ae deeapedts | Ste NG 3e) RZ aah 12 
4 32 2,000 | 11 atzC tt tS pte tae 2s Se] Shs het Seah 16 | 14 
5 36 2,500 | 12 | 10 | 14] 12] 15 13 TSE 16 | 14 EZ Sera 
3,000 | 13 | 11] 15 | 13 | 16] 14 171 45 | 184] TS 18 16 eT ShieaG 

7 2 B5000} Isa ab2a| Loy sah tate ton pba 15 | 18 | 16 }.19 | 117.20) 0s 
8 45 4.000 | 15 | 122) 167) 159) 18 | 15 18 | 16 | 19] 17.| 20) 18} 21.) 18 
9 48 4,500 | 15 | 13 | 17] 15 | 18) 16 FRNI7 | 20°) ¥8 [21 | 19 22 
10 54 5,000 || 15), 13>) 18 | W5ijat9 yats 20 | 18 | 21 | 18 | 22} 19 | 23 } 20 
1 54 5,500 | 16] 14] 18| 167 20 | 17 | 21 18. (22012 19223) 220) Ve2sa eae 
12 60 6,000 | 17 | 14} 19 | 17 | 20] 17 | 21} 19 22 | 20°] 23 | 21 | 24 21 
13 60 6,500 | 17 | 14] 19 | 17 | 21 | 18} 23} 19 | 23 20°} 24; || 20 Weenie 
14 60 7,000 | 18 | 15 | 20 | 18] 22] 19 | 23 | 20 24) 21 | 25 | 22: |) 2626 
15 66 7,500 | 18 | 16 | 21 | 18] 22 | 19 | 24] 21 25 Wez2)\) 26° | 22 Pez es 
16 66 8,000 | 18 | 16] 22] 18} 23 | 20} 24} 22) 26 22) 26-4 23.5 27aee 
17 66 8,500 | 18 | 16 | 22 | 18 | 23 | 20 | 24 | 22 | 26 | 22 27 | 24 26124 
18 72 9,000 | 18 | 17 | 22 | 18 | 24] 21 | 25) 22} 27 | 23 27 | 244)" 28n 25 
19 72 9,500 | 20] 17 | 23 | 20 | 24 | 22] 26] 23 | 28 | 23 | 28 25 29 2S 
20 72 10,000 | 20 | 18 | 23 | 20] 25 | 22} 27 | 23 | 28) 24| 29 25 | 30.) 26 
21 78 10,500 | 21 | 18 | 24 | 21} 26 | 23 | 27 | 23 | 29 | 25 30 | 26 |} 3001526 
22 78 11,000 | 21} 18 | 24 | 21 | 27 | 23 | 28] 24 | 29} 26} 30 | 27 SI e27 
23 78 11,500. |. 21 } 19 | 25 | 21) 270) 24)e28 | 25.) 30). 26)) 505527 3A g2Z 
24 84 12,000 | 22 | 19 | 25 | 22 | 28 | 24] 28) 25 | 31 | 26] 31 | 27 | 32 28 
25 84 12,500 | 22| 19 | 26} 22 | 28 | 24| 29 | 26) 31 | 27 | 32) 28 | 33 28 
26 84 13,000 | 22} 19 | 26} 22| 28 | 24] 29 | 26 | 31 | 27 | 32) 28 | 33 | 28 
27 90 13,500°| 23 | 20] 26 | 23 | 28 | 24 | 30 | 26] 31 | 27 | 32) 28 | 34) 28 
28 90 14,000 | 23 | 20 | 27>-}223-)" 297 1 259)530) 27 1°32) (9281) S35 299) Seales 
29 90 14,500 | 23°||'20 | 27° | 23-| 29°) 267] 31) } 27 | 32 1728335) 29 S340 ea 


30 90 15,000 | 24 [02 [27] 24 |) 29) 2631) | 22 | 320)2289)) 345) s0neSaaese 


* The minimum radius of each turn should be equal to the diameter of the pipe. For each 
turn thus made add three feet in length, when using this table. If the turns are of less radius, the 
length added should be increased proportionately. 


OPERATING RECOMMENDATIONS.—Cupolas should be operated on a fixed 
schedule, with a definite time for lighting, for start of charging, for starting blast, for 
tapping out and for opening slag hole. The tap hole should be carefully gaged to give 
desired rate of flow of iron, whether tapping is continuous or intermittent. Blast should 
be maintained according to established foundry practice. All materials used should be 
checked and recorded daily. Successful cupola operation depends on the adoption of a 
standard practice. Wariations are necessary only when standard practice can be improved. 


CALCULATING CUPOLA MIXTURES.—No set rule can be given for calculating 
cupola mixtures, because of variations in cupola operation. The factors influencing con- 
trol of some elements are: Blast pressure; volume; moisture and temperature; amount 
and character of coke used; depth of zone or well. 

Silicon.— Allow 10% loss under normal conditions. When more highly concentrated 
Si alloys are added, the loss will be higher. Loss of Si in cast iron is due to oxidation; it 
is controlled principally by blast pressure. A high pressure produces the maximum, and 
a low pressure the minimum loss, other conditions being constant. 

Sulphur.—Allow for 0.03 to 0.05 point increase. The increase of S is controlled 
principally by the coke used. A low-sulphur coke (0.5 to 0.7%) will produce minimum, 
and a high-sulphur coke (0.7 to 0.9%) maximum § in the iron. 

Phosphorus remains practically constant; no allowances need be made. 

Manganese —Allow for a 20 to 30% loss. Mn loss is due to oxidation. Mixtures 
containing highly-concentrated Mn alloys probably will show maximum Mn loss. 

Carbon.—On account of the many factors involved, calculation of total carbon (T.C.) 
is difficult. Steel additions affect T.C. in cast iron. The character and amount of coke, 
as well as the characteristics of the cupola, also influence T.C. 

Methods of Calculating Mixtures——Assume that a 3000-lb. charge containing 25% 
steel is sought for heavy machinery castings, composition to be: Si, 1.35-1.40; S, 0.07-0.09; 


ebieh bol 
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P, 0.25-0.27; Mn, 0.50-0.55. The following classes of stock are available in the yard: 


Si S) 12 Mn 
INOR 2H pip=iron meer aside ae Be aerncilaw cee 2.10 0.032 0.505 0.64 
IMallenble Sironkpatien trees tts cece 1.80 .033 .165 Ri 
Nombainachimery- Scrap Abc cic siGetone. dsc oecc 1.90 .085 -405 .60 
Steel SCLAD fart sersehe Mais es wets cle Cercaigenceis 0.30 .050 .050 200 
IN@o SL Tene erate prism haar tear: Meee eR ere eRe ee 2.90 030 530 84 


Returned scrap, gates, sprues, etc. 


Bearing in mind the increases and decreases of the elements in melting, the following 
method of calculation can be used: Draw from the stock piles quantities of the various 
irons as shown in Table 13. Opposite each iron énter the percentage content of each 
element as Si, S, etc., expressed as points per lb. Multiply the points per lb. of each 
element in each lot of iron by the number of pounds in that lot, and enter the product 
as total points. Divide the sum total points of each element by the total weight of all 
the lots of iron in the mixture. Add to or subtract from the total points of each element, 
the gain or loss of that element in melting. The sum or difference as the case may be is 
the percentage of each element in the iron resulting from the mixture. Note that the 
gain in § is expressed in points and not in percentage as is the case with the other elements. 

A daily record should be kept of all mixtures, on a form similar to Table 13. 

ALLOYS.—At times it is desired to cast alloy-irons. Alloys of Cr, Ni, Mo, Vn, and 
Ti can be had in a form for introduction in spout or ladle. High-silicon irons, as silvery 
iron (8.00 to 10.00% Si) and Bessemer ferro-silicon (12.00 to 15.00% Si), come in pigs 
and are mixed with the cupola charge when higher Si is wanted than is available from stock 
piles. Fe-Si alloy (50% and 80% Si), both lump and ground, also is used to increase Si in 
cast iron. It generally is ground for ladle additions. High-Mn irons, as spiegel (19.00 
to 21.00% Mn), in pig form, is added to the charge in the cupola. Fe-Mn (80.00% Mn) 


~ in lumps is added in the cupola; the ground is form added to the ladle. These alloys are 


used when higher Mn is wanted than is available from stock piles. Fe-Si and Fe-Mn may 
be obtained in briquets which are added in the cupola. 

MELTING LOSSES.—Melting loss is the difference in weight between iron charged 
and that recovered in the form of castings, sprues and other scrap. It is due to oxidation 
of the metal during melting and to & reduction in the silicon and manganese in the iron, 
also by oxidation. Melting loss varies with class of work and with cupola practice. Table 
14 calculated from performances of cupolas, given by Payne, shows the average melting 
loss in 39 foundries doing a variety of work. 

The melting loss frequently appears to be higher than it actually is, due to the weight 
of adhered sand on the pig iron, sprues, etc., and rust attached to purchased scrap. 
Moldenke gives the following percentage figures as the average melting loss of the usual 


Table 13.— Method of Calculating Cupola Mixtures 


Silicon Sulphur Phosphorus Manganese 
Lb. Iron Bee ee a Total | Our? |rTotell lt oe | Total 
Per | Points| Ty | Points| fy, | Points| 4p, Points: 
600 No. 2 Pig 2.10 1260 | 0.032 19.20 | 0.505 | 303.00] 0.64 384 
900 Malleable 1,80 1620 . 033 29.70 165 148.50 ie 675 
750 No. 1 Mchy. scrap 1.90 1425 .085 63.75 .405 | 303.75 . 60 450 
750 Steel scrap 0.30 225) .050 37.50 .050 37.50 i290 375 
3000 = Totals = 4530 150.15 792.75 1884 
Total + 3000 1.51 0.05005 0.264 0.628 
Gain or loss —10% = .151 +0.040 0 — 20% = 0.1256 
Net percentage in iron 1.359 0.09005 0.264 0.5024 
rr —————————————————————————————————————— 


Table 14.— Melting Loss in Various Types of Foundries 
a ee 
Rail- | Floor 


Gen- S F 5 ; 
can Light | Light Heavy Sine Sani- | Agri- monde Plates: 
Job- Ma- Ma- tary | cul- af 

Job- : : : Plate 1 Cast- | Grate 

bine bing | chinery | chinery Ware | tura San5. || Boa 
Number of records....... 4 4 5 4 3 8 5 3 2 
Percent melt in castings..| 83.0 | 74.4 13e9, 73.6 (Pee [hk 7a ¥ ce ; ay foe 

LF It in returns. . 8.8 | 20.0 18.7 20.6 Sash |) PB Ie : i , 

alae bie?) 340 7.4 Syke D4 50 4.8 Bell Lok 


Percent melting loss.... ‘ ; i ; . : 
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Machine-cast pig iron, 0.30; sand-cast pig iron, 1.00; car wheels, 2.00; 


foundry metals: 
2.50; light machinery scrap, 3.50; stove plate scrap, 8.00. 


first quality machinery scrap, 


Special Types of Cupolas 


During the ten years, 1925-1935, remarkable strides were made in increasing the 
efficiency, flexibility and application of the foundry cupola. A few successful types are 
described below. 

THE GRIFFIN HOT BLAST PROCESS was developed by the Griffin Wheel Co., 
Chicago. The distinguishing feature of the system is the application of the recuperative 
principle to cupola operation. Cupola gases at about 1700° F., and containing CO are 
drawn into a duct surrounding the cupola a short distance below the charging door. 
They are burned in a refractory-lined heating chamber in the presence of excess air bled 
from the blast line, raising the temperature to about 1800° F. The burned gases pass 
into either a recuperative or a regenerative preheater and are discharged through a sup- 
plementary stack. Blast air from a positive pressure blower passes around and across 
the ducts conveying the burned gases from the combustion chamber, and thence into the 
main hot blast pipe to the tuyeres. The arrangement of the Griffin cupola embodies a 
continuous pouring spout with an inverted weir for front slagging. The efficiency of 
the hot blast cupola is claimed to be 55%, as compared with a normal efficiency of 37%. 

THE MOORE HOT BLAST CUPOLA is a development of the hot-blast principle 
made necessary by individual requirements, and installed by the American Cast Iron 
Pipe Co., Birmingham, Ala. This comprises 8 vertical pipes in the wall of the cupola 
above the melting zone. These pipes are of low-silicon, high-carbon, low-phosphorus cast 
iron designed to resist heat and abrasion of the coke and iron charges. Blast from a 
bustle pipe around the cupola enters the upper end of the preheating pipes, and passes 
downward, to enter the cupola at the tuyeres. The blast temperature entering the tuyeres 
is estimated at 300° F. 

THE POUMAY CUPOLA. (R. T. Rolfe, Foundry Work and Metallurgy.)—Attempts 
have been made by means of auxiliary upper tuyeres to attain more effective combustion 
by burning the CO formed by the reduction of the initial CO2. In the Poumay system, the 
production of CO in the melting zone is considered advantageous. It aims to induce 
incomplete combustion in the lower part of the cupola, thus avoiding oxidation. The 
arrangement of the regenerative tuyeres in the Poumay cupola causes the fractional 
combustion of CO higher in the shaft to preheat the descending charges, and yield hot 
metal, with low coke consumption. Poumay states that success or failure depends on the 
position, arrangement, and number of regenerative tuyeres. He also claims: 1. All 
useful gases are burned in the cupola below the level of the charging door; 2. Oxidation 
is reduced to a minimum with resulting low metal loss; 3. Melting is rapid; 4. Sulphur 


Table 15.—Dimensions and Operating Characteristics of Cupolas 
(Whiting Foundry Equipment Co., Harvey, II.) 


Shain Thiok| | «| oes a oem ae ac I Air 

Seals re in ee ‘ aa ity, | With Ap in: Blast} Cubic} Blast 

Linin ria : Shell, | Tuy-| Tuy- tons | Upper Upper| Coke | Iron Lime- Pres-| Feet Pipe 
ning, AAning,| Fey per | Tuy- Tavs y |stone|sure,| per |Diam. 
in. in. " ~’| hour | eres ) ° Mi ao 

sq.in. eres Le cd ARs 

18 41/o| 27 2 32 |1/4-1/2 1507) eee 40 400 6 | 7-8 300| 4f 
23 41/g}| 32 4 88 |1/o-1 250) Ve eae 60 600 9 | 8-10} 600} 63/g 
27 41/g| 36 8 | 118 1-2 400 350 80 800) 12 | 810) 1,000] 10 
27 7 4\ 8 | 121 1-2 400 350 80 800} 12 | 8-10) 1,000] 11 3/4 
32 41/o| 41 Sihstzt 3-5 600 500 |100—120) 1200} 18 |10-12} 2,500} 1138/4 
32 i 46 8 | 161 3-5 600 500 }100-120) 1200) 18 }10—-12) 2,500) 14 
37 7 51 8 | 182 5-6 850 650 |140-160] 1600) 25 |10—12| 3,000) 14 
42 7 56 12 | 263 6-7 | 1100 900 |180—200| 2000} 30 |12-14| 3,500} 14 
45 9 63 12 tote 7-9 | 1250 | 1100 |200-—230) 2300) 35 |12-14) 4,500] 17 
48 9 66 12 | 347 | 9-10] 1450 | 1300 |225-250) 2500) 40 |12-14] 5,000] 17 
54 9 Ke 12 | 466 | 10-12) 1900 | 1700 |300—350) 3500) 50 |12—14| 6,000] 181/g 
60 9 78 12 | 546 | 12-14| 2450 | 2100 |350-400} 4000) 60 |14~-16) 7,000] 181/, 
66 9 84 12 | 640 | 14-18) 3000 | 2750 |450-500) 5000) 75 |14-16}) 9,000) 24 7/g 
73) 9 90 12 | 802 | 18-21} 3750 | 3400 |550-600) 6000} 90 |14-16)10,000| 24 7/g 
78 9 96 12 | 919 | 21-24] 4400 | 3900 |650—700) 7000} 100 |14~-16)12,000| 24 7/g 
84 9 102 12 | 919 | 24-27) 5100 | 4650 |750—800) 8000) 120 |14-16)13,500| 24 7/3 
87 10 1/9} 108 16 | 860 | 27-31] 5500 | 5000 |850—900| 9000! 130 |14-16/15,000} 30 


a a I a na ot A ct I ee AA OEE 
* Bed charge of iron the same weight as the other charges. + Two blast pipes. 


b Nios 


_-under 10%. 
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content of metal is reduced; 5. Fuel consumption is reduced. The essential principle of 
the cupola is a row of main tuyeres and a secondary row entering the cupola at varying 
heights. The air for the upper, or auxiliary, tuyeres is taken from the main bustle pipe 
and the volume of air entering each tuyere depends on pressure and resistance. 

THE BALANCED-BLAST CUPOLA—The balanced-blast cupola, developed by 
J. E. Fletcher and patented for use of British Cast Iron Research Assoc. members, differs 
from the Poumay cupola in that primary control is provided for the lower row of tuyeres. 
The upper row is proportioned according to predetermined conditions to provide the 
proper volume of entering air. The main row of tuyeres is placed below the bustle pipe, 
each provided with hand-adjusted valves. The aperture into the cupola slants down to 
reduce the velocity of the entering blast. Closing the valves on the main tuyeres raises 
the pressure of the blast in two or more rows of upper tuyeres. One setting of the main 
valves is said to be suitable for one particular type of, charge, size of scrap, pig iron, fuel, 
etc. J. E. Hurst reports that on a 54-in. balanced-blast cupola, a coke ratio of 18 to 1 was 
obtained with an increase in melting rate from 10 to 14 tons per hr. 

Briquetting Foundry Borings. (A. L. Stillman, Trans. A. F. A., xxvi, p. 493, 1917.)— 
Cast-iron borings charged directly into the cupola have carbon and silicon burned out to 
such an extent that the product approaches low quality white iron. Briquetting the bor- 
ings removes most of the objections to their use in the cupola. A series of tests were made 
at the Baldwin Locomotive Works at Philadelphia, Pa., using the Ronay metal briquetting 
press to consolidate the borings. The borings were compressed under a pressure of 30,000 
lb. per sq. in. into briquettes 5 in. diameter and 7 to 8 in. high, weighing about 28 lb. 
Their density was about 80% of the normal density of iron. Three test mixtures were 
made for miscellaneous castings, and three for castings of locomotive cylinders. The regu- 
lar mixtures in each case were composed of pig iron, scrap and car wheels in varying per- 
centages. The object of the tests was to determine the effect of substituting briquettes 
for varying percentages of these several constituents. The composition, chemical analyses 
and strength of castings from the several mixtures are given in Table 16, the charge in each 


_ease being 3000 lb. From the foundry point of view, and considering the work for which 


the iron was designed, the mixtures containing briquettes were as well, if not better, 
adapted to that work than the regular mixtures. In loading the charge, the briquettes 
were placed on top so that they would not be subject to heavy impact in charging. 

The Southwark Foundry & Machine Co., Philadelphia, has developed an automatic 
hydraulic press to exert a pressure of-600,000 lb. One of these, installed by Dodge Broth- 
ers, Detroit, was followed by installations in other plants operating cupolas and having 
quantities of borings or chips. A 75-Hp. motor, drives the machine at 18 r.p.m., producing 
18 7-lb. briquettes per min. or 3.78 net tons per hr. Borings are fed to the machine from 
a storage hopper by conveyors. Briquettes are removed from the machine to the cupola 
charging deck by conveyors. The cost of briquettes so made in 1929 was $1.91 per net 
ton. Briquettes used are 16.67% of the total melt, being placed on top of each successive 
charge, followed by the coke for the next charge. The briquette melting loss is slightly 
The briquettes do not disintegrate in the melting zone, many partly melted 
being found in the bottom drop at the end of the heat. No difference in percentage of 
good castings made followed the introduction of briquettes. 


The Air Furnace 


THE AIR FURNACE is a hearth furnace with separate fire box and melting chamber. 
The flame passes over the bridge wall, through the melting chamber, the gases sweeping 


Table 16.—Composition of Cupola Charges Using Cast-iron Briquettes 


iain a hatin heat hte ea hihi ee) tH 


Charge Analysis mensle 
C Bri- J Car Pig- | Comb. - Strength, 
REA quettes, Scrap, Wheels,| Iron, |Carbon, P 8, tlP Si, =v lb. per 
Percent Percent Percent| Percent| Percent] ~ °™°°? euce sq. in. 
ous CASTINGS: 
en. Ae eke OS Oy | ODOROOS GO! Ncsyeterersis 40 0.56 | 0.061 IMs 7A) 31,140 
“UhS ANGE lego ssegoIds 408 10 GO ess cuca 30 0.61 0.093 ay? 31,030 
STs tea Oi 2 sioieie =.= eselet oer ois 10 DOVES | avenseereseus 40 0.62 | 0.084 1.64 23,770 
GRAIN Beda dingia cod o 20 DOM ial cicteersiee 30 0.69 | 0.087 1.86 30,850 . 
CYLINDERS: 
dace. ae ‘ a ae paaticioda? eos cubed 50 10 40 0.69 | 0.106 1,24 32,880 
RES GMINOseliajaecywictoia cleteiens 10 50 10 30 0.77 | 0.108 1.24 37,700 
esti N Oueecs,citeeue o lene oi =: 10 40 10 40 1.04 | 0.103 ld 35,310 
Test No. 3 20 40 10 30 13:2) 0.097 Us 32,840 
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the hearth, and thence to the chimney. The gases partially melt the stock, but principally 
heat the walls and roof of the melting chamber to incandescence, radiation from which 
does most of the work of melting and superheating. Fuel and metal are not in direct 
contact, excepting gases and fine ash carried over. Hence, absorption of sulphur is not 
as great as in the cupola. 

The type of air furnace generally used in gray jron foundries for production of high 
grade metal, is short, fairly wide and high, and is charged from the end. It is possible to 
introduce entire cannon, rolls and heavy pieces of scrap. The furnace is built for heavy 
tonnages, 25 tons being an ordinary, and 40 tons an occasional, charge. Natural draft 
generally is used, although powdered coal blown in under pressure also is used. Chimney 
height for natural draft ranges from 60 to 85 ft., 75 ft. being a good average. Good draft 
is necessary for combustion and to carry the gases to the far end of the melting chamber. 
Too much draft causes excessive temperatures in flue and chimney walls, and exposes 
the thin layer of molten iron to oxidation and consequent damage. 

Products generally made in the air furnace include gun iron, chilled and sand rolls, 
steam and gas engine cylinders, and work requiring special physical qualities and great 
strength. 

Cozel Consumption of the air furnace ranges from 40 to 55 lb. per sq. ft. of grate per hr. 
At the latter figure the fires are forced, and unless stack capacity is ample, incomplete 
combustion and considerable waste of fuel result. For example, of two American air 
furnaces, one, burning 53.5 lb. of coal per sq. ft. of grate surface per hr., melted 3.65 lb. of 
iron per lb. of coal; the other burned 51.3 Ib. of coal per sq. ft. of grate per hr. and melted 
9.30 lb. of iron per lb. of coal. The same furnaces, each melting 22-ton heats, and burning 
44 lb. of coal per sq. ft. of grate per hr., had ratios of 4.00 and 2.75 lb. of iron per Ib. of 
coal, respectively. 

COMPARISON OF AIR FURNACE AND CUPOLA.—Moldenke (Principles of Iron 
Founding) compares the air furnace and cupola as follows: 1. Air furnace iron is stronger 
and better than cupola iron. 2. With good coal, air furnace iron will be lower in sulphur. 
Compared with the best cupola practice, the air furnace has no advantage in oxidation; 
silicon drop in the cupola is 0.20, against 0.30 in the air furnace. The cupola usually is 
not run on low-silicon mixtures except for malleable castings, with great attention to 
melting to avoid oxidation. 3. The air furnace permits changing composition of the iron 
before tapping, an impossibility with the cupola. 4. The air furnace permits reduction of 
total carbon by addition of steel to the charge, up to 30%. This is not possible with the 
cupola, in which the steel absorbs carbon, the resulting total carbon in the iron being 
uncertain. 5. A large tonnage is available in one tap from the air furnace; severa: cupolas 
operated at the same time are necessary for the same tonnage. 6. The air furnace can use 
large heavy pieces of scrap which cannot be handled and melted in the cupola. 


Powdered Coal Furnaces 


THE BRACKELSBURG FURNACE is a horizontal cylinder, with removable conical 
ends, giving access for relining and repair. It rotates at 15 ft. per min. in a tilting cradle, 
tires on the drum engaging power-driven rollers on the cradle. For charging or pouring it 
may be tilted 50°. The furnace burns 170-mesh powdered coal, in a burner directed into 
the end of the furnace when in melting position. The air pressure is 10 to 13 in. of water. 
A stack carries combustion products and ash out of the building. Recuperators may be 
used with this furnace. The advantages claimed are temperatures of 2700° to 2850° F., 
capable of advance to 3100°, with a preheater; rotation of the melting charge promotes 
thorough mixing, uniformity, and high quality. The ratio of air to fuel on a 2-ton furnace 
is given as 3 to 1 when cold, increasing to 5 tol. <A ratio of 6 to 1 is claimed for larger 
furnaces. 

THE SESCI FURNACE, developed by Societe des Entreprises Speciales de Chauffage 
Industriel, Paris, is a rotating unit using a powdered fuel. The cylindrical furnace, of 
steel plates, angles, cast steel rings and end plates, rotates on rollers, driven at one end 
by a reversible electric motor through a chain drive. Rotation in either direction is 
from 20 to 360°. The fuel is 200-mesh powdered coal, fed by a screw distributor into a 
hot air pipe. The fuel, intimately mixed with preheated air, enters the burner, and 
thence the end of the furnace. Hot gases from the furnace preheat the air to 1100° F, 
An operating economy of 20% due to preheating is claimed. A melting temperature of 
3270° F, is attainable, which permits pouring metal at 2900°. Fuel consumption is given 
as 16% for pig iron of 2.5% C, 1% Si. An English operator of several Sesci furnaces uses 
bituminous coal at the start of the heat, and changes to anthracite when the temperature 
of the entering blast is 390° F. Four furnaces supply 22 tons of iron, using an 80% scrap 
charge. A 5-ton furnace melts in 110 min. while 10-ton furnaces require 2 hr. The capacity 
of the battery of four furnaces is 80 tons per 8-hr. shift. The high temperature, and, in 
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effect, superheating, together with production of low carbon iron from steel scrap by con- 
trol of carbon, recommends this furnace for close chemical requirements. 


The Electric Furnace 


THE ELECTRIC FURNACE for melting gray iron permits closer control of analyses 
and superheating; it also allows small heats to be made quickly and intermittently. 
Direct and indirect arc-type furnaces are used, both to melt down from cold stock and 
to refine molten metal from the cupola. Availability of inexpensive scrap, as borings 
and turnings, power rates and other economic factors influence the use of electric furnaces. 
The main advantages of electric furnace melting, according to L. J. Barton (Refining 
Metals Electrically) are: a. Superheating: lowers percentage of lost castings; improves 
appearance and solidity of castings; decreases size of heads, due to greater fluidity of 
metal; saves iron and labor by decreasing pig and ladle skulls; causes cleaner metal to 
enter the mold, as impurities tend rapidly to clear themselves from fluid iron, resulting in 
lower losses from sand and slag spots; gives iron of higher quality and strength. b. Refin- 
ing: deoxidizes the iron, an advantage as great as if steel were being cast; lowers sulphur 
to any desired point, thus requiring less manganese. c. Composition: iron of analyses 
of absolute regularity can be made; low phosphorus irons can be melted and easily cast; 
large proportions of steel can be used to give irons of widely varying characteristics. 
d, Economic: pig iron can be eliminated from the charges; scrap, such as borings, may be 
used with insignificant losses; foundry is independent of quality of coke supply; large 
pieces impossible of cupola melting may be charged. 

Costs.—N. L. Turner (Trans. A.F.A., vol. xxxviii, p. 749, 1930) reports on the 
operation of a 3-ton, direct-arc furnace utilizing cast-iron borings, shop scrap and steel 
clippings with alloy additions, with a cost of iron at the spout of $23.71 per ton. Of this 
cost $11.32 covers metal and alloys; $1.14 labor; $5.25 power; $2.09 electrodes; $0.60 
refractories; $1.13 melting loss. The remainder covers water, laboratory investment and 
depreciation. The metal is poured into stove plate of comparatively high C and Si content. 

Reclamation of Sheet Scrap Material by a plant producing gray iron castings is a 
factor recommending the electric furnace. Edwin Bremer (The Fdry., Nov. 15, 1930) 
describes the application of a rocking type, indirect-are furnace, utilizing soft steel scrap 
of 3 to 4% Si. A high grade gray iron is made by treating the charge in the furnace with 
petroleum coke to increase C. A wide range of C and Si analyses is possible. Tests of 
the castings range from 23,000 to 40,000 lb. per sq. in. tensile, with Brinell from 163 to 202. 

High Quality Electric Furnace Castings.—An example of the use of the electric furnace 
induced by demand for higher quality is provided by H. E. Bromer (Trans. A.F.A., vol. 
xxxix, p. 585, 1931). A 3-ton direct-arc furnace operates in duplex or independently, as 
the character of castings demand and operating conditions permit. In duplexing, the 
electric furnace charge is a bath of 15,000 to 18,000 lb. from periodic taps of the cupola. 
Approximately 1 1/2 hr. after the cupola is in blast, the electric furnace is tapped; up to 
1200 Ib. of metal are taken out every 5 to 6 minutes. Cupola metal is charged inter- 
mittently into the electric furnace. Operation is continuous, the electric furnace acting 
as a refining and superheating medium for the cupola. 

For restricted operation, the electric furnace melts cold stock, comprising cast-iron 
borings, cast scrap and steel scrap. Power consumption for continuous cold melting 
averages 540-550 kw-hr. per ton; graphite electrode consumption slightly over 12 lb. 
per ton. Refractory life, while duplexing, was a total of 800 tons of metal melted before 
roof was replaced; 1204 tons were melted with the side walls replaced at the same time. 
Average figures are 600 tons for a roof and 1000 tons for side wall linings. 

The main factor in the operation of this furnace was the high quality and uniformity 
of automotive castings attained. Average tensile strength of unalloyed iron was approx- 
imately 40,000 Ib. per sq. in. on test specimens machined from 1 1/4 in. round bars. The 
average for low Ni-Cr iron was practically the same, while high Ni-Cr iron showed aver- 
age tensile strength of 45,000 lb. per sq. in.; a molybdenum iron averaged 50,000 lb. per 
sq. in. With electric furnace iron, variation in Brinell hardness taken at various points 
on cylinder bore, on borings and on flanges varied only approximately 15 points. Impact 
tests showed the electric furnace iron to have approximately twice the impact strength of 
cupola iron of similar analysis made for a similar class of castings. 

THE ACID PROCESS of melting gray iron in the electric furnace offers only the 
qualities of superheating. It is unable to desulphurize or deoxidize by the use of slag 
baths, its power of eliminating bases being a function of its silicon. The regularity of 
composition may be considered as fair only, due to rapid changes of Si in the metal, 
especially at higher temperatures. It offers certain. economic advantages of cheapness, 
and ability to use certain classes of scrap inapplicavie to cupola melting. Its use is lim- 
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ited, and there seem to be no points which should warrant any great increase. For regular 
operations on iron, Barton does not recommend the acid furnace, the basic process offering 
far greater advantages. 


4, CONDITIONS AFFECTING QUALITY OF CASTINGS 


HEAT TREATMENT OF GRAY IRON.—(J. W. Bolton, The Foundry, March, 1933.) 
A knowledge of graphitization and reactions of metalloids is prerequisite to intelligent 
heat treatment of cast iron. For maximum softness the temperature of pearlitic cast iron 
must be carried above the transformation range (1325° to 1340° F.), and cooling through 
and to, say, 200° F. below this range must be slow. Such treatment produces a material 
composed almost wholly of ferrite and graphite. To harden, it is necessary to heat con- 
siderably above the transformation point and to quench rapidly. 

When cooled rapidly or chilled, the cementite-austenite structure is shown. Irons of 
this structure, called white irons, are intensely hard as cast. Mottled irons lie between 
white and gray irons. They contain both cementite and graphite, as well as austenite (or 
at room temperatures) martensite or pearlite. To soften such irons usually requires an 
annealing temperature higher than is needed for straight gray iron. 

Black graphite flakes, which are soft and non-tenacious, weaken the matrix of the iron. 
They are one of the structural features that distinguish gray iron from steel. The amount, 
size and distribution of graphite flakes are major controlling factors determining many 
physical properties of gray cast irons. Control of graphite is important. 

A pearlitic matrix is characteristic of most gray irons. Alternate lamelle of cementite 
and ferrite, and the general resemblance of this structure to pearlite in steel may be noted 
in micrographs. ‘The ferrite is similar to that in pure iron and low-carbon steel. 
Martensitic structure is obtained by proper quenching. 

The foregoing statement of the principles underlying heat treatment of cast iron has 
been confined largely to rather pure iron-carbon alloys. Commercial cast irons are alloys 
of Fe, C and Si, plus Mn, P, and §, and in many cases alloying elements, as Ni, Cr, Mo, etc. 
In some cases the proper use of alloys facilitates heat treatment by quenching. Lowering 
of critical range, some stabilization of carbides, and lowering of critical quenching speeds 
are definite advantages that frequently result in easier manipulation, less drastic treatment, 
and probability of greater toughness in the finished product. On the other hand, carbide 
stabilizers as chromium and molybdenum, may make annealing difficult. The influence 
of the various elements on heat treatment is summarized below: 

Silicon in cast iron may range from below 1% to possibly 3%. It is.a graphitizing 
element. For a given section the amount of graphitization, i.e., the relative percentages 
of graphite and combined carbon, can be controlled by adjustment of Si. Si also lowers C 
required for the eutectic, changes the pearlitic transformation range, and in other ways 
modifies the properties of the iron. 

Sulphur, Phosphorus, and Manganese may be neglected, as regards heat treatment, 
except that in sufficient amounts, Mn depresses the critical range. 

Nickel, in amounts up to slightly over 1%, has a mild graphitizing action and does not 
interfere with annealing. It lowers the critical range and decreases critical quenching 
speed. Lowering of the critical point by nickel is so marked that at from 4 to 8% Ni, 
cast iron will be largely martensitic, and at 18 or 20% Ni it is largely austenitic. 

Chromium is a carbide stabilizer, tending to inhibit graphitization. It is said to raise 
transformation range, but to decrease critical quenching speed. 

Molybdenum is a carbide stabilizer, lowers transformation range and decreases critical 
quenching speed. 

General Precautions in heat treating of cast iron must be observed, as follows: 1. For 
good results, the original castings must be close grained material, of say 2.70 to 3.20% C, 
with a largely pearlitic matrix, 7.e., combined carbon, 0.50 to 0.70. Coarse, open-grain 
jrons do not heat treat well. High-carbon, high-silicon irons should be avoided. 2. All 
cast irons are relatively non-ductile. Cold castings, particularly complicated shapes, 
placed in a hot furnace are likely to crack. Preheating to 500° or 600° F. is advisable. 
3. Drastic quenching treatments are to be avoided. Quenched castings must be drawn 
to maintain toughness. 4. In quenching treatments, long holding at high temperature 
will cause trouble. 

: The principal commercial heat treatments applied to gray cast irons are: 1. Normaliz- 
ing, aging, or low temperature annealing, to relieve internal stresses. 2. Dead or softening 
annealing to increase machineability. 8. Quenching and drawing to increase hardness 
and wear resistance. 4. Nitriding. For chilled or mottled irons a fifth type of annealing 
Chilled iron anneal, is used. : 
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; Low Temperature Anneal.—Many castings, particularly those of uneven section, have 
internal stresses, which, if not relieved, cause warping and, in extreme cases, cracking. In 
precision work, earlier practice allowed the castings to age from a few days up to several 
months. This practice took time and was not always effective. Other castings are used 
at fairly high temperatures and must maintain their dimensions under operating conditions. 

Low temperature annealing or quick aging to remove internal stress comprises heating 
to about 900° F., holding from 1 to 8 or 10 hr., and cooling slowly to below 450° Rey ata: 
the furnace. The metal is made plastic enough to relieve internal stresses without enter- 
ing the temperature range of graphitization. In most close-grain irons graphitization at 
900° F. is slow, hardly appreciable over a few hours. With open-grain irons it may be 
desirable to drop the temperature to 800° F. This type of quick aging causes little change 
in the physical properties of the metal. To obtain a slight softening as well as stress relief 
the temperature may be raised to 1000° F., or even to 1150° F., depending on time and on 
amount of softening desired. Softening usually results in a slight loss of tensile strength. 

Softening Anneal.—Dead or soft annealing of gray iron requires heating above trans- 
formation point, holding long enough to allow complete penetration of temperature, and 
cooling slowly to well below the pearlitic transformation. Annealing temperature usually 
is about 1450° F., followed by slow cooling to 900° F. or under. In the presence of certain 
alloys it may be necessary to increase the temperature, time, or both. Dead annealed cast 
iron is soft, usually about 120-140 Brinell, depending on total carbon and Si. In presence 
of alloys, hardness may be somewhat higher. Dead annealed cast iron is easily machined. 
Its strength usually is 10 to 25% lower than that of the original cast metal. Too high 
annealing temperature, or too long annealing time, or both, may cause graphite grain 
growth, with consequent detriment to properties of the metal. 

QUENCHING TREATMENTS.—Completely chilled irons usually require higher 
annealing temperatures (1600° to 1750° F.) than gray irons. Several hours may be required 
to fully break up the cementite. Castings with small chilled spots in fins, small sections, 
etc., often cause trouble. To eliminate hard spots it is necessary to anneal at 1450° F., and 


sometimes at higher temperature. The correct temperature and time is a matter of 


experiment. An anneal with slow cooling will break down the desirable pearlitic matrix, 
resulting in softness and loss of strength in the body of the casting. No definite rules can 
be given for retention of maximum physical properties, but it may be necessary to follow 
the high temperature period with a quench and draw. If a mottled iron or a white iron 
be properly treated, it is possible to produce so-called semi-malleable. For semi-malleable, 
the maximum annealing temperature may be 1700-1750° F. After soaking 3 hours, the 
castings are cooled in the furnace to about 1400° F. They then may be air quenched, oil 
quenched and drawn, or cooled in the furnace, depending on result desired. 

If a low-carbon, low-silicon iron (2.00-2.50% C, 1.00-1.50% Si) is used, it is possible 
to produce material well over 60,000 lb. per sq. in. tensile strength, or even over 75,000 Ib. 
per sq. in., and also to obtain some ductility. Brinell hardness may be from 150 up, 
depending on the iron and on the quench used. 

The high temperature anneal, and in mottled iron, the presence of graphite flakes as 


“cast, leads to carbon formations intermediate between the flakes of gray iron and the 


nodules of true malleable. 

Quenching treatments usually comprise heating to about 1500° F., holding just long 
enough for complete heat penetration, and quenching, usually in oil. Air quenching usu- 
ally is so slow that instead of hardening, actual softening of metal may occur. Water 
quenching often is too drastic and the metal may be made excessively brittle. The danger 
in quenching cast iron is graphitization. If the treatment produces more graphite and 
less combined carbon, the desired hardness will not be attained. The presence of an 
increased amount of graphite often both embrittles and weakens the metal. 

Precautions and Procedure that will give best results in quenching treatments are: 
Metal must be close-grained, reasonably low in C and Si. Sometimes the addition of 
so-called carbide-forming elements, Cr and Mo, is advantageous, tending to prevent ex- 
cessive graphitization during heating and quenching. These, with Ni, are said to lower 
critical quenching speed. As arule, strength and particularly toughness of gray cast iron 
is impaired by quenching. The original strength and toughness is regained or exceeded by 
proper drawing or tempering. Drawing above 350° F. decreases hardness and imGrensee 
strength and toughness. Both usually are regained fully by drawing at 500 to 600° F., 
and commonly are increased considerably by drawing to as high as 1000° F. Strength 
and shock resistance may be increased as much as 50%. Hardness is greatest in the as- 
quenched condition. It decreases progressively as drawing temperature increases beyond 
350 or 400° F., and is not fully lost until drawing temperatures are quite high. Thus, an 
iron 2.70% C, 200 Brinell, in the as-cast condition approaches 500 Brinell when quenched 
in oil from 1500° F. When drawn at 1050° F. for 2 hours, it still retains about 275 Brinell, 
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The usual range of hardness obtained by treatment of machinable castings is 400 to 
500 Brinell. Properly quenched and drawn cast iron has a fine, almost silky, grain, 
much lighter in color than the fracture of regular gray iron. It has excellent wear resist- 
ance, both in metal-to-metal wear and under mildly abrasive conditions. Heat-treated 
cast irons retain the resistance to galling and seizing characteristic of regular gray irons. 

NITRIDING sometimes called ammonia hardening, has been applied successfully to 
special cast irons. The process comprises heating for 2 1/2 to 4 days at 900 to 1000° F. 
in an atmosphere of anhydrous ammonia. The cast iron commonly used contains about 
1.5% Cr, 1.5% Al, and total C of 2.50 to 2.75%. Itis claimed that if V is added Al can be 
eliminated. Cast irons of this Cr and C content are quite likely to air harden. The usual 
practice is to anneal before machining. The castings then are hardened, drawn, and 
nitrided. Surface hardness equivalent of 800 to over 900 Brinell is claimed. 

HARDENED CAM CASTINGS should be made of so-called semi-steel, containing 
approximately 15% steel. Si should be adjusted to section of casting. Assume the cam 
to be a plain casting approximately 1 in. thick and to be machined. The recommended 
composition is: T.C., 3.2; Si, 1.0-1.2; Mn, 0.5-0.7; P, 0.15-0.2; 8, under 0.08. To 
harden, the cam should be warmed throughout to 300° F., rapidly heated to 1530-1550°F., 
and held at this temperature for 30 min., or until uniformly heated. It is then carefully 
lowered into water at 80-90° F., cooled to about 300° F., and then immediately placed 
in hot oil at 400° F. It is held at 400° for 30 min. to 1 hr., to remove strains and avoid 
cracking. This treatment gives a Brinell hardness of 500. If greater hardness is required, 
the cam is quenched in clear cold water, and while still steaming, is placed in oil at 350° F., 
for 30 min. This treatment tends to cause warping, and unless skillfully done will cause 
cracking. A Brinell hardness of 400 to 450 may be obtained by quenching in cold oil, 
withdrawing from oil when the casting is at about 300° F. This treatment will avoid 
warping. 


5. STEEL CASTINGS 


DEFINITION.—Cast steel is an alloy of iron C, Mn, Si, and other elements, which 
is malleable, at least in some one range of temperature, and is cast into an initially malle- 
able mass, or is capable of hardening greatly by sudden cooling, or is both so cast and so 
capable of hardening. Castings are solidified from the molten state in molds. 

USES.—Cast steel products range in section thickness from 1/4 in. to 4 ft., and weigh 
from a few ounces to many tons. The extreme size recorded (1937) is over 200 tons. 
Within the extremes of size and weight an infinite variety of shape and dimension is 
possible in cast steel. A classic example is a unit casting embodying a locomotive and 
tender frame complete with integral cylinders, cast in one piece with an overall length 
of 65 ft. 

CLASSES.—Steel castings mainly may be classified as carbon cast steels and alloy 
cast steels. Plain carbon cast steels (C. H. Lorig and C. E. Williams, Proc. A.S.T.M., 
vol. xxxii, Pt. 2, p. 114, 1932) contain 0.50 to 0.90% Mn, 0.20 to 0.70% Si, and 0.05%, or 
less, of Sand P. Carbon cast steels are divided into three grades: regular, from 0.22 to 
0.35% C; low carbon, less than 0.22% C; high carbon, containing more than 0.35% C. 

SPECIAL ALLOY STEEL CASTINGS.—(R. A. Bull. A.S.M.E., 1932.) Many 
combinations of alloys commonly used are possible by introducing as many as eight dif- 
ferent elements. Besides the range of properties attainable through these elements, a 
variety of heat treatments, varied with each of the different alloy additions is possible. 
For example, satisfactory results from steel castings may be attained when the metal 
contains elements as low and as high as the following: C, 0.05-3.00%; Mn, 0.05-4.00%, 
and 10 0-15.0%; Si, 0.08-3.00%; Ni, 0.15-35.00%; Cr, 0.15-30.00%. The interval 
between the low and the higher range of manganese represents unexplored territory. 
The lower range materials are classified as pearlitic or sorbitic and those in the higher 
range as austenitic manganese steel. 

The proportions of Ni and Cr represent variable quantities added either for improving 
structural properties, or for specific avoidance of corrosion under extreme conditions of 
temperature and corrosive elements. The complexity of alloy cast-steel properties and 
applications is indicated by the fact that 15 different heat treatments may be applied in 
one day to the output of a foundry making numerous alloy steels. These vary from full 
annealing, to normalizing, drawing, tempering, quenching in different mediums, and do 
not include such specialized treatment as carburizing or nitriding. In alloy cast-steel 
production the proper application of heat treatment is a vital consideration. 

MELTING MEDIUMS.—Cast steel may be produced in crucibles, converters, open- 
hearth and electric furnaces. Since 1925, but small quantities of steel castings have been 
made in the crucible and converter. The choice of the open-hearth or electric furnace for 
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plain carbon steel depends on quantities. Satisfactory special alloy castings can be 
made from the open-hearth, but the electric furnace, due to flexibility and small size 
requirements, generally is used for alloy-steel castings. 

The Open-Hearth Furnace for steel castings differs mainly in size from that used for 
structural steel ingots. The metal melts in a chamber into which flame from gas, oil, or 
in some cases, coal, is applied directly to the bath. Metal is charged through along one 
side of the furnace. Metal is tapped through a centrally located outlet on the opposite 
side. The roof arches transversely to the length of the furnace. Roof and sides are of 
highly refractory brick to withstand temperatures of 3000° F. or more. 

Steel foundry open-hearth furnaces range from 10 to 40 tons capacity. A few are in 
operation as low as 5 tons, and as large as 60 tons. In acid furnaces, the lining is silica 
brick, with a 1- to 2-ft. bottom of silica sand under the bath. Basic linings are of magnesia 
brick, with a bottom of magnesite. ; 

In acid melting, less than half the charge is pig iron; the remainder is steel. Oxidation 
of carbon in the charge is due to the SiO» and Fes O; of iron ore which is added to increase 
this action. Oxidation of manganese and silicon raises: the temperature. Sulphur and 
phosphorus are not reduced, and the use of scrap is limited to grades which do not have 
these elements in excess. In operation, carbon is removed below the desired final product 
and the total raised by additions of ferromanganese and ferrosilicon. 

Basic melting is used for products in which high percentages of P and S would be 
deleterious. Additions of limestone with a large percentage of CaCO; provide the chemical 
reaction with Mn on P and S. In both basic and acid practice, ladle additions will accu- 
rately control the chemical elements. 

The Electric Furnace uses both acid and basic linings. The character of available 
scrap influences the choice of lining. The acid process, due to speed and economy, is used 
whenever possible. The basic lining is essential in production of manganese steel and, 
due to its deoxidizing features, is of value in recovering costly alloys, as Cr, Mn, V, Mo 
and Ni. A melt may be held in the basic furnace for a longer period without change in 


_ regularity of composition. 


The acid process is favored for plain carbon steel castings. Higher power input is 
possible with shorter melting period than in the basic furnace. Considerations of lining 
cost, lower electrode consumption and other factors are important. 

The arc type furnace is commonly used. For special alloys, and also to make heat- and 
corrosion-resistant alloy castings, electric induction furnaces up to 1000 lb. capacity are 
used. 


Carbon Steel Castings 


LOW-CARBON STEEL CASTINGS (C. H. Lorig and C. E. Williams, Proc. A.S.T.M., 
vol. xxxii, Pt. 2, p. 114, 1932), according to the previous classification, do not respond to 
heat treatment except in refinement of grain structure and improvement in ductility. 
They range in tensile strength from 42,000 to 70,000 lb. per sq. in., with an elongation 
from 15 to 30%. The carbon content makes this grade of casting particularly applicable 


~ to electrical equipment. Such steel also is used for annealing containers, ladles and other 


heavy parts subjected to high temperatures. Higher carbon grades are more suitable 
for structural purposes. 

REGULAR-CARBON CAST STEEL.—Plain carbon steels, 0.22 to 0.85% C, comprise 
the largest portion of steel castings made. Tensile and other strength properties of plain 
carbon castings may be varied over a wide range by proper heat treatment. Tensile 
strength ranges from 60,000 to 80,000 Ib. per sq. in.; elongation from 20 to 30%; reduc- 
tion of area from 20 to 40%. To develop mechanical properties, castings should be heat 
treated by quenching and drawing if design permits. After such treatment, regular 
carbon steel castings often equal those of some special annealed alloy steel. Endurance 
properties developed by Prof. H. F. Moore show a ratio from 40 to 50%. The magnetic 
properties of regular carbon steel permit its use in moving parts of electrical equipment. 
Tensile strength of regular carbon cast steel increases to a maximum at 400° to 600° [ni 
while elastic limit and yield point decrease. A limited number of tests show only slight 
embrittlement at low temperatures. This grade of steel castings is used widely in railroad 
service, machine building, automotive industry, decorative and ornamental work, and, 
to a limited extent, in chemical and refinery service at high temperatures and pressures. 

HIGH-CARBON CAST STEEL, 0.40 to 0.90% C, develop superior properties when 
annealed or quenched and drawn. Tensile strength varies from 70,000 to 120,000 lb. per 
sq. in.; elongation from 3 to 20%; reduction in area from 8 to 40%. High-carbon steel 
castings, properly heat treated, may be used where high strength and toughness are 
desired, as in roll and die tool manufacture, machine tools, automotive, contractors’ and 


railway equipment. 


20-24 FOUNDRY PRACTICE 


MEDIUM MANGANESE CAST STEEL. (Lorig and Williams, Proc. A.S.T.M., 
vol. xxxii, Pt. 2, p. 143, 1932.)—Additions of small percentages of Mn do not constitute 
alloy steel according to foundrymen’s interpretation of such terms. John Howe Hall 
describes these lower Mn steels as divided into pearlitic Mn, intermediate Mn, and high 
Mn steel. Hadfield, or regular, Mn steel contains 12% or more Mn and more than 1% C. 
Steels of low Mn are used where high strength with great toughness is essential. The 
tensile strength and elastic limit increase slowly ‘with Mn, while elongation and reduction 
of area decrease. According to Zuege, cast steels with 1.35 to 1.55% Mn and 0.27 to 0.37% 
C, have a tensile strength, 95,000 lb. per sq. in.; elongation, 20% in 2 in.; reduction in 
area, 40%, when normalized at 1650° F. The same steel normalized at 1650°, drawn at 
1250° F., shows 85,000 lb. per sq. in. tensile strength; 24% elongation; 45% reduction 
of area. A slight decrease in both C and Mn increases toughness but lowers strength. 

The customary range of analysis of medium Mn cast steel that can be treated by 
quenching in oil or water and drawing, or normalizing and drawing, is: 0.20 to 0.40% C; 
0.20 to 0.50% Si, and 1.10 to 2.00% Mn. When properly heat treated, these grades are 
ductile, with high tensile properties and resistance to abrasion. 

Addition of Mn to Ni steels, using 1.00 to 1.75% Ni and 1.00 to 1.50% Mn, with C 
from 0.30 to 0.40%, gave tensile strength, 80,000-90,000 lb. per sq. in.; elongation, 
18-23%; reduction of area, 28-33%. These values are increased by proper heat treatment. 

NICKEL CAST STEELS (Lorig and Williams, Proc. A.S.T.M., vol. xxxit, Pt. 2, 
p. 161, 1932).—Cast steel with C, 0.10 to 0.60%, and Ni, 0.5 to 5.0% are characterized 
by high strength and elastic limit, ductility and resistance to impact. Tensile strength 
may be 75,000 to 110,000 lb. per sq. in.; elongation, 7 to 26%; reduction of area, 5 to 
50%, depending on heat treatment followed. 

To develop high impact and fatigue resistance in steel containing 0.20% C (max.), 
2.0% Ni (min.), 0.60 to 0.90% Mn, 0.15% Si (min.), the following heat treatment is 
adopted: Heat 2 hr. per 1-in. thickness at 1750° F., with air cooling; normalizing 1 1/2 hr., 
per l-in. thickness at 1500-1550° F.; draw at 1100 to 1250° F., with furnace cooling. 
Such treatment gives tensile strength 75,000-85,000 lb. per sq. in.; elongation, 23 to 82%; 
reduction of area, 45 to 65%. 

Low-carbon nickel steels are used in many locomotive castings to resist impact and 
fatigue, and in mining and excavating machinery, marine and rolling mill service and 
for bridge castings. 

WICKEL-MOLYBDENUM CAST STEEL.—The hardening tendencies of Ni steel 
are increased by small quantities of Mo, (Lorig and Williams, Proc. A.S.T.M., vol. xxxii, 
Pt. 2, p. 163, 1932). Such steels require normalizing and tempering to develop best 
impact and ductility values. Castings with 0.25 to 0.30% C, 0.60 to 0.80% Mn, 1.25 
to 1.50% Ni, 0.30 to 0.35% Mo, show tensile strength 85.000 to 90,000 lb. per sq- in.; 
elongation, 22 to 25%; reduction of area, 45 to 50%. N -Mo steel castings are recom- 
mended for service at high temperatures. 

MOLYBDENUM CAST STEEL.—Molybdenum increases the tensile strength of 
heat-treated steels containing more than 0.30% C. Its high yield point at elevated tem- 
peratures is characteristic. Molybdenum-steel castings are used in rolls, turbine housings, 
and where high tensile strength is required. Due to its air-hardening characteristic 
molybdenum gives good results in large castings which cannot be quenched in liquid, but 
which must have hardness to resist abrasion. 

MANGANESE-MOLYBDENUM CAST STEEL.—Heat-treated Mn-Mo cast steels 
with 0.20 to 0.40% Mo, 1.0 to 1.75% Mn, 0.30 to 0.40% C, range from 90,000 to 160,000 
lb. per sq. in. tensile strength; elongation, 14 to 30%; reduction of area, 40 to 60%. 
The Mn-Mo steels have a marked tendency to air harden. Unless properly heat treated, 
ductility and toughness are decreased. 

CHROMIUM-NICKEL CAST STEELS (Lorig and Williams, Proc. A.S.T.M., 
vol. xxxii, Pt. 2, p. 177, 1932), with 0.28 to 0.60% C, 0.60 to 0.87% Mn, 0.66 to 1.60% Cr, 
and 1.00 to 2.85% Ni, with various heat treatments, range from 100,000 to 202,000 lb. 
per sq. in, tensile strength; elongation, 6 to 23%; reduction of area, 10 to 52%. The 
distinct advantage of this class of alloy steel castings is the improvement in properties 
made possible by proper heat treatment. Zuege reports normalized and drawn Cr-Ni 
steel at slightly higher yield points and tensile strengths than normalized Mn carbon 
steel, but with lower ductility. Rapid quenching emphasizes the hardening and strength- 
ening effects of Cr and Ni. Cr-Ni steel may be hardened to a higher Brinell than Mn 
carbon steel. Fatigue resistance is high, and Cr-Ni cast steels give satisfactory strength 
at high temperatures. They have good mechanical properties which may be developed by 
simple annealing. Proper heat treatment, however, improves these properties. Medium 
carbon Cr-Ni steel gives excellent service under wear. Castings are adapted to use as 
grousers or tracks for caterpillar treads, chain belt parts, rolling mill rolls, oil refinery and 


AUSTENITIC MANGANESE-STEEL 20-25 


other machinery. The resistance of these steels at high temperature and their corrosion- 
resistant properties adapt them to use in chemical and refining industries. The addition 
of Mo to Cr-Ni steel does not affect its mechanical properties, but improves machin- 
ability and develops air-hardening characteristics. 

PEARLITIC STEELS (Fred Grotts, Proc. A.S.T.M., vol xxxii, Pt. 2, p. 197, 1932).— 
Cast medium pearlitic steels, when normalized, consist principally of pearlite. They 
contain a small amount of special material as Ni or Si dissolved in the ferrite, which may 
be combined with carbon as cementite, as a double carbide of iron and of the special 
element, or may be partially in solution in ferrite with Mn, Cr, W, V, or Mo. Pearlitic 
steels have higher yield point and ductility and greater hardness than plain carbon steel. 
Pearlitic carbon steels containing 0.40 to 0.50% C are used in wheels, rails, cutting tools, 
gears, tractor shoes, dies, etc. 

Adding small quantities of Mo to pearlitic steels increases yield point and toughness. 
Average properties of 0.30-0.40% C pearlitic steel with 0.30-0.40% Mo, fully annealed, 
normalized and drawn, are: Tensile strength, 83,200 lb. per sq. in.; yield point, 58,100 
lb. per sq. in.; elongation, 21%; reduction of area, 33%. 

Adding 0.10 to 0.20% V gives average properties of: Tensile strength, 91,500 lb. per 
sq. in.; yield point, 58,500 Ib. per sq. in.; elongation in 2 in., 28.5%; reduction of area, 
50.5%: 

From 0.75 to 1.00% Cr added to the same range of carbon in pearlitic steel results in: 
Average tensile strength, 95,000 lb. per sq. in.; yield point, 55,000 lb. per sq. in.; elonga- 
tion in 2 in., 18%; reduction of area, 31%. Additions of Cr increase hardness and are 
recommended for castings subject to abrasion, to water corrosion and high operating 
temperatures. 

While Mn is added as a deoxidizer, it also alloys in pearlitic steels. Medium Mn 
pearlitic steels contain 0.30 to 0.40% C, and range from 1.05 to 3.00% Mn. Tensile 
strength range, 80,000 to 117,000 lb. per sq. in.; yield point, 40,000 to 65,000 Ib. per 
sq. in.; elongation in 2 in., 18 to 32%; reduction of area, 31 to 60%. After drawing, 
medium Mn steels should be air cooled and sometimes quenched. Pearlitic Mn steels 

‘ have low yield point and impact values in full annealed condition. These properties are 
improved by the addition of other elements such as V, Mo, Zr, etc. 

CORROSION-RESISTANT STEELS (Jerome Strauss, Proc. A.S.T.M., vol xxxii, 
Pt. 2, p. 213, 1932) are available to resist attack of polluted atmosphere, natural water, 
sea water, crude petroleum and other.chemicals at atmospheric and elevated temperatures, 
air and furnace gases and molten salt and metals. They are alloys of iron and chromium 
which with the introduction of C, Si, 8, Mo, W, Ti, V, and Ni acquire specific properties 
for designated purposes. For a given content of C, corrosion resistance increases with Cr. 
Finely divided sulphides sometimes are added to improve machinability, while Ni up to 
2% reduces grain size, improves shock resistance and slightly increases corrosion resistance. 
Si up to 2% improves casting qualities and adds to corrosion resistance. 

Cr steels resist well oxidizing acids, and gases, and sulphur-rich gases, at high tempera- 
tures, but are unsuited to high stresses at high temperatures, or to numerous and sudden 

’ variations in stress or temperature. High Ni-Fe-Cr alloys are unsuited to sulphur-rich 
gases at high temperature, but may be satisfactory at moderate temperatures with reduced 
sulphur compounds. They are valuable for resisting great stress at high temperature and 
sudden changes in stress and temperature. Some of these alloys are almost immune to 
oxidizing acids and quite resistant to Hz SO,4, while others show oxidation resistance to a 
greater degree than plain Cr steels. Practical tests, under severe conditions, indicated 
prior to 1930 that a medium-carbon alloy containing Si, with about equal proportions of 
Fe, Cr, and Ni was the most satisfactory as regards strength and stability. 

The production of special alloy, corrosion-resisting castings is highly specialized. The 
user should consult foundries qualified to advise as to analyses, methods of manufacture 
and treatment. 

AUSTENITIC OR HADFIELD’S MANGANESE-STEEL (John Howe Hall, Proc. 
A.S.T.M., vol. xxxii, Pt. 2, p. 238, 1932) contains 10.00 to 14.00% Mn. It is toughened 
and softened by quenching in water from high temperature, is non-magnetic and becomes 
intensely hard if cold worked. It is made either in the basic electric furnace, or by mix- 
ing in a ladle 80% ferro-manganese and low-carbon steel from the open-hearth or Bessemer 
converter. As cast, Mn steel castings are brittle. Heating to 1900-1940° F. and quench- 
ing in cold water makes them strong and tough. Tensile strength ranges from 80,000 to 
110,000 Ib. per sq. in.; elongation in 2 in., 15 to 35%; reduction of area, 15 to 35%. 
As cast, Brinell hardness is slightly over 200; this is reduced slightly by heat treatment, 
and increased by cold working. Local pounding may raise hardness to over 500 Brinell. 
In services subject to heavy wear, increase in hardness is a valuable property, and recom- 
mends austenitic Mn steel for frogs, crossings, lining plates of grinding mills, steam 
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shovel teeth and lips, delivery buckets, crane wheels, gears, pinions, racks, etc. The 
toughness from cold working makes Mn steel castings wear-resistant in a ratio of 20 to 1 
as compared with many other materials. Hardening under severe cold work renders 
machining difficult, and practically all machining operations are performed by grinding. 

DESIGN FOR STEEL CASTINGS (F. A. Lorenz, Proc. A.S.T.M., vol xxxii, Pt. 2, 
p. 58, 1932).—Steel castings may be adapted to a wide range of work by proper applica- 
tion of fundamental design principles. The range increases as the designer works with 
the foundry. The designer should initiate co-operation, and consult with the foundry to 
effect adjustments that will reduce cost and increase life and economy of the casting. 

Steel castings are poured at temperatures above 2800° F. The contact of metal with 
the chilled surface of the mold instantaneously forms a skin of solidified metal. Steel 
as it solidifies forms crystals, which formation involves contraction from all directions 
toward the center. The center, solidifying last, continues to supply the demands for 
metal and a shrinkage cavity may result. Adequate feeding and the location of risers 
to supply heavy sections with surplus metal is advisable. 

The point of junction between light and heavy sections and the progressive freezing of 
heavy sections requires provision for the surrounding sand to carry away heat. Ample 
radiating surface and suitable radii between adjoining sections are recommended. A 
uniform rate of cooling will avoid cooling strains. Deep pockets, with sharp interior 
corners, produced by bodies of sand of insufficient area to conduct away heat of the 
surrounding metal should be avoided. Adequate fillets or the coring of heavy sections 
near adjoining members of a casting avoids concentration of cooling stresses. Abrupt 
changes in cross section invariably are to be avoided. 

The linear shrinkage of steel as it cools causes an actual movement of the casting in 
the sand. Projections, flanges, bosses or brackets which prevent or impede this con- 
traction may, by a proper use of cores, special sand mixtures and other precautions, be 
rendered harmless in their effect on the finished casting. 

FACTORS IN STEEL CASTING DESIGN (Steel Founders’ Society of America).— 
1. Shrinkage Allowance for Patterns, varies according to design of casting and tem- 
perature of metal poured, as well as the restraint of the mold caused by projecting lugs, 
cores, etc. Owing to this variation in shrinkage of steel when cooling in the mold, patterns 
may have different allowances for different dimensions. Shrinkage of open-hearth cast 
steel varies from 1/1 in. to 1/4 in. per lineal ft.; the average is taken as 3/;,in. Shrinkage 
of both carbon and alloy electric cast steels, except high Mn, varies from 1/g in. to 3/g in. 
per lineal ft. High Mn steel shrinks from 3/16 in. to 7/1 in, per lineal ft. 

2. Uniformity of Section —Thickness of section should be as nearly uniform as possible 
throughout. When possible, changes in section should be made with a gradual taper, 
rather than abruptly; if this is impracticable, ribs should be used intelligently. Uneven 
shrinkage between heavy and light sections causes the metal to tear, results in shrinkage 
cavities, or gives rise to directional or dendritic crystals in the metal that do not promote 
high strength. A minimum of bosses, of the minimum thickness, should be used. 

3. Wall Thickness as low as 1/4 in. may be poured in the steel foundry. In special 
cases wall sections of 1/g in. and 3/1g in. are possible, depending on design of the casting. 
The best practice is to use a wall thickness that can be poured without danger of misruns 
and give the necessary strength or weight. In general, sectional thickness should be 
proportional to the area or diameters to be run. 

4. Fillets should be used on all inside corners where walls intersect. Unfilleted corners 
are weak, 

5. Avoidance of Sharp Corners.—Fillets also obviate sharp corners in the mold, from 


which sand may be washed by molten steel. Size of fillets depends on shape and thickness 
of wall section and size of casting. 


Heat Treatment of Steel Castings 


The following is abstracted from a paper by A. W. Lorenz, Proc. A.S.T.M., vol. xxxii, 
Pt. 2, p. 253, 1932: 

FULL ANNEALING comprises heating iron-base alloys above the critical temperature 
range, holding above that range for a proper period, and slowly cooling through the range. 
Annealing temperature is usually about 100° F. above the upper limit of the critical tem- 
perature range; the time of holding is usually at least 1 hr. for each 1 in. of the heaviest 
section being treated. The treated castings ordinarily cool slowly in the furnace. They 
may, however, be removed and cooled in a medium which will prolong the cooling time 
as compared to unrestricted cooling in air. This treatment removes strains, improves 
machinability and ductility. In some cases it may be the only practical treatment, due 
to size of casting, maintenance of dimensions, or other limitations. 
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NORMALIZING is the heating of iron-base alloys to approximately 100° F. above 
the critical temperature range followed by cooling to below that range in still air at room 
temperature. Hypereutectoid steels rarely are normalized because of the coarsening of 
grain and the tendency to crystallize cementite at grain boundaries or in needles. How- 
ever, it sometimes is necessary to normalize these steels by heating them above the ACem 
line of the Fe-C diagram. This raises yield point and tensile strength as compared with 
full annealing, particularly on alloy steels. In high-carbon and alloy castings, strains and 
brittleness usually will be induced, unless a tempering or drawing treatment follows. 
Castings both normalized and tempered have better ductility, higher yield point and 
eee strength, and considerably better impact and fatigue resistance than full-annealed 
castings. 

TEMPERING (also termed Drawing) is reheating iron-base alloys, after hardening, 
to some temperature below the critical temperature range, followed by any desired rate of 
cooling. Although tempering and drawing are practically synonymous as used com- 
mercially, tempering is preferred. This, 7.e., hardening and then reheating, is an illogical 
and confusing practice in the present (1937) state of heat treating and should be discouraged. 
Tempering increases ductility, removes strains, softens the metal, and improves machin- 
ability. It properly is applied only after one of the before-mentioned treatments. Used 
after liquid quenching, it is a means of adjusting hardness and other working properties 
within a wide range to suit individual requirements. 

LIQUID QUENCHING confers maximum strength and hardness. It almost always 
should be followed by tempering to remove quenching strains and brittleness, and to 
obtain suitable modification of properties. When followed by such a treatment, most 
carbon and alloy-steel castings will develop the maximum combination of strength and 
ductility. 

A.S.T.M. recommended practice for heat treatment of carbon steel castings covers 
full annealing and normalizing temperatures as follows: C up to 0.40% inclusive, 1650° F.; 
C over 0.40 to 0.60% inclusive, 1560° F.; C over 0.60%, 1525° F. 

A.S.T.M. standard recommended practices recognize two types of cooling, viz., furnace 


“cooling or full annealing, and air cooling and normalizing. The higher properties obtain- 


able by air cooling are so marked that in the field of small and medium-size castings the 
practice is widely followed. With large castings, the rate of cooling is not always a matter 
of choice. The tendency toward rapid cooling favors the use of liquid quenching. The 
time of holding at heat is variously recommended from 1/2 to 1 hr. or more per 1 in. of 
cross-section. In some cases the time for large castings may exceed 2 hr. per 1 in. of 
section. 

The liquid quenching medium may be either oil or water, water being used more 
generally. Temperature of quenching medium is held above 100° F. If the casting has 
had no previous treatment it is usual to quench from approximately ordinary normalizing 
temperatures or slightly lower, say 1550°-1650° F. After quenching, castings should be 
removed from the bath and transferred to the tempering furnace while still warm. The 
chief use of liquid quenching has been the treatment of alloy castings. Liquid quenching 


“of alloy steel castings develops ultimate strengths and yield points at least 50% higher 


than those typical of the metal in the normalized condition, and without appreciable 
loss of ductility. 

Ductility of cast-steel may be improved by tempering and spheroidizing treatments 
ranging from 750° to 1400° F. Tempering practically always is necessary after liquid 
quenching, after normalizing and sometimes even after full annealing. Reheating within 
or slightly below the critical range is common with alloy steels and is increasing in the 
treatment of plain carbon steels. 


SPECIFICATIONS FOR CARBON STEEL CASTINGS FOR MISCELLANEOUS INDUS- 
TRIAL USES (Designation A27-36T).—Specifications cover ten grades of castings, of which eight 
grades must be physically tested. The grades not required to be physically tested are N-1 (need 
not be heat treated, except when the carbon content exceeds 0.30%), and N-2 (which must be 
annealed). Maximum chemical composition requirements are: Manganese, 1.00%; phosphorus, 
0.05%; sulphur, 0.06%. ; 

Steel used for castings shall conform to the minimum requirements as to tensile properties for 
the eight grades as indicated in Table 17. 

SPECIFICATIONS FOR ALLOY STEEL CASTINGS FOR STRUCTURAL PURPOSES 
(A.S.T.M. Designation A148-36).—Specifications call for three classes of castings with a total of 
eight grades, with minimum requirements as shown in Table 18. In relation to the chemical 
composition of these classes of steel castings, specifications state that the prescription of definite 
composition types of steel to meet the various physical requirements outlined in the specifications 
is not to be recommended, except by mutual agreement between the purchaser and manufacturer, 
since there are many types of alloy cast steel which can be made to conform to the tensile require- 
ments in any class listed in the specifications, merely by selection of heat treatment. 
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Table 17.—Specifications for Carbon Steel Castings for Industrial Uses 


(A.S.T.M. Designation A27-36T) 
LS ee De et : R ; 
Tensile Strength,| Yield Point, peice ere 
Grade Minimum, Minimum, ae nae Minianod 
Ib. per sq. in. lb. per sq. in. percent percent 
Miri eels op Paes O1ene) DE Tes S| 7 eel nna 
A-1, Unannealed........-----+- 60,000 30,000 22 30 
A-2, Normalized*.....-+-+-+++- 60,000 30,000 26 38 
A-3, Full annealed......-.+++++- 60,000 30,000 24 35 
B, Normalized*.......-.+--++- 70,000 38,000 24 36 
B-I, Full annealed..........-.-- 66,000 33,000 22 33 
B-2, Full annealed......---.---- 70,000 35,000 20 30 
H, Normalized*.........----- 80,000 43,000 17 25 


H-1, Full annealed..........---. 80,000 40,000 17 25 
* Any casting that may be ordered to meet the tensile requirements above listed for normalized 


material of Grades A-2, B, and H may, at the option of the manufacturer, be given a full annealing 
treatment instead of a normalizing treatment, provided that the above listed tensile requirements 


for normalized material are met. 


Table 18.—Specifications for Alloy Steel Castings for Structural Purposes 
(A.S.T.M. Designation A146-36) 


eS eee 


RR ae Ge ees veel Bap 
Ib. per sq. in. | lb. per sq. in. cenvoants parent 

Class A 

Grade sl Joa ea lacie wielworamisias 75,000 40,000 24 35 

CJTAdS: 2.25 GaSe we shelate wieteere ters 85,000 53,000 22 35 
Class B: 

Grade: leu.scewawls cern ee 85,000 55,000 22 40 

Grade 2525 ints .5 este eins ae enue 90,000 60,000 22 45 

Graded s:cilacraiviauenpscieoke ws ee 100,000 65,000 18 30 
Class C 

Grade leer reiki ee uatee eee 90,000 65,000 20 45 

Gratertiniy <4h lee Hi Wales seats 120,000 100,000 14 35 

Grade:'3s ain! os heed Abra 150,000 125,000 10 25 


Table 19.—Specifications for Alloy Steel Castings for Valves, Flanges, and Fittings for 
Service at Temperatures from 750° to 1100° F. 
(A.S.T.M. A157-36) 


i inns eS yar anea 
Glasses iho Ferritic Steels Austenitic Steels 
Identifica- nieces er'el, Gieaa eine 
Gontambel Cl C2 C4 C5 Cé Cll Cos C10 
Carbon- | Manganese- ce 4 to 6% 3% Nickel 18% Chro- | 20% Nickel 
Grade...... Molybde- | Molybde- 1 “4 se) Sar ‘mi 8% 
! Molybde- | Chr Chr ‘hr mium | 8% Chro- 
Bas nie ai ‘omium omium | Chromium 8% Nickel nelare 
oO ie ek 0.45 max. | 0.35 max. | 0.45 max. | 0.15-0.35 | 0.15 max. | 0.45 max. | 0.15 max. | 0.35 max. 
Mn, %.....| 1.00 max. | 1.00-1.60 | 1.00 max. | 1.00 max. | 0.75 max. | 1.00 max. | 1.00 max. 1.50 max. 
Eres pa ee 0.05 max. | 0.05 max. | 0.05 max. | 0.05 max. | 0.05 max. | 0.05 max. | 0.05 max. | 0.05 max. 
8, Oeaths ane 0.06 max. | 0.06 max. | 0.06 max. | 0.06 max. | 0.05 max. | 0.06 max. | 0.05 max. | 0.05 max. 
Si, 7 phd it 0.20 min, | 0.20 min. | 0.20 min. | 0.20 min. | 1.00 max. | 0.20 min. | 2.00 max. | 2.00 max. 
Na CAr ie scki sasdedd |e retiovne 057551250 Anais 0.80 max. | 1.00-2.25 | 8.00 min. |19.00—22.00 
Cato ARS ON OR eer camera Ob teeta’ © 0.50-1.00 | 4.00-6.50 |11.50-13.50] 0.50-1.00 18.00 min. | 8.00-10.00 
Mo, % ee: 0.40 min. | 0.20 min. | 0.30-0.60 | 0.40-0.65¢) 0.50 max. | 0.20-0.40{| Asagreed | ....... 
VA eee COMERC a ese | ne adeon: OVOO= Wega Te vn cat O.F00 SO seen tl ome reer 


* For the more severe general corrosive conditions, and when so speci 
vel : TT pecified, the carbon 
shall not exceed 0.07%. The addition of such elements as molybdenum, tungsten, i. 
columbium, and vanadium for purposes of stabilization shall be a matter of agreement between 
Ham au tree and puepaser When the purchaser requires free-machining, or better non-seizing, 
non-galling properties, the composition may contain suitable ¢ inati i - 
pecet or molybdenum and sulphur as follows: bora Bry epee cat 
Selenium an Selenium, 0.20—0.35% Molybdenum jf Molybdenum, 0.40—0.80 
phosphorus 1 Phosphorus, max., 0.17%; and sulphur { Sine 0.20--0.40%. “ 
| Hither molybdenum or tungsten may be used, if desired. 
{ Either molybdenum or tungsten shall be used. 


STANDARD SPECIFICATIONS FOR ALLOY STEEL CASTIN 
FLANGES AND FITTINGS FOR SERVICE AT TEMPERATURES sok “abe lanes = 
(A.8.T.M. Designation A157-36) covers eight grades of materials, including six ferritic steels and 
two austenitic steels designated C1, C2, etc., which are classified in accordance with their chemical 
and physical properties and high temperature characteristics. Steels Cl, C2, C4, C5 and Cll 
shall be made by open-hearth, crucible or electric furnace process. Steels C6, C9 ‘and C10 shall 
be made by the electric furnace or crucible process. 4 
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Table 20.—Specifications for Alloy Steel Castings 
(A.S.T.M. Designation A157-36) 


Tensile Yield . : Tensile Yield 
_ |Strength,| Point, | Elongation| Reduction Strength, Point, Elongation] Reduction 
Grade lb. per | Ib. per | 2 2in., | of Area, |Grade Ib. per | Ib. per | ™ Zine, of Area, 
sq.in. | sq.in, | Percent | percent aq. in. | sq.in, | Percent | percent 
Cl 80,000 | 50,000 22 Cé6 85,000 | 55,000 20 40 
C2 90,000 | 60,000 22 Cll | 100,000 | 65,000 18 30 
C4 100,000 | 65,000 18 C9 70,000 30,000 35 40 
C5 100,000 65,000 18 C10 65,000 30,000 30 35 


All castings shall receive heat treatment suitable to their design and chemical composition, 
Heat treatment shall be performed before machining, except in instances when reheat treating is 
necessary. Unless method of heat treatment is specified by the purchaser, thus becoming a matter 
of agreement with the manufacturer, the type of heat treatment shall be at the option of the 
manufacturer. 

The ferritic steels, C1, C2, C4, C5, C6 and C11 may be fully annealed, or fully annealed and 
drawn, or normalized and drawn, or annealed and normalized and drawn, or normalized and 
annealed. The austenitic steels C9 and C10 shall receive a stabilizing treatment. 

Each alloy shall conform to the chemical requirements, given in Table 19, or to other chemical 
requirements as specified in the purchase order. The castings shall conform to the minimum 
requirements as to tensile properties as shown in Table 20. 

STANDARD SPECIFICATIONS FOR AUSTENITIC-MANGANESE STEEL CASTINGS 
(A.S.T.M. A128-33)—Chemical Requirements, C, 1.00 to 1.40%; Mn not under 10.00%; P 
not over 0.10%; S not over 0.05%. 

Bend Test, only when specified in the order; specimen, 12 X 3/4 X 1/g-in., to bend cold with- 
out breaking around pin 1 in. diam., to angle of 150 deg. 

Tension Test, not required. 


6. PERMANENT MOLD CASTINGS 


Permanent mold castings are produced in molds which are used repeatedly. The term 
“‘Dermanent”’ is a misnomer, inasmuch as no molds can be used indefinitely. The types 
of permanent mold castings operatioris may be divided into gravity type, pressure die-cast 
and centrifugally cast. 

GRAVITY TYPE.—Gravity-type castings are made in molds or dies constructed of 
various alloys of iron or steel. A machine known as the Holly permanent mold machine 
employs a multiple series of identical molds placed on a turntable which moves ina circular, 
path about a center, progressing slowly or intermittently. The open mold is coated with 
carbon in a sooty deposit from a torch, moves forward and is automatically closed. Metal 
is poured into the mold asit passes the pouring station. The casting is ejected or pulled 


_ from the mold which remains open as it approaches the point of beginning. This type of 


casting machine is used to make small parts for automotive service, fittings and a variety 
of work ranging from a few ounces to about 10 1b. It requires high-production long-run 
work to achieve economy. Gravity-type permanent mold castings are produced in gray 
iron and aluminum. Some experimental work has been done on other non-ferrous metals. 

DIE-CASTINGS of the pressure type are obtained by forcing liquid metal into a die 
or mold and maintaining pressure until the casting is solid. This type of work is confined 
to comparatively low melting point, non-ferrous metals such as the tin, lead or zine white 
metal alloys and aluminum. The most common type of pressure die-casting work is that 
employed in producing either linotype or monotype lines or characters in printing plants. 

In the foundry industry the most common type of die casting is produced from zinc 
base alloys. Die-casting machines consist essentially of three parts: The melting pot 
where metal is melted, usually by gas flame; the die with appropriate gate channels; and 
the pressure equipment for forcing metal through the gate and into the mold. Hydraulic 
or air-operated cylinders, with mechanical toggle equipment, supply the necessary pres- 
sure. Cores may be used and many types of dies are self-coring. 

Dies are constructed of special steel, and while some non-ferrous metals produce corro- 
sive or growth destruction, machines are in operation which show an exceedingly ae die 
life. High production is possible with automatic machines and castings weighing rom 
a few ounces to 15 pounds are Ue ga On ek castings, it is necessary to cool the 

i jacket or some equally effective device. f 
perkncnccs Le asus. ceri aluminum pistons and radiator grills, are produced in 
large quantities. Inherent soundness and uniformity are claimed for aa castings 
made by this process. For data on die-casting alloys see pp. 4-60 to 4-62. 
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CENTRIFUGAL CASTINGS.—The earliest application of spinning molds to obtain 
round or cylindrical castings by the application of centrifugal force was in the cast-iron 
pipe industry. A major portion of gray iron pipe produced in the U. S. today is made 
either in permanent molds or in hollow molds lined with a thin layer of sand. T he proc- 
esses differ only in the mold characteristic. The de Lavaud process of producing cen- 
trifugal pipe involves the use of a thin, forged steel mold mounted horizontally in a water- 
cooled housing. The bell of pressure pipe is formed by a single sand core fitting in the 
end of the permanent mold. ‘ 

In operation, a predetermined quantity of molten iron at high temperature 18 poured 
into a ladle at the spigot end of the machine, connected by a long channel or trough run- 
ning to the bell end of the pipe. The mold is rotated at slow speed as the metal is spilled 
into the mold along its entire length. The speed of rotation then is increased and cen- 
trifugal force drives the metal outward so that it coats the entire inner surface of the 
mold. Rotation is maintained until initial cooling or solidification is accomplished. The 
pipe then is drawn from the mold by gripping the bell end and removing the pipe longi- 
tudinally from the fixed gripper. The pipe is annealed, coated and lined. Pipes are made 
varying in length up to 30 ft. and in diameters from 3 to 30 in. 

In the sand spun process the steps are similar, with the exception that the mold is lined 
with a layer of sand rammed about a central pattern. This sand is surface dried before 
the mold is placed in the casting machine. 

Experimental work has been performed on automotive fly-wheels cast flat in a machine 
which rotates the mold in a horizontal plane. Another application of centrifugal molding 
is in the production of automobile brake drums. These machines employ a vertically- 
operated rotating mold which forms the drum against which the brake bands are applied 
in operation. This outer drum, in many cases, employs steel fittings which are cast in 
place as the mold is poured. 


7. MOLDING SAND 


Molding sand consists of quartz, feldspar and clay in varying quantities, depending 
on the location from which it is obtained. The qualities demanded of a good molding sand 
are: refractoriness, or ability to resist the heat of molten metal; strength, or ability to 
withstand the pressure of molten metal without distortion; permeability, permitting ready 
escape of gases from the mold. Refractoriness is furnished by the quartz, or silica, of the 
sand, which if pure is practically infusible. Strength is due to the clay which acts as a 
bond between the grains of quartz. Permeability depends on grain structure and on quan- 
tity of clay. The more regular the silica grains and the smaller the quantity of clay sub- 
stance present, the greater the permeability. A coarse sand is more permeable than a fine 
one, and a sand with round grains more permeable than with angular grains. Other desir- 
able qualities are the ease of destruction of the mold after pouring and a low percentage of 
“burned” sand resulting from contact with molten metal. These two latter qualities are 
promoted by the clay bond being highly refractory. Moldenke defines the ideal molding 
sand as one consisting of uniform-sized, rounded grains of silica, each grain coated with 
the thinnest necessary layer of the most refractory and fattest clay to be had. O. E. J. 
Abrahamson (The Fdry., March-Sept., 1930) says that the production of smooth castings 
depends mainly on the amount of fine grains (passing 300 mesh or finer) in the sand, the 
nature and amount of bond, the moisture content, and the method of preparation of the 
sand for use. The number of coarse grains (those remaining on a 100-mesh sieve) is rela- 
tively unimportant. 

The variable factors in sand influence castings production more often than do metal- 
lurgical or mechanical considerations. The selection, blending and use of sand formerly 
was largely a matter of personal judgment, but mechanical and chemical methods of 
testing sand have largely come into use, particularly in production foundries, for both 
molds and cores. A joint committee of technical societies, sponsored by the Am. Foundry- 
men’s Assoc. has investigated and standardized these methods, which are given in detail 
in Testing and Grading Foundry Sand, Trans. A. F. A., 1931. 

In continuous production foundries, sand may be used as often as 4 or 5 times an hour, 
as compared with its use once a day, the usual practice up to about 1920. This continuous 
use requires cooling, tempering, replenishment of bond, and the addition of other variables 
to those inherent in the sand. The absolute uniformity required has developed sampling, 
blending, testing of the natural sand, and a new technique in treatment. Synthetic mold- 
ing sand, 7.e., sand made of washed silica with the admixture of various types of clay bond 
has been successiul in production foundries. Natural sands, continuously used, require 
the addition of bond to replace that destroyed by mold heat. Correct moisture content 
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Table 21.—Percentage Fineness of Molding Sands. (Moldenke.) 
Average fineness = {sum of products of (percentage through each mesh X mesh No.)} + 100 


; No. Average| Over | Between| Between| Between| Between) Over 

Locality of Fine- 20 20—40 40-60 60-80 80-100 100 
Samples ness Mesh Mesh Mesh Mesh Mesh Mesh 

Albany: Max ethers eters 23 99° 38 0.00 0.12 0.40 0.44 OF 52 98.52 
BAY Ge 11h oak ery ino SCR 38.31 Sy 2 55.00 10.40 5.60 2.28 18.00 

, AVOD = Sista sl eis aieveere clllsoc<areatess 1.46 91 14.47 11.79 9.89 50.79 
Georgia eis cmnenencs 1 69.26 0.08 0.24 36.00 14.48 15,36 33.84 
Tim ois siya... eecece cous 1 42.78 2.56 39.60 34.16 5,22 1.36 16.80 
Kentucky: Max..... 13 99.59 0.00 0.04 0.00 0.20 1,48 98.28 
MRR tocol sett S359 0.20 21.64 34.92 17.60 6.52 19.12 

; : WAVED BP ic: tuslsterees |b ee ss oats 0.43 Lia 10.30 8.54 Sy 7A) 72.04 
Missouri: Max ig, Oe 4 10 93.09 0.00 0.08 8.24 3572 2.08 85.88 
Minn 8 cto ho sazet tant 44.04 2.84 40.00 27.20 9.60 4.80 15.56 

TAR ae oly 5 dl Sa BS aR | Ae ee 0.85 16.62 18.13 10.80 a8 48.21 

New Jersey: Max... 4 53702 5.76 2e72 39.60 16,24 Se072 21.76 
1 bbe Pa RES ale 36.88 17.12 37.36 19.44 9.04 4.16 12.88 

PAVED so |e steerer toes wie oars 8.64 27.14 26.02 15.40 7.61 15.19 

Obioz Max. o.< cs 14 95.01 0.00 0.04 4.28 4.52 yy) 88.24 
VETS F csdte.e: bis [sueys evs feore 43.21 9.24 37.44 21.60 8.20 6.80 16.72 

JSTOR Ae Fe lai aetGe 4 Seow ee 0.57 122 UT 25.54 14.55 ¥ fp) 39.45 
Penna.: Max..-.... 9 95.85 0.00 1,04 1.36 3e72 89.48 95.85 
Min.. 50.14 0.24 OB, 62.00 8.00 6.40 13.44 

PSV ORs opera ce .o:cs|| o:acss.ce.elteyel| os traasve-ere 6 0.17 4.43 24.49 12.86 8.63 49.47 
Tennessee......... 1 43.73 7.20 25.76 38.96 10.48 4.48 13.42 


influences maximum strength characteristics; permeability, as affected by even slight 
changes in moisture content, may be controlled by rapid and effective routine tests. 

COMPOSITION OF MOLDING SAND.—Molding sands occur in many parts of the 
_ United States and vary in the above qualities and in analysis over a wide range. Moldenke 
gives the following comparison of the ideal American sand and the average of 76 sands from 
various localities reported in Trans. A. F. A., xxi, p. 85, 1913. 


Quartz Clay Feldspar 
Udeal scpkopenaridisiat nae dove ee 84.00 13.50 2250 
ANT OTA ROD RS Ne cieid eciete ta 65.53 21.75 12.75 


The size of casting and the metal must be considered in the selection of molding 
sands, according to C. P. Karr (Trans. A. F. A., xxiv, p. 155, 1915). For steel castings, 
the sand should contain 97% or more silica with a small amount of clay for bonding 
purposes. Sands for iron castings should be loamy with a texture varied with the size of 
the casting. Sands for bronze should be of fine grain, good bonding power and have a 
high permeability. Sands for brass and aluminum should be even grained, loamy and 
* should also have high permeability. 

Table 21 shows the percent of fineness of the molding sands tested by Moldenke. 
The finest sand possible that will afford adequate venting power, should be used in any 
given mold, due consideration being given to the size of the mold. The finer the sand the 
better will be the surface of the casting. 

Table 22 shows the maximum, minimum and average quantities of quartz, clay sub- 
stance and feldspar in the 76 sands. 

STRENGTH OF MOLDING SAND.—Table 23 shows the results obtained in strength 
tests of the 76 sands tested by Moldenke. Crushing strength of sand is important, as on 
it depends the resistance of the mold to pressure of the molten iron. The strength of 


Table 22.—Summary of Analysis of 76 Molding Sands. (Moldenke.) 


No. Quartz Clay Substance Feldspar 

ei ase ied Max. | Min. | Aver. |] Max. |} Min. | Aver. | Max. | Min. | Aver. 
Albany. .....s2ecee: 23 72.66| 45.77| 58.82] 24.87] 13.68] 18.99] 30.06] 8.17] 22.16 
(Geo Tate ye dsonoagee 1 77.37 | 77.37 | 77.37] 17.94] 17.94] 17.94] 4.69] 4.69) 4.69 
LINO ese eeeD Noo ade 1 70.82] 70.82] 70.82] 16.65] 16.65} 16.65] 12.53] 12.53] 12.53 
Kentucky........-> 13 70 99] 45.55| 64.53] 30.52] 19.68] 24.77] 23.93] 3.31] 10.69 
Missouri. .......... 10 77.76| 56.91} 64.10} 32.19] 18.08) 24.36] 21.73] 2.88) 11.54 
New Jersey.......-- 4 88.70| 72:20] 81.38] 23.99] 8.85] 15.49] 3.81} 2.45] 3.13 
Qi Gin ga sosadooue es 14 78.99 | 55.00] 71.02] 41.20] 17.37] 23.79] 9.90] 2.50) 5.17 
Pennsylvania....... 9 78.52| 59.79} 67.21] 26.82] 18.16] 21.99] 20.56) 2.34] 10.79 
1 74.53] 74.53 | 74.53] 21. 11| 21.11] 21.11] 4.361 4.36) 4.36 


Tennessee......--+-- 


20-32 FOUNDRY PRACTICE 
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Table 23.—Permeability and Strength of Molding Sands. (Moldenke.) 


; Dry 5% 71/2% 10% 

ie Sand Moisture Moisture Moisture 

few [Sef el | Ea] wth Teeled| Meal ae 
ra a a a uo] a 
Region G&lae| Se] Plat | Sul] Pe] ax | SS] Fh] ot | Sel ae 
3|22|88| 23 |82|23/83] e2|83/2s| e2|82\48 
: ay ek] 3 Bla8| S38] a8|/ss] 28) 3) s8] 28 
S oa Aa 52 ga Pala) &a ga Ha|52@| 25/62/52 
Fine Sanps—BrtweEeEn 90% anv 100% Fine 
Albany........ 411.311 1.16] 9.62] 1.31] 0.20] 2.79] 1.19] 0.22] 2.94] 1.44] 0.11] 1.96 
Kentucky..... 8 | 1.47] 1.31] 7.41] 1.91] 0.19] 3.01] 2.16] 0.17] 3.07] 3.78] 0.19} 2.74 
ORI SS. kev. 2 | 0.88] 1.98| 6.94] 2.50| 0.15] 4.66] 2.50] 0.04} 2.34] 2.88} 0.08] 2.02 
Pennsylvania...| 2 | 0.88] 1.20} 9.59] 0.88] 0.16) 2.14 0.88| 0.09} 3.47] 1.25] 0.06) 1.97 
Missouri,..... 211.38] 0.69] 4.93]1.25| 0.16] 3.05] 1.38] 0.21] 2.76] 2.50] 0.20) 3.42 
Average of.....| 18 | 1.29] 1.28] 7.82} 1.65 | 0.13{ 3.11 1.75] 0.16] 2.97]-2.71] 0.15] 2.48 
Mepium Sanps—BETwEEN 80% anv 90% Fine 
sees id Be le Le I IR es BS eS a 
ALWEN Y= sto shows pe 6 | 1.04] 1.49] 9.82] 0.66| 1.00| 3.08] 0.87 | 0.17| 3.28] 1.08] 0.10] 2.35 
Kentucky..... 1 | 0.75] 2.65] 27.40] 0.50] 1.20] 9.75] 1.00] 0.89] 4.63] 0.75] 0.25] 3.85 
OUT Ome cdots cnet obs 1 | 0.75] 2.08] 18.15] 0.75] 0.13] 5.84] 0.75| 0.00] 2.58] 1.00] 0.00) 1.30 
Pennsylvania... 210.75] 1.55] 16.24] 0.75] 0.17] 3.09] 0.75] 0.14] 2.96] 0.88] 0.14| 2.26 
Average of..... 10 | 0.93] 1.68] 13.70] 0.68] 0.76] 4.03] 0.85 | 0.22| 3.28] 1.10] 0.11] 2.38 
Coarse Sanp—BrEtow 80% FINENESS 

ORILFEUE yi teretersis: cre 130 (U2 ea tL O TPO 29 19797 1089 [OST 2295 Pete oo 2 ee oe 
Kentucky..... 4 | 1.06] 1.18] 18.69] 0.94] 0.58] 8.50] 1.06) 0.57] 6.56} 1.38 | 0.38] 8.06 
OBL Osreteiccstatere 11 | 0.84] 2.29] 12.28] 0.98] 0.50] 5.67] 1.00] 0.38] 4.57] 1.14] 0.24] 4.80 
New Jersey....| 4 | 2.38] 1.65] 16.93] 1.25] 0.64] 3.22] 2.00 | 0.37] 2.44} 3.38] 0.40) 2.16 
Pennsylvania...} 5 | 1.95} 2.30] 23.01] 1.10] 0.50] 5.36] 1.90] 0.45] 3.31] 2.23] 0.24] 3.21 
Missouri...... 8 | 1.19} 2.00} 10.60] 1.03 | 0.34} 3.52] 1.31] 0.28] 2.83] 1.88] 0.20) 3.24 
Illinois........ 1 | 0.50} 3.74) 30.80] 0.50] 0.20) 5.89] 1.50) 0.10] 2.95] 3.25] 0.57 | 7.24 
Georgia....... 1 | 2.00} 1.39] 4.32] 1.00] 0.20} 2.80] 3.25) 0.40) 2.70} 3.25) 0.50) 1.58 
Tennessee..... 1] 2.75] 0.87) 5.22} 3.00] 0.56] 7.92] 4.00] 0.30] 5.03] 5.00] 0.15] 0.93 
Average of.....| 48 | 0.97] 1.88] 14.29] 0.89] 0.42| 4.82] 1.34 | 0.31 | 3.43] 1.79] 0.24] 3.68 


* Minutes required to drive 1 gal. of air, ina 1/4-in. pipe through a cake of dried sand 1 in. 
thick under a pressure corresponding to a 7-in. head of molten metal, in excess of time required to 
pass out of apparatus freely. 

+ Weight, lb., required to rupture bars 1 in. sq. placed on supports 4 in. apart. 

t Weight, lb., required to crush columns of sand 1 in. sq. and 2 in. high, 


molding sand depends largely on its clay content. The larger the quantity and fatter the 
clay, the stronger will be the sand. High strength, however, usually means low permeabil- 
ity, since the clay fills the voids between the sand grains. Strength of molding sand is 
tested by slowly pushing bars of sand 1 in. square and 1 ft. long, over the edge of a glass 
plate and noting the length of the overhang as they break. 

Another method is to break a 1 in. square bar supported on knife edges 4 in. apart by a 
load applied at the center. The strength of the sand is affected by the amount of water 
used for tempering, but tests usually are made with 5%, 7 1/2% and 10% of water. 


Sand Testing 


Complete details of sand testing methods available in testing and grading foundry 
sands are given in Testing and Grading of Foundry Sand published by Am. Foundrymen’s 
Assoc., 1931. A brief of the essential tests follows: 


SAMPLING.—For plant control tests, an average representative selection of facing or heap 
sand should be made as tempered for use in mold or core. To determine properties under suitable 
foundry conditions, several water contents should be tested to develop that giving the maximum 
degree of property being investigated, starting with a water content that leaves the sand dry, and 
increasing by small increments. Open sand, bonded with colloidal clay, may require increments 
of 0.1%, while natural bonded sands may be tested satisfactorily with increments of 2%. In 
tempering, care should be taken to distribute water evenly through the sand, with no dry lumps 
remaining. The sand should temper in a closed receptacle for several hours before testing. 

THE MOISTURE CONTENT of sand sample is determined as follows: Dry 100 gm. of tempered 
sand for 1 hr. at 105 to 110° C, (221-230° F.). Cool in a desiccator or covered dish. Reweigh. 
Loss of weight in grams is percentage moisture content. 

PERMEABILITY is that physical property of sand that permits passage of gases, and on which 
depends the venting qualities of molds and cores. A high permeability sand has good venting 
quality due to its ‘‘ openness.’’ The natural characteristics of the sand and binders, the density to 
which they are packed, and the percentage of moisture used for tempering, are important in regu- 


Core ee 
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lating permeability. Permeability is determined by the rate of flow of air at a given pressure 
through a standard specimen of sand. In the standard test a 2-in. (5.08 em.) column of sand (area, 
3.1416 sq. in. or 20.268 sq. cm.), rammed under uniform and predetermined conditions is placed 
in a cylinder equipped with a manometer. The time required to force 2000 cu. cm. of air through 
the sand is determined. Permeability, P = (q X h)/(a X h X t), where Q = cu. cm. of air forced 
through specimen; h = height of specimen, cm.; p = air pressure, grams per sq. cm.; @ = area 
of specimen, sq. cm.; ¢ = time, min. A number of variations in standard test procedure are optional 
for rapid shop control, green sand permeability and mold surface permeability requirements. 

THE STANDARD STRENGTH TEST METHOD has been approved as standard to be used 
where comparisons are necessary. Compressive, tensile, shear or bar strength tests all may be 
applied as routine in foundry practice control, depending on properties which sand is intended to 
develop in use, but compression test is standard in case of disagreement. The compressions test 
may be made on the green and permeability specimen (see above) by applying a load uniformly 
to the two plane surfaces at the rate of 30 lb. per min. with a tolerance of 101b. per min.; the load 
to be applied along the axis of the cylindrical specimen. Compressive strength is the average of 
three tests, lb. per sq. in. of cross-sectional area. Various types of apparatus are provided for 
standard compression tests. 

FINENESS TEST refers to the size distribution of the grains. The fineness of sand affects 
permeability, strength, moisture required for mixing and affects the surface of the casting. In 
fineness tests, U. S. Bureau of Standards sieves Nos. 6, 12, 20, 30, 40, 50, 70, 100, 140, 200, and 
270 are used. These sieves, 8 in. diam., are known as half height. A pan at the bottom of the 
set collects material passing the lower, 270-mesh sieve. In testing, 50 gm. of dry sand are weighed 
into the uppermost of the series of sieves, previously placed in a shaker. The sieves are shaken for 
a definite time, depending on type of shaker. The amount of sand remaining on each sieve is 
weighed and expressed in percentage of the original sample weight. The portion passing the 270 
sieve is called pan material. Sand containing clay or bonding substance is washed according to a 
predetermined procedure, the bonding material siphoned and the remaining sand dried and tested 
as above. 

MOLD SURFACE HARDNESS.—The density to which molding sands are rammed affects two 
important physical properties of the mold: 1. Ability of the mold surface to withstand pressure of 
molten metals, 2. Relative permeability of the mold. An indication of these properties is obtained 
-by a device to determine hardness of mold surface, which measures depth of penetration into the 


_ mold surface of a round-nose plunger 0.2 in. diam; the load is applied in a direction perpendicular 


to the mold surface, The instrument has a recording device that indicates to 0.001 in. the pene- 
tration of the plunger. For calibration, a pressure of 237 gm. on free end of plunger should indicate 
& movement of 0.1 in. on the dial. The instrument should be checked at frequent intervals. 

DYE ADSORPTION TEST of molding sand is solely to ascertain the nature of the clay substance 
present. Different sands possess widely different adsorption capacities. The colloids in molding 
sands are mostly inorganic, comprising hydrated aluminum silicate, hydrated iron oxide, hydrated 
silica acid and other hydrated minerals. All of these are gelatinous and sticky and give the sand the 
property of bond. Strongly bonded molding sands commonly possess clay substance high in 
colloid content as measured by dye adsorption test. Weaker bond sands usually show a lower dye 
adsorption corresponding to the smaller quantity of colloids in the clay substance of those sands. 
Methods of making the dye adsorption test are given in the above-noted booklet. 


CORES AND CORE MIXTURES.—Cores are made of sand and a suitable binder, 
which may be either dry or liquid. The sand should be high in silica to resist heat of the 
molten metal, and low in alumina. Old sand and gangway sand may be used in part for 


' the sand mixture. The grains should be well rounded to afford venting power to the core. 


Linseed oil makes the best binder, but is expensive. Other binders in common use are 
flour, glue, molasses, resin and resin oil, as well as many proprietary compounds. 

The usual proportions of the foregoing materials are as follows: 

Linseed Oil, 1 part oil to 30 parts sand. Cores are strong, porous and easily removed 
from the casting. 

Flour, 1 part flour to 18 to 30 parts sand. The lower the proportion of flour, the 
more porous but weaker will be the core. The flour should be made into a thin boiled 
paste which is used to dampen the sand. 

Glue, 2 lb. of glue dissolved in 3 gal. of water to 100 lb. of sand. Cores are smooth, 
but friable. They give off less gas than other cores. 

Molasses, 1 part, mixed with 20 parts of water, usually is used as a spray for core 
surfaces. 

Resin, 1 part to 20 or 30 parts of sand. 

Resin Oil, 1 part to 18 to 24 parts of sand. 

Cores containing molasses, flour or glue must be kept dry as they soften when exposed 
to dampness. They should not be placed in the molds very long before pouring. 

The results of a series of experiments made by A. M. Loudon are ‘given in Trans. 
A. F. A., xv, p. 34, 1906. The following core mixtures which gave satisfactory results, 
have been selected from those published. 

1. Old flour sand, 1 part; new molding sand, 1 part; sharp or beach sand, 1 part; 1 part Syra- 
cuse dry core compound with 35 parts sand. Cores dry quickly; are clean and sharp and resist 
dampness and leave a good surface, 
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2. Old flour sand, 2 parts; new molding sand, 1 part; beach or sharp sand, 1 part; 1 part dex- 
trine or British gum mixture to 150 parts of sand, tempered with water. Cores are strong, dry 
easily and have sharp edges. Useful for large cores. ‘ 

3. Old sand, 1 part; new molding sand, 1 part; sharp sand, 1 part: 1 part dextrine to 100 
parts of sand. Useful for small intricate cores. 

4, Old sand, 1 part; new molding sand, 1 part; sharp sand, 1 part; 1 part Wago core compound 
to 30 parts of sand. This mixture makes a good core which gives off but little smoke. 

5. New molding sand, 1 part; sharp sand, 1 part; 1 part Wago core compound to 35 parts of 
sand. Makes a strong, true and sharp core, but is not so easily removed from castings as No. 4. 
Resists dampness well. 

6. Old sand, 1 part; sharp sand, 1 part; new molding sand, 1 part; 1 part Cleveland core 
compound to 30 parts of sand, tempered with water. Makes strong core for general use. Easily 
removed from the casting. 

7. Old sand, 1 part; sharp sand, 1 part; new molding sand, 1 part; 1 part flour to 18 parts of 
sand. Makes a good core for general work. . 

8. Sharp sand, 30 parts; Holland linseed core mixture, 1 part. Makes a strong core for small 
and medium shapes. Requires venting. Resists moisture. 

9. Sharp sand, 35 parts; Syracuse core oil mixture, 1 part, tempered with water. Makes good 
cores but requires venting. Resists dampness well. 

10. New molding sand, 1 part; sharp sand, 1 part; old sand, 2 parts; 1 1b. of glue to 100 lb. 
of sand. Recommended for small cores. Used without venting. 

11. Sharp sand, 1 part; new molding sand, 1 part; old sand, 1 part; 1 Ib. glucose to 100 Jb. sand. 
Makes a first-class core, easily removed from the casting and emitting no smoke. 

An exhaustive research on core sands, core binders and core-room equipment was 
made by H. M. Lane (Trans. A.S.M.E., xxxiii, p. 735, 1911). Mr. Lane says that a core 
of the most exacting requirements, made of oil-sand mixtures, must have a tensile strength 
of at least 75 lb. per sq. in. The sand must contain no loam which will destroy the bonding 
value of the oil. The paint and varnish oils, including China wood, Soya bean, corn and 
cottonseed oils, are used in core oils. Blended oils also carry resin and neutral oil. The 
latter does not add appreciably to the binding power of the compound but carries the resin 
into the mixture and gives a waterproof oil of sufficient strength for ordinary work at lower 
cost than linseed oil. Greater strength may be afforded by using a bonded sand; i7.e., a 
sand containing clay, or by using flour, dextrine or other glutinous material. Strength of 
the dry core is governed by the amount of pressure it must resist as metal enters the mold. 
All cores tend to float, and if not rigid enough, may be broken or displaced. 

Facing Materials.—F acing materials are those substances added to the molding sand 
rammed next to the pattern to give a smooth finish to the casting. Formerly it was the 
custom to add a finely ground gas coal to the sand, about an inch of this mixture being 
rammed against the pattern, the balance of the mold being formed of ordinary molding 
sand. Moldénke claims that the advantages of this so-called “‘ sea coal ’’ are much over- 
rated and advocates the use of prepared facings, such as graphite, ground coke, charcoal 
or anthracite, soapstone, etc. Graphite, prepared with a binder to cause it to adhere 
to mold surfaces is widely used on green sand molds, being dusted on and smoothed with 
the trowel. On dry sand molds it should be wet with molasses water, clay wash or other 
substances of adhesive properties, and brushed on. 


8. MOLDING MACHINES 


Molding machines may be used either to save time in the ramming of the mold or in 
drawing the pattern. The latter saving is due not only to the more rapid work of 
the machine as compared to hand draft but also to the elimination of the labor of patching, 
which is frequently necessary with hand drawing. The density of the machine-rammed 
mold is more uniform than the hand-rammed one and the castings usually are free from 
scabs, blisters, etc. 

TYPES OF MOLDING MACHINE.—Molding machines may be classified according 
to the method of ramming, as hand-rammed, squeezer, jar-ram machines or gravity 
machines. 

The Squeezer, as the name implies, packs the sand by squeezing it between two platens. 
It is adapted to the average type of mold where the depth of sand is not excessive and 
where there are no deep pockets involving large bodies of hanging sand. The squeezing 
operation can be performed either by hand or power, compressed air usually being the 
medium for the latter. 

The Jar-ramming Machine comprises a table upon which rest the pattern, flask and 
its contained sand. The table is lifted a short distance and allowed to drop suddenly, 
the inertia of the falling sand packing it around the pattern when it is brought to rest by 
striking the table. The lift of the table ranges from 1/4 to 3 in., 2 1/4 in. being perhaps 
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the average lift. With this machine the mold is densest immediately around the pattern 
and least dense at the outer surface. The number of blows to obtain the necessary hard- 
ness or density of the molding sand varies with: 1. Nature of the molding sand. 2. Kind 
of metal, brass, cast iron or steel. 3. Depth of flask. 4. Locally, i.e., with the individual 
ideas of the foundrymen. The range is from 3 to 100 blows, at about 80 blows or jars per 
minute. Tests to determine the number of effective blows to give the greatest density of 
the molding sand showed that at 80 blows the sand had almost maximum density, a larger 
number of blows increasing the density but little, while the sand cracked in places. 

Jar-ramming machines often are combined with the squeezer principle, the mold being 
Jarred a few times to pack the sand in cavities and around corners and edges of the pattern 
and flask. The operation is finished by squeezing the mold as in the plain squeezer machine. 

The Shockless Jarring Machine, built by Tabor Mfg. Co., Philadelphia, and described 
by Wilfred Lewis (Trans. A.S.M.E., xxxii, p. 789, 1910), has a table mounted on a plunger 
fitted into a cylinder base forming an anvil, and supported on springs which are compressed 
when the table is lifted by compressed air. When the air is released, the table drops and 
the springs force the anvil upward, each having approximately equal momentum at the 
instant of impact. The sand is rammed without any of the shock of impact being trans- 
mitted to the foundation or surrounding floor. 

Molding machines also can be classified as: Split pattern machines, for molding 
patterns which can be divided on a plane and mounted on a plate; stripping-plate 
machines in which the pattern is drawn through a plate which supports the sand in the 
mold while the pattern is drawn; roll-over machines, in which the completed mold is 
rolled over by the machine and the pattern drawn in the rolled over position. Either 
hand or power may be used for any or all of the operations of these machines. The 
several fundamental types of machines are combined to form a great variety of machines 
to suit various foundry conditions. The following classification is given by J. J. Wilson 
and A. O. Backert (Trans. Am. Fdry. Assoc., xxiv, p. 269, 1916): 


Hand squeezers. 

Power squeezers. 

Hand squeezer with stripping plate attachment. 

Squeezer of the adjustable drop plate type. 

Split pattern squeezers, hand and power type. 

Automatic machines. 

Stripping plate machines, -hand and power draw. 

Stripping plate machines, drop plate type. 

Hand-rammed roll-over. 

Hand-rammed, power roll-over and power draw. 

Hand-rammed, hand roll-over, foot draw. 

Gravity machine, roll-over, pattern draw type. 

{ Plain jar-ramming, air and electrically operated. 

Foot jolt machine with roll-over attachment. 
Jar-ram, roll-over, pattern-drawing. 


Jar-ram and squeezer. 
Jar-ram, squeezer and pattern-drawing. 


SQUEEZERS. 


SrripPING PLATE { 
RouL-OvVER 


JAR-RAMMING 


COMBINATION Jar-ram, squeezer, roll-over, pattern-drawing. 
oe eae Jar-ram, pattern-drawing. 
Jar-ram, roll-over. 
taieae panty Jar-ram, air-squeezer, stripping plate. 


Jar-ram, split pattern. 
Jar-ram, squeezer, split pattern. 
Jar-ramming and stripping plate. 


SANDSLINGERS.—A molding method differing from the conventional types which 
employ pressure squeeze or jolt ramming is defined as sand slinging. It involves throwing 
sand into the mold, relying on an inertia effect to compact the sand about the pattern. 
It is an outgrowth of the old-time molder’s practice of throwing handfuls of sand against 
a pattern prior to adding additional sand which is hand rammed or jolted. 

The mechanical ramming of sand by the sandslinger method is accomplished by feed- 
ing the sand into the path of a revolving cup which projects the sand outward against a 
fixed liner forming a wad. After the wad is formed, it is projected from the slinger head 
at a velocity of 4000 to 8000 ft. per min., which is ample to ram molds to varying degrees 
of density, a new wad being formed and discharged at each reyolution of the ramming 


motor. F } ant 
Mechanically, it is made so it can be passed over various size molds, from snap flasks 
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to pit molding, producing castings that weigh ounces or many tons. In ramming molds, 
it can be passed over the mold by man or mechanical power. In production work of 
various kinds, it requires no operator. Sandslingers range in their capacity from five to 
thirty cubic feet of sand per minute, and they operate entirely by electric power. 

CORE BLOWING MACHINES.—The pneumatic core blowing machine is used for 
producing small and medium size dry sand cores in commercial quantities, ranging in size 
from small cores such as are used for small fittings and lock work, up to cores weighing 
approximately 50 lb., such as automobile crank-case cores and similar work of a “chunky” 
type. Lighter cores of the rangy, lacy type such as automobile jacket work, are being 
blown successfully up to approximately 35 in. long. 

The core blowing machine consists principally of a sand reservoir and blow plate 
mounted on a carriage which travels back and forth from the filling to the blowing posi- 
tions. This carriage is suspended from the upper structure of the machine, which is in 
turn supported on a base carrying the table and vertical and horizontal clamping mech- 
anisms. The core box is filled by projecting air at high pressure (approximately 110 to 
120 Ib. per sq. in.) onto the sand in the reservoir, thus forcing a stream of sand and air at 
high velocity through the holes in the blow plate into the cavity of the core box. Vents 
are provided in the core box to allow the air to pass on through. The vents resist the 
passage of the sand grains, and trap the sand in the core box cavity. The size and location 
of the vents are so arranged that the core box will fill properly. 

The satisfactory operation of a core blowing machine requires first-class metal core 
boxes, with tight joints throughout, and sufficient land at the parting line and around the 
blow holes to insure a tight seal. Opposite outside surfaces must be machined parallel, 
so that the box will clamp squarely in the machine. Metal core dryers are necessary, 
except when the cores are of a nature that will permit standing them on a plate, following 
the usual practice. 

The use of a core blowing machine should be confined to conditions where the expense 
for metal core box equipment is justified, and where the required sand mixture is free 
from heavy bond and sufficiently fluent to work freely in the machine. 

FIELD OF DIFFERENT TYPES OF MOLDING MACHINES.—It is difficult to 
define the particular class of work to which each type of machine is best adapted. In 
general, the squeezer is used on comparatively shallow molds, or molds of the bench 
work class, while the jarring machine is adapted to deep molds, or molds where there are 
cavities in which it would be difficult to pack the sand by pressure alone. It may be said 
to be a machine for light or heavy floor work. The combination jar-ram squeezer is used 
for work a little deeper than that for which the plain syueezer is adapted, or where the sand 
requires hand tucking in pockets and corners, before the squeezing operation. Instead of 
hand tucking the mold is jarred a few times and then squeezed. 

The split-pattern machine is used where the patterns are symmetrical or of the flat- 
back type. With symmetrical patterns, but one pattern plate is used, cope and drag 
being molded from a double set of half patterns, the mold in the right-hand side of the 
drag matching that in the left-hand side of the cope and vice versa.' With flat-back work, 
all the drags are molded from the pattern, and then a blank plate is placed in the machine 
and all copes are made. , 

Stripping-plate machines are used where there is a long run of duplicate work. They 
are not economical for short runs due to the expense of fitting up the stripping plates. For 
‘short runs, where the sand would require support while drawing the pattern, a roll-over 
pattern-drawing type of machine is preferable. Stripping-plate machines are especially 
adapted to gears, sprockets and patterns of irregular outline such as binder and mower 
frames. 

The roll-over machine is useful where the size of the mold is such that the labor of 
turning it over is considerable. While it may be used for light work, its true field begins 
with what is known as heavy bench or light floor work, and extends in the power machines 
to molds weighing several tons. 

The roll-over machine may be either a plain hinged or a straight draft machine. In 
the former, the pattern plate revolves about the hinge-pin, while in the latter it is lifted 
vertically until the pattern is clear of the mold and is then rolled back to molding position. 
The former type may be used on shallow work with considerable draft, such as stove- 
plate, grates, etc. The straight draft machine is used for deeper work, as fly-wheels, pis- 
tons, cylinders, automobile crank- and transmission-cases, etc. In connection with jar- 
ramming the roll-over machine is used for railway trucks, planer and boring mill housings, 
milling machine columns, bases and tables, lathe beds, ship castings, etc. ; 

For details of construction of molding machines, sizes, capacities, and the adaptability 
of a particular class of machine to a given type of work, manufacturers of this class of 
equipment should be consulted. ; 
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9. MISCELLANEOUS FOUNDRY EQUIPMENT 


LIFTING BEAMS for foundry use are of various forms. 
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For light loads, a light 


forged spreader, of triangular form with hook extensions at the two lower corners of the 
For large, heavy copes, a beam in the form 
of a cross is frequently used, to permit the cope to be suspended from 4 or more points. 
I-beams, suspended at two points from a lifting ring with the load slings placed outside 
the points of suspension, are the strongest and most reliable of all types. Table 24 gives 
safe loads for this type of beams. 


triangle for attaching the load, is serviceable. 


Table 24,—Safe Loads for Lifting Beams 


> a = J So = = rey I - q aey . o2 
Cais stk posite yi ter abner FoSes | o2ny lees ae ladle las ade Sionlti ces 
o e s | o Fa enicae es ® e ss ea GOS 
A Bee loa al eee Sah Pees hae Bt bs 4 | eesines 
fo ee (ease) S| OR Sees oles lek a cere 
3 : Fd a 3 oe ce es a a 
2 |/88/2 [3888] 4 | e8|2-/4288]2 | e8) 3 [sage 
ea} sa | tS | Sbss] Ba | SH] sa | Sees] Be | BB] 3s [Sess 
Bea Pe ee ae pee eee le GA bere 

6 8 16 4,800 | 10 2s] «334 | - 10,750, | 20 16 80 | 36,200 
6 10 16 3,800 | 12 10 | 40 | 18,750 | 20 18 | 80 | 32,200 
8 8 | 22 9,000 | 12 kde ba dhe] s 1.6000 124 18 | 80 | 38,150 
8 10 22 7,200 | 15 14 so | 29,950 | 24 | 20 | 80 | 34,300 
10 10 33 | 12,900 | 15 16 | 80 | 26,200 
Tabie 25.—Dimensions of Foundry Ladles 
(Northern Engineering Works, Detroit) 
ts f Thickness of Weight 
Cecile Size of Bowl, in. Allows for Lining, in. Steel; Gancior ine pe Crone 
re F Nr ; ea Ene tabi nee A aE eesti lao AG lecie, 
435 afer | Depth | ha Bottom | Sides | Top Bottom | Sides Ib. 
Hanp LADLES 
30 7 7 6 1/2 1/2 Syd MANOS WE dwNa. al Gil ent f...2 
50 8 8 7 3/4 1/9 3/4 14 EG Mo ceaoe ti 
100 | 10 10 83/g 3/4 Vo 11/2 14 hoyle. meee: 
150 | 11 11 93/4 | 1 1/2 1 1/o 14 Gal WRextewer 
200 12 12 01/2 | 1 Ge iis 11/2 14 ree 
SaaNnkK LApDLES 
250° 0 13 13 iy | 1 Yo 11/2 | No. 14] No. 16]........ 
300 14 14 12 1 5/3 w/e ales/ig in. i a7e an. |e ee. 
400 15 1/9 15 1/2 13 1/9 11/4 3/4 13/4 | 3/16 1 Oe 
500 16 1/2 16 1/2 14 1/9 11/4 3/4 1 3/4 3/16 O16 ae ett ee 
600 17 1/2 17 1/2 15 11/4 3/4 13/4 | 3/16 Bea nici Lah 
goo | 19 19 16% | VY 3/4 13/4 | 1/4 3yigtiow lian. 
1,000 20 1/2 20 1/9 18 11/2 1 2 1/4 8116 cuatpalesicisic hake 
1,200 21 3/4 21 3/4 19 1 1/2 1 2 1/4 3/16 Werte rs 
1,500 | 23 23 20 11/9 1 2 W/4 Ge ek 
CraNE LADLES 
Va 650 
2,000 | 26 26 23 11s i 3 V4 
3,000 | 29 29 26 11/9 1 3 V4 Uh 700 
4.000 | 32 32 28 11/o | 3 1/4 1/4 900 
5,000 | 34 34 30 2 11/2 | 3 be | Wa 1,100 
6000 |) 36/2 | 3632 } 32 2 eee 2/16 °/16 1,370 
8,000 | 4013/5 | 401/2 | 3513/2 | 21/2 13/4 3 5/16 5/16 1,600 
10,000 | 4341/2 | 4341/2 | 38 21/2 | 13/4 | 4 3/s 5/16 1,900 
12,000 | 48 42 42 2/ 13/4 4 3/3 5/16 2,200 
14.000 | 501/2 | 441/2 | 441/2 | 21/2 2/4 | 4 3/g 3/g 2,600 
16,000 | 53 47 44 2, | 21/4 4 7/16 3/g 3,100 
16,000 | 57 50 50 5 41/, | 4 7/16 3/g 3,700 
20,000 | 57 50 50 Dia te Dg | 4 i is A 
fi 60 54 54 5 41/9 4 16 /3 ; 
Sainte 60 54 54 21/2 21/4 4 7/16 3/g 4,350 
24.000 | 65 57 57 5 41, | 4 7/16 3/3 4,800 
30,000 | 65 57 57 2 | 24 4 ij ifs ae 
"000 | 69 61 61 5 41/9 2 6 : 
aed 75 66 1/2 66 1/2 5 41/2 4 3/4 v6 eet: 
50,000 | 80 70 70 5 41/o | 4 3/4 /16 : 
4 5 41/9 4 3/4 1/9 10,200 
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Table 26.—Free Air Discharge, Cu. Ft. per Min., and Power Required for 
; Abrasive Blast Nozzles 


20% Added for Friction; Single Stage Compression at Sea Level 


Diam. of 
eee AISA 30g) 350i] PHOS] AO eae 60 70 so | 90 | 100] 125 
Gaft.|8.6| 10.0| 11.2| 12.2] 13.4| 14.5] 16.8] 19.0] 21.2} 23) 25) 31 
Vs {Hy aoe Papers esp ere 27}) 93:3. 4 girs asia 
Cu ft.| 19.4] 22.4| 25.0] 27.4| 30.4] 32.8] 37.5] 42.9] 47.5] 52} 58) 70 
a/6{ Hie, 17) 2.2] 2.8| 3.4| 4.0] 4.6 6.0 7.5 9.0| 10} 12) 17 
Ca ft.| 34.5| 40.0| 44.7| 49.0] 53.8] 58.2] 67.0] 76.0] 85.0] 94) 103} 125 
V4 {He Fol 4.ObkSD 1610 > con sO Am 10-7 |e 3A) | 16.2 eel zee 
Cu. ft.| 54.0| 63.0| 70.0| 76.7| 84.0| 91.0] 105.0] 119.0] 132.5] 147} 161) 196 
/16| He, AS06654 ole 95) We toeo 16.9| 21:0:)  2553:)) 30) 135] 49 
Ga ft.| 77,0 90.0| 100.0| 110.5] 121.0| 130.0] 151.0] 171.0] 191.0] 211} 231) 282 
v/s {ue 691 9:11 10.31013,6| 16.2) 18.6) 24.3|- 30:0) » 367540 43) 50h emi 
{ Cu. ft. | 138.0| 161.0| 179.0| 196.4| 215.0| 232.0] 268.0] 304.0| 340.0| 376) 412) 502 
1/2 up. 12.2| 16.3} 20.1| 24.2| 28.7| 33.1] 43.1] - 54.0] 65.0] 77] 90) 127 
{ Cu. ft. | 216.0 | 232.0 | 280.0| 307.0| 336.0| 364.0| 420.0| 476.0] 532.0] 587| 645) 785 
5/8 U Hp. 19.2| 25.6| 31.7| 37.9] 44.9] 52.0] 68.1] 84.0] 101.7] 120) 140] 198 
; { Cu. ft. | 310.0 | 362.0| 400.0| 441.8| 482.0| 522.0] 604.0] 685.0] 765.0] 843] 925)1127 
/4 Lp, 27.6| 36.7] 45.2| 34.6| 64.4| 74.7| 97.2| 121.0] 146.4] 173) 202) 284 
{ Cu. ft 422.0 | 493.0 | 550.0| 601.3| 658.0| 710.0] 823.0| 930.0) 1004.0 |1145/1260) 1361 
7/8 (Hp. 37.6| 50.0] 62.1] 75.5| 89.0|101.4| 132.0] 164.0] 192.0) 234] 274] 343 
{ Cu. ft. 550.0 | 645.01 715.0| 785.4| 860.0| 930.0| 1070.0| 1215.0 | 1360.0 | 1500/1648) 2000 
Hp: 50.0| 65.5| 80.8| 102.0| 115.0| 132.8] 172.0] 215.0] 260.0| 308] 359] 504 


Sandblasts for cleaning castings are of the following types: gravity, suction and 
pressure. Good work may be done with a nozzle 1/4 or 3/g in. diameter, with air pressure 
of 25 to 75 lb. per sq. in., depending on the material to be cleaned. Steel castings take 
higher pressures. The quantity of air used depends on air pressure and diameter of nozzle. 
No more air can be used than will be passed through the nozzle regardless of the diameter 
of air inlet. Since quantity of air used will increase rapidly as nozzle diameter and pres- © 
sure are increased, the nozzle should be inspected and replaced at intervals. Quantity of 
air and power consumption are shown in Table 26. 

The flow of sand should be so regulated as to deliver just enough to give a quick and 
thorough cleaning. This is effected by allowing each abrasive grain to strike the surface 
without interfering with its neighbors. When the sand can be seen issuing from the 
nozzle, the feed is about right. The nozzle should be held about 6 in. from the work and 
at an angle of 30° to 45°. 

AIRLESS ABRASIVE CLEANING.—A type of machine employing the centrifugal 
method instead of pneumatic pressure for abrasive cleaning has been developed. This 
type of machine has a rotating head with cups or vanes, which takes small quantities of 
abrasive material, such as steel shot or grit. As each vane rotates, it delivers the abrasive 
material at high velocity and within a predetermined area on the surface of castings. The 
abrasive action of the material cleans the sand from casting surface. The same type of 
abrasive propelling element is employed in certain barrel or tumbling machines. 


MALLEABLE CASTINGS 


By Enrique Touceda 


The production of malleable castings dates from Réaumur’s discovery that when a 
piece of hard and brittle white cast iron—that is iron, all of whose carbon is in combined 
form—was heated to a certain temperature and maintained at that temperature for a 
certain length of time, the iron then would be considerably less hard and brittle. Subse- 
quent investigation showed that softness and ductility of the annealed product depended 
upon the composition of the white iron, and later researches that the most trustworthy 
product, measured by high ultimate strength and ductility, could be obtained only if the 
elements of the white iron were restricted to certain prescribed limits and the heat treat- 
ment conducted in accordance with certain rules, the violation of these rules resulting in 
an inferior product. 

The manufacture of malleable castings thus comprises two steps: 1. The making of 
white iron castings of correct composition. 2. Heat treatment of the proper character. 
The melting is usually conducted in a reverberatory furnace (more commonly called an 
air-furnace). The open-hearth and electric furnaces are also used. 

The customary mixture consists of: Pig iron, sprues from the previous heat and steel 
scrap for the purpose of carbon control. With the reverberatory or open-hearth furnace, 
the oxidizing action of the hearth atmosphere lowers the silicon and carbon of the charge 
—hboth during melting and also while molten metal is receiving sufficient superheat to 
enable the castings to be made without danger of misruns—to a point at which no carbon 
will be precipitated upon solidification. The castings then will show a white fracture. 
The product of the melting furnace, irrespective of the type used, is known as “ hard 
4ron ”’ and should be, but not always is, completely white in fracture. 

COMPARISON OF MALLEABLE WITH GRAY IRON AND STEEL CASTINGS.— 
Normal malleable cast iron as made in the U. S. is structurally unlike any other ferrous 
casting. The gray iron casting to which it is sometimes compared by the uninformed, 
usually consists of a ground-mass of varying proportions of ferrite and pearlite, through 
which are regularly distributed plates of graphite varying in thickness, length and curva- 
ture. If all the carbon is graphitic, which is rare, the ground-mass will consist entirely of 
ferrite. In limited cases where the combined carbon is high, say in the neighborhood of 
0.90% or more, the ground-mass will consist of pearlite, or pearlite and free cementite. 
Gray iron castings sometimes are heat-treated, to facilitate machining, to increase the 
strength, hardness, or wear when pearlite predominates in the matrix, or to graphitize some 
of the pearlite in very low silicon cast irons. Hence the grain size in all sections in unan- 
nealed castings varies directly as the thickness. Since the percentage of combined carbon 

_ present in a gray iron casting depends appreciably upon the rate of cooling, the relative pro- 
portions of ferrite or cementite to the pearlite in the ground-mass will vary in the thick and 
thin secticns of the same casting. The ordinary steel casting consists of a ground-mass of 
free ferrite and pearlite, the amount of pearlite increasing with the combined carbon con- 
tent. So far as the structural constituents are concerned, the structure will be similar in the 
thick and thin sections, provided the sections are not abnormally disproportionate. The 
soft unannealed steel castings usually are sold in competition with malleable castings. 
In these the grain size will be coarse throughout the casting, and larger in the heavy sec- 
tions than in the light sections. 

The structure of malleable iron more closely resembles that of wrought iron, both 
having a ground mass of ferrite, the inert constituent in the malleable iron being temper 
carbon and in wrought iron, slag. The ferrite of the former, however, is much stronger 
because of the very large amount of silicon held in solid solution. The normal structure 
of malleable iron consists of but two constituents, both of which are soft. Its ground mass 
is practically 100% carbonless iron, or silico-ferrite, while uniformly distributed through 
it are small particles of carbon very different in shape and size from the plates of primary 
graphite that occur in gray iron. The white iron, which forms the basis of malleable 
castings, consists of cementite or carbide of iron, the hardest constituent that can exist 
in iron or steel, and cementite mechanically mixed with soft carbonless iron. Through 
heat treatment the carbide of iron is decomposed into its two soft constituents. 

Inasmuch as malleable cast iron, due to the method of manufacture, is a product 
heat-treated slightly above the critical range, the grain size throughout the casting must be 
uniform and almost as fine as it is practical to obtain. This is of extreme importance in 
castings subject to dynamic stresses. Since the entire metallic part of a correctly annealed 
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malleable casting consists: of carbonless iron, such castings naturally must be soft and 
ductile, tough and free from internal stress. ; 

COMPOSITION OF MALLEABLE CASTINGS.—The average reverberatory 
furnace mixture, to yield a tensile strength around 54,000 Ib. per sq. in., accompanied by 
an elongation of 18.00% or over and the hard iron resulting therefrom, run about as 
follows: 


Max. Max. 
Silicon Phosphorus Sulphur Manganese Carbon 
Mixtures, 3. 2i2. 202. 1. 25-1.35 0.20 0.10 0.60 2.65-2.80 
er@rowt ioe. ae = 0.95-1.10 0.20 0.10 0.22-0.30 2.00-2.40 


Silicon in the mixture should be so adjusted that when the bath has received sufficient 
superheat to successfully run the castings, enough silicon has been eliminated from the 
bath to prevent graphitization upon solidification of the castings of heavy sections. If 
the silicon has not been lowered enough to accomplish this, it indicates too great an initial 
silicon in the mixture. This condition can be corrected by allowing the metal to remain 
in the furnace until both the silicon and carbon are still further lowered, which process, 
however, is wasteful of fuel. If the fracture of the test sprue, prior to complete superheat- 
ing, shows white, the initial silicon of the mixture was too low and a white-iron composition 
will result that will yield, upon heat treatment, castings of abnormal steely fracture, lacking 
ductility. The addition of certain silicon-manganese-carbon combinations will correct 
this condition. Silicon can be replaced by the addition of ferro-silicon, and manganese 
by addition of ferro-manganese. The best practice is to use silico-spiegel which contains 
6 to 12% of silicon and 17 to 22% manganese. As this alloy contains too little carbon, 
this element must be added separately. The usual procedure is to add a sufficient amount 
of petroleum coke for carbon replacement. Additions should be made immediately it is 
realized that any of the elements have been unduly eliminated. It is the common practice 
to make preliminary analyses as the heat progresses, and additions should be made imme- 
diately such analyses indicate that such are necessary. 

Phosphorus and Sulphur.—Phosphorus in white iron should be under 0.20%; sulphur 
preferably under 0.10%. 

Manganese.—The permissible amount of manganese is a function of the sulphur 
content as follows: 


Sulphur sn sk ara doee a 0.04 0.07 0.10 
Manganese. ae sraseies 0.20-0.24 0.23-0.27 0.27-0.34 


Carbon.—If high tensile and ductile properties are desired, the carbon in the white 
iron should be about 2.25%. Such a carbon content will yield molten metal of sufficient 
fluidity to pour intricate castings. If less fluidity is permissible, the carbon can safely be 
as low as 2.00%. 

If mixtures are made to accord with the above recommendations, hard iron of a com- 
position suitable for sections up to 1 1/2 in. thick should be obtained without difficulty. 
Failure to obtain the proper primary mixture either through ignorance or lack of knowl- 
edge of the exact composition of the raw materials, may give ‘‘ low-heat ”’ or “‘ high-heat ”’ 
iron. Low-heat iron is a white iron so high in either silicon or carbon, or both, that 
primary graphite will be found in the heavy sections of the castings. No subsequent heat 
treatment can rectify this defect, and the castings will be undependable, as they will lack 
strength and ductility. This trouble is not likely to occur with any reasonable thickness 
of section if the carbon plus silicon is from 3.40 to 3.30%. High-heat iron, irrespective of 
the type of furnace producing it, is an iron so highly oxidized that too much silicon, carbon 
and manganese have been eliminated, or iron from a mixture in which the initial silicon was 
so low that white iron will have a composition giving an abnormal fracture when annealed, 
while it will be unsound and the surface covered with pin point holes. 

HEAT TREATMENT.—The heat treatment of white iron castings, commonly, 
although improperly, called annealing, has for its object the decomposition of the free 
and pearlitic cementite that constitutes a large part of the structure of the white iron, by 
means of temperature, time and slow cooling. The very hard constituent, ‘‘ cementite,” 
was formed through a chemical union of iron and carbon, both of which are soft. The 
decomposition of the cementite brings about their separation. Consequently, the result- 
ant product is a soft, strong, ductile and very easily machined metal, as no hard or brittle 
constituent is present. The author has frequently pointed out that the “anneal” in the 
case of hard iron castings should more properly be called a heat conversion rather than 
an annealing process. 

In annealing, the castings are packed in rectangular or circular pots without bottom or 
cover, called rings. Rectangular rings usually are 24 * 18 X 15 in. high, and circular 
rings about 24 in. diameter by 15 in, high, the thickness of metal being lin. One of these 
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rings is placed upon an iron ‘‘stool ’’ of such horizontal dimensions that its edges extend 
about 3 in, beyond the sides of the ring. The stool serves both as a bottom for the ring 
that is placed upon it, and as a base for the entire assemblage of rings that are to be 
superimposed upon the lowest one. The stool is some 6 in. high and designed with feet 
so spaced that the forked lifter of the charging truck can slide under it to slightly raise 
the load and permit the truck to place it in the annealing oven. The detailed procedure 
is so to fill the ring that rests directly on the stool with castings and packing that each 
casting will be completely surrounded with the packing material. As soon as this ring 
has been packed solid, other rings in turn are superimposed upon it and a similar proce- 
dure followed in the case of each ring. The entire set, which may consist of 4 or 5 rings, is 
called a stand. The castings in the top ring should be kept not less than 4 in. from the 
top and packing to that depth filled in over them. A 2-in. luting of mixed clay is placed 
over the top of the stand, the joints between the rings being luted with the same material. 
After transference to an annealing oven, which is sealed, the castings are subjected to the 
following heat cycle: 1. Temperature of the oven is gradually raised to 1550° F. or higher 
in 40 hours. 2. The temperature is held at 1600° for about 60 hours and firing then dis- 
continued. 38. The temperature is lowered at a rate that should not exceed 10° per hour, 
until it is certain that the temperature of the castings does not exceed 1200° F., after which 
the rate of cooling can be progressively accelerated. Heat treatment thus covers a period 
of 61/2days. It is not recommended, nor is it practical in an ordinary type of oven, to 
attempt to shorten this period. 

The tunnel type of oven is about 200 ft. long. This is constantly under fire and the 
annealing process is continuous, since the stands are introduced at one end of the oven 
on cars and withdrawn at the other end, the rate of travel through the oven being adjusted 
to accommodate the cycle adopted. By this method the total period of annealing can be 
shortened to not greatly exceed 100 hr. with a consequent saving of fuel. 

A type of oven in which the anneal can be run through in a much shorter time is the 
car-type electric annealing oven, in which an anneal can be completed in three days or less. 


_ This method of annealing is advantageous because it makes possible more prompt delivery, 


and because the surface decarburization of the castings can be more closely controlled. 

Another type of annealing apparatus is the muffle oven, in which castings that can be 
annealed without undue warping are stacked very closely together on the floor of the 
oven; other layers of castings are superimposed until the oven has been completely loaded. 
Frequently, plates of thin sheet steel are placed between each of several layers if the 
castings are not too large. As the products of combustion do not come in contact with 
the castings, a packing material is unnecessary, since if the muffles are tight no danger 
will exist of the castings being scaled. On the one hand, a product of the highest character 
can be produced in such an oven. This type is very flexible, due to the fact that very 
large castings cannot be heat-treated in any other type of annealing oven. 

Small car-type annealing ovens, fired with pulverized coal, are in use, by means of 
which two anneals per week are possible. 

The latest type (1937) of heat-treating unit is the radiant tube, batch or continuous 
oven with controlled atmospheres, which do not oxidize or decarburize. In these, because 
of the accurate temperature control, much shorter heat treatments are possible than in 
any other type. The castings are not packed in pots, but are laid on trays. 

PHYSICAL CHARACTERISTICS OF MALLEABLE CASTINGS.—In connection 
with tensile properties, it is the practice of the Malleable Iron Research Institute (formerly 
the Am. Malleable Castings Assoc.) to submit to their consulting engineer for test, a 
standard test bar from each day’s run. Based on the average results for the years 1928- 
1932, the approximate physical properties were: Ultimate strength, 54,000 lb. per sq. in.; 
yield point, 36,000 Ib. per sq. in.; elongation, 19.00%. In 1931, the A.S.T.M. and the 
Am. Foundrymen’s Assoc. published jointly a symposium on malleable iron castings, from 
which the average properties in Table 1 are quoted. 

The Electrical Properties of malleable iron lie about midway between those of cast iron 

and cast steel. The permeability curve lies below that of cast steel and above that of 
cast iron. The electrical resistance of malleable iron is about 0.000044 ohm per cu. cm. 
compared with the resistance of cast iron of 0.000009 ohm per cu. cm. Malleable iron 
possesses high induction, and both a low hysteresis loss and coercive force. 
* EFFECT OF SKIN ON STRENGTH OF MALLEABLE CASTINGS.—A popular 
but erroneous belief is that the removal of the so-called skin of malleable iron so reduces 
its strength that the machined castings are more or less worthless. These conclusions 
must have been based upon experiments on bars that either were unsound, due to the 
presence of a central shrink, or were more or less worthless even with the skinon. Results 
of experiments made by the author and by others, prove conclusively that the removal of 
the skin does not affect the strength of malleable castings of good quality. 
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The following tests were made by Frazer & Jones, Syracuse, N. Y. A set of 4 bars 
each was cast from 4 consecutive heats. Each bar had the dimensions of the A.S.T.M. 
standard tensile test bar, excepting that 3 had diameters in the gage length of 3/4, 7/g and 
1 in., respectively, instead of the 5/s-in. standard diameter. These bars were machined 
to a gage length diameter of 5/gin. Table 2 shows results of physical tests made on these 
bars by Halcomb Steel Co., Syracuse, N. Y. Only the gage length of the finished bars 
was machined and, therefore, it is practically certain that the machined surface of the test - 
bar ends fitting the grips of the testing machine was not parallel with the machined gage 
length. Consequently, the pull on the machined bars was properly more or less eccentric 
and results are lower than if the bars had been properly prepared for tests. 

Table 3 is a record of tests made by Robt. W. Hunt & Co., Chicago, on another set 
of bars cast by Frazer & Jones. 

EFFECT OF THICKNESS OF SECTION ON STRENGTH.—Based on tests made 
on round sections only, it can be stated that as the diameter increases, the ultimate 
strength, yield point and elongation all decrease slightly. With rolled steel or forgings 
the same is true, except that the elongation is not lowered and may increase slightly. 
However, malleable iron has an advantage over the other two products, in that it is of 
equal strength in every direction, while with rolled or forged steel the mechanical proper- 
ties are appreciably lower in samples cut crosswise of the principal direction of the flow 
of metal. No tests have been made on fiats because, as in the case of steel also, the 
results are greatly influenced by each change in the ratio of thickness to width. 

SHOCK RESISTANCE OF MALLEABLE CASTINGS.—Malleable cast iron has 
high shock-resisting properties, due to the grain size in every part of the casting being 


Table 1.—Average Properties of Malleable Iron 
From symposium of A.S.T.M. and A.F.A., 1931 


Chemical Composition 
C, 1,00 to 2.00; Si, 0.60 to 1.10; Mn, under 0.30; P, under 0.20; S, 0.06 to 0.15%. 
Physical Constants 
Specific gravity, 7.15 to 7.45. 
Coefficient of thermal expansion, varies with temperature; average value, 0.000012 per deg. C. 
(0.0000066 per deg F.). 
Specific heat, varies with temperature; average value from 20 to 100 deg. C., 0.122 calorie 
per gram per deg. C. 
Mechanical Properties 
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Table 2.—Results of Tensile Tests on Machined Malleable Test Bars 
(Halcomb Steel Co., Syracuse, N. Y.) 
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very small irrespective of the size of section, although slightly larger in the heavy than in 
the light sections. The shock-resistance is measured by the impact test used by the 
Malleable Iron Research Assoc. which was suggested by Benjamin Walker of the Erie 
Malleable Iron Co. The test can be quickly conducted and has the advantage of using 
cheap test specimens consisting of a wedge 6 in. long X 1 in. wide, tapering from 1/9 in. 
at the base to 1/1, in. at the thin end. The wedges are held upright at their base on the 
anvil of the testing machine and a weight of 21 lb. is dropped 3.33 ft. on the thin end of 
the specimen, causing it to curl; the procedure is continued until fracture occurs. The 
blows required to cause fracture are recorded and the length of the butt is measured. The 
length furnishes a comparative idea of the stiffness of the metal, #.e., assuming that it 
required, in each case, 25 blows to cause two wedges to fail, the one having the longest 
butt would be the stiffer. This test is of extreme severity in that the blows must be 
resisted by sections that are very small, the extreme base of the wedge being but 1/2 sq. in., 
while the first blow is resisted by a section only slightly larger than 1/1, sq. in. If the 
wedge does not fail under 30 blows, the testing is stopped on the ground that a wedge 
withstanding 30 blows is A-1 material, and to prolong the test would serve no useful 
purpose. 

The foundries make no use of the notched bar test, first because there is no agreement 
among mechanical engineers as to what actually is shown by this test, and second, because 
malleable iron castings are not notched. Cast specimens for the notched bar test are 
difficult so to gate that they will be absolutely sound. If even incipient unsoundness is 
present, the results will not be trustworthy. On the other hand, the wedges used for the 
wedge test can be cast sound; they are not notched, and the test is a fair one as indicating 
the toughness of the metal. 

Machining Properties of Malleable Castings.—The fact that malleable iron can be 
machined at depths of cut, feeds, and speeds not possible in the case of any other ferrous 
metal of equal mechanical properties is freely acknowledged. While a few manufacturers 
of malleable iron have advanced the claim that a high tensile product cannot be machined 
_quite as rapidly as one of lower strength, the author has attempted to determine by ser- 
vice tests during the years 1928 to 1932, if there was any justification for this statement. 
A hundred castings of low, medium and high carbon were machined at an automobile 
plant. Although the machine tool was run exactly in accordance with the usual practice 
in machining this particular casting, the machinist was unable to differentiate between 
the three grades. According to L. & Kelly (Trans. A.F.A., 1930, p. 242), the following 
were the machining operations on 2 1/4-in. grease plugs cast from a hard iron of about 


Table 3.—Results of Tensile Tests on Machined Malleable Test Bars 
(R. W. Hunt & Co., Chicago, 1921) 
Diameter | Diameter Elastic Ultimate | Percent of |Reduction 


Date, Bar Heat of Bar as | of Bar as Limit, Strength, | Elongation] of Area, 
1920 Number | Number Tested, in.| Cast, in. |lb.persq.in.|Ib.persq.in.| in 2 in. percent 

Noy. 16 1? 1 0.625 5/g 35,410 55,720 29.0 30.8 

2 1 .625 3/4 35,350 55,380 22-5) 22.6 

3 ] .625 7/3 34,950 54,980 21:25. INNEYE 
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Nov. 17 ] i .625 5/g 34,600 56,580 26.0 30.8 

4 1 . 623 3/4 35,760 55,580 24.0 24.9 

3) 1 . 623 1/3 36,320 55,460 24.0 20.5 

4 1 . 623 1 35,370 54,820 24.0 7H 

1 2 . 625 5/3 35,220 55,440 26.0 29.4 

2 24 . 623 3/4 35,960 55,260 23.0 24.3 

3 2 625 7/8 35,310 54,420 20.0 Zila 

4 ¥ . 623 1 35,140 54,540 Bere 22.6 

Nov. 18 I 1 625 5/3 35,310 55,200 26.5 20.8 
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3 ] . 623 7/8 35,340 55,020 PAGE: 19.2 
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2% carbon: Two cuts to remove 1/4 in. of stock; an undercut both front and back in one 
operation, after which the plug was threaded for a distance of 5/g in. As to tool life, 500 
were machined every 22 hours (day and night) with but one grinding of tools; 20,000 were 
threaded with but three grinds of the chasers, the grinding necessary being very slight. 

The author has been unable to find, during a 5-year investigation, one instance where 
the piece rate, set by rate-setters, has had to be altered, when the source of supply was 
changed from a plant making low-strength castings, to one making a high-strength prod- 
uct. If there is any difference, it apparently cannot be ascertained under service condi- 
tions, and no worthwhile proof has been furnished that it has been ascertained in any 
other manner. 

Poor machinability of malleable castings results from: 1. A deep decarburized skin; 
such a skin mineralogically is very soft but is hard to machine, being similar in character 
to pure copper and pure aluminum. 2. A skin consisting of pearlite or of a layer of 
pearlite and ferrite, or of pearlite and free cementite, will be hard to machine, because of 
mineralogical hardness. The metal under the skin may be easy or difficult to machine, 
being easy in the majority of cases. If, however, during the anneal, the product has been 
heated to too low a temperature or to too great temperature for too short a time, or both, 
the structure will contain considerable free cementite and, therefore, will be hard to 
machine, depending on how seriously the correct laws of annealing have been violated. 
If the annealing oven has been incorrectly designed, the temperature not being uniform 
throughout, castings that are easy and others that are difficult to machine may be obtained 
from the same oven. Further, certain hard iron compositions cannot be annealed in such 
a manner as to yield a structure that will machine with ease. Also, annealing carried out 
at too high temperature will make the product difficult to machine, due to the formation 
of pearlite, under certain conditions, in the structure. 

HARDNESS TESTS OF MALLEABLE CASTINGS.—Whether or not malleable 
iron, when machined, will test efficiently under the impact or tensile test, depends entirely 
on whether or not the test specimen is sound. Due to improvement in molding opera- 
tions, the danger of unsound castings has largely been eliminated. Whether or not a 
product will machine easily or with difficulty is of first importance. Only in exceptional 
cases can mineralogical or cutting hardness be satisfactorily determined by the Brinell or 
Shore instruments. The reason for this is that during the anneal, the structure of the 
surface of the casting to a depth of from 1/39 to 1/12 in. or more will be dissimilar to the 
structure of the body of the metal underlying the so-called skin, which, in the majority 
of cases, consists of decarbonized iron, providing the pot atmosphere is oxidizing. The 
skin, however, may vary in structure, depending on the pot atmosphere. Under certain 
conditions, a skin structure consisting of 2 layers may be obtained. The outer one of these 
consists largely of pearlite, with perhaps some free cementite, and will be extremely hard. 
Between this layer and the body of the casting will be a ring of carbonless iron. This 
effect usually is produced through the action of an oxidizing pot atmosphere which decar- 
bonizes the surface to a certain depth, followed by a change in the pot atmosphere from 
oxidizing to reducing. Under these conditions part or all of the decarbonized layer will 
be recarbonized, the depth depending upon the length of time the castings are exposed to 
this action. 

In other cases, the skin will consist of an outer ring of decarbonized iron and an inner 
ring of pearlite and at other times of a skin consisting wholly of pearlite occasionally 
accompanied by considerable free cementite. The last two cases produce a fracture that 
is known as “ picture frame ’’ iron. The fracture shows a more or less brilliant steely 
frame surrounding the section and separated from it by a distinct line of demarcation. 
It is this character of iron that probably originated the term ‘‘black heart malleable iron’’ 
since in the early days most of the malleable iron had this type of fracture. Some writers 
on the subject of malleable cast iron, both in the United States and England, have pre- 
sented fractures of ‘‘ picture-frame iron ” as representing a superior product, notwith- 
standing the fact that castings of such fracture would be worthless when subjected to bend- 
ing or impact, the frame being hard and brittle and actually inviting fracture. It is there- 
fore obvious that an attempt to ascertain hardness by means of either the Brinell testing 
machine or the Shore scleroscope would be futile. In the case of Brinell test, the ball 
would crush through the skin, irrespective of its character, leaving its impression partly 
in the skin and partly in the metal beneath. In the case of the scleroscope, the proper 
preparation of the specimen would involve the removal of most, if not all, of the skin. 

: SHRINKAGE.—Shrinks in castings are harmful not only because of their influence 
in decreasing the strength of the casting, but also due to the formation of hard spots wher- 
ever the shrink exists, which will cause trouble in machining. With few exceptions, cast- 
ings can be made perfectly sound by means of large risers and heads properly located to 
teed the casting. With intricate patterns, it may be impossible to avoid the use of an 


~~ 


aa thle eal ote Niall 


WA aas 2 te habe 


LOCATION OF TEST COUPON 20-45 


occasional chill, due to the inability to attach a riser or a sink head in such a manner as to 
insure the proper feeding. The remedy lies in a change of design to meet this condition. 
Detection of shrinks is a most important function of the inspector, aside from confirming 
the strict trueness to pattern of the castings. Heavy shrinks, and even those which are 
less pronounced, can be detected easily by the breaking up of hard iron castings and a 
careful inspection of fractures at sections where shrinkage is liable to occur; that is, at 
fillets and at junctions of light and heavy sections. Very light shrinkage cannot be detected 
by this method, as such become visible only when the casting has been annealed. If 
castings are purchased from one of the many concerns which has paid equal attention to 
its furnace and annealing oven design and operation, a guarantee probably can be obtained 
with the product that it is free from shrink, even in cases of most complicated design. If, 
on the other hand, the foundry has not informed itself on the best modern practice, the 
product is liable to vary in composition, physical properties and machinability, while 
shrinks will be of rather common occurrence. 

INSPECTION.—Irrespective of where castings are purchased, inspectors should first 
examine the test lugs placed upon them for that purpose. If castings are too small to 
warrant placing of test lugs, some castings should be broken for fracture examination as 
well as to test their toughness and ductility. When malleable iron fails in tension, the 
crystalline grains at the fracture stretch into spines, and if the product is good, the appear- 
ance of the fracture will be uniform throughout, except that there will be a slight contrast 
between the decarbonized surface and core. The color will depend largely upon how duc- 
tile the crystalline grains may be as well as upon composition. If the grains are very 
ductile and the carbon is low, the fracture will be mouse-colored. The higher the carbon 
content the darker will be the fracture. In correctly annealed malleable iron, if the silicon 
is in the vicinity of 1.10% or more, and manganese much in excess of 0.30%, or if both con- 
ditions exist, the fracture, while normal in appearance, will be more or less sparkling. 
This characteristic, however, is much more evident in fractures resulting from impact or 
when a bar is broken transversely than when fracture takes place from tension. 

In the breaking of a test lug, each lug should receive as nearly as possible the same 


“treatment. If the lug is repeatedly hit in such a manner that it will be sheared off at its 


base, the fracture will have a different appearance than if the blows had gradually bent 
the lug over and broken it in a manner similar to a transverse test. In the latter case, the 
fracture on the compression side will be bright to a certain depth from the surface, due 
to the grains having been smashed down to destruction on that side, while the side that 
broke in tension will show a fracture similar to what would be expected in a tension test. 
High carbon or high manganese or both will make the bright part on the compression side 
deeper. In certain cases there may be a slight shrinkage at the fillet of the lug which may 
affect the appearance of the fracture. If the test lugs are broken hot, that is, just as the 
castings are dumped from the pot, an abnormal close-grained dove-colored fracture will 
result that is not truly representative of the metal. Before he can gather all the informa- 
tion that is possible from the test lug inspection, the inspector must have had considerable 
experience. 

A casting may be sound and the fracture abnormal, that is, the fracture may be of the 
picture-frame variety. It may be of steely appearance or have other faulty fracture 
characteristics. In such cases, the tensile test will indicate that the material is not first 
class. The cause of this condition usually can be ascertained by metallographic means, 
although sometimes a chemical analysis is also necessary. ‘‘Picture-frame’’ iron usually 
results from too low a silicon, carbon and manganese content, or from an unbalanced 
sulphur-manganese ratio. Steely iron can result from a low silicon or manganese content, 


* combined, or when either is extremely low. If castings have been cooled from the anneal- 


ing temperature at too fast a rate, an all-white or whitish fracture will result, the appear- 
ance depending upon the rate of cooling. The same holds true if the time of annealing 
has been too short or if it has been conducted at too low temperature. The cause of the 
trouble usually is indicated by the appearance of the fracture, or if the castings have not 
been held long enough close to, but under, the critical range. 
LOCATION OF TEST COUPON.—Test pieces cut from different parts of castings 
of any metal are liable not to measure up to the standards of standard test bars cast from 
the same heat. Much, therefore, depends on the location on the casting from which the 
test coupon is cut. But few investigations have been conducted by the author in this 
connection. Such tests are hardly fair, as the specimens obviously must be cut from parts 
that favor solidity and from which shrink is usually absent, and also on account of the fact 
that the test specimens ordinarily must be of different shape than the test bar with which 
they are compared. In two cases, a 1 /s-in. round specimen was secured from a web and 
showed an ultimate strength about 2000 lb. lower than the standard test piece, the elonga- 
tion in one case being a little in excess and in the other a little lower than the test piece. 
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In another case, two samples of rectangular section 3/g X 3/4 in. at gage length, machined 
on all sides, the ultimate strength and elongation were both slightly higher than the 
standard test piece. One of the principal manufacturers of railway castings reports as 
follows: ‘‘In order to convince ourselves that sections cut from the casting would meet 
specifications, two column-castings were selected, and from the cope side, coupons 12 in. 
long were cut with the following results ”’: 
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Sample Mark Dimensions, Area, Strength Elongation in 
in. sq. in. Ib. per sq. in. Zine, 6 
IN Guu Wneicha ae ersinett a Sickel sis, eatatele « 0.306 x 0.825 0.252 47,500 11.00 
Nemec etoydita a syang el oy sete sVoronshs sealers 0.340 K 1.03 0.350 48,200 11.00 


SPECIFICATIONS FOR MALLEABLE CASTINGS.—The following is an abstract 
of A.S.T.M. Standard Specifications (Designation A-47-33) covering two grades of malle- 
able iron castings: 


Castings shall be produced by either the air furnace, open-hearth or electric furnace process, 
and be free from primary graphite. Tension specimens shall be of the form and dimensions shown 
in Fig. 1, and shall conform to the following minimum requirements as to tensile properties: 


Grade Grade 
No. 32510 No. 35018 
Tensile strength, lbs DEF SQ. IDs pre pie ana © cle cers © ©010 efe lela melee els! elsial sis a= 50,000 53,000 
Vieldi points ibe Per eq. I a oa. 0. ola ole os slevb elaine sie) aialel=slelelaia}als wie sie 32,500 35,000 
Plongation: in 21171, ; Percent. 5s o/erc «+ sia #'.«.01lsiea ey elefeiels\aisle-ofe/s)e6's) © c/s 10.0 18.0 


The yield point is defined as that load under which the specimen has an elongation in 2 in. of 0.01 in., 
and may be determined by the drop of the beam of the testing machine or by the divider method. 
A set of three tension test specimens shall be cast from each melt, suitably marked for identifi- 
cation with the melt. The specimens shall be placed in some one oven containing castings to be 
annealed. Three of these specimens shall 


=} be selected by the inspector as repre- 
ig () senting the castings in the oven from 
nt 


H IN8<2'R. py = ; which they were taken. The castings 
[<---— 244-1 bye Qin ole eee 2 pane are accepted if the first specimen con- 
Seles: PE aran Delepetanre Se 3 pitas | forms to requirements, or in the event 
| ee tee Pe 71 that it fails both the second and third 

Fic. 1. Tension Test Specimen specimen shall meet requirements. If 


} castings are rejected, due to insufficient 
anneal, a reanneal is permitted. The castings shall conform to patterns or drawings (a variation 
of 1/g in, per ft. will be permitted). Injurious defects must be absent. 


CORROSION RESISTANCE.—Messrs. Wolf and Meisse (Symposium, A.S.T.M. 
and A.F.A., 1930) state: 

1. Under the action of locomotive smoke, malleable iron shows a decided superiority 
over wrought-iron, basic open-hearth steel, and commercial pure iron. 2. Copper addi- 
tions in malleable iron up to 2% have been found to materially increase its resistance to 
corrosion in locomotive smoke. 3. Copper additions to malleable iron decrease its resist- 
ance to corrosion in acid mine water. 4. Malleable iron without copper, protected by a 
hot-dipped galvanized coating, shows a decided superiority over steel similarly protected, 
after a service of 17 years in an atmosphere contaminated by smoke, 5. A hot-dipped 
galvanized malleable iron, with and without copper, shows a heavier iron-zine alloy layer 
than either wrought-iron, basic open-hearth steel, or commercial pure iron, when gal- 
vanized under identical conditions. 

Inasmuch as accelerated laboratory tests have been discredited as reflecting what 
might be anticipated under service conditions, coupled with the fact that field tests require 
years in order to secure results, the Malleable Iron Research Institute has endeavored to 
obtain sufficient satisfactory evidence, of a character that could not well be refuted 
through examination of existing built-up parts that have been exposed for many years 
under various conditions. To date (1937) numerous examples have been photographed 
among them heavy fences built of steel pipe with malleable iron fittings, that show iter 
20 years of exposure to the atmosphere, the steel rusted through in many places and the 
fittings remained unaffected. Numerous other examples could be cited of steel pipe laid 
underground, the steel being corroded through while the malleable fittings show a surface 
corrosion only, 


NON-FERROUS FOUNDRY PRACTICE 


By N. K. B. Patch 


The production of bronze or brass, or other non-ferrous castings under modern (1937) 
requirements for their satisfactory service demands much higher specialization in this 
branch of the foundry industry than was the case only a few years ago. Metallurgical 
research and the development of metals of high purity both have influenced improvement 
in quality and uniformity of this type of castings. Skill of an increasingly higher order 
is demanded in order to insure the right kind of product. The old-fashioned brass foundry, 
commonly a corner in the iron foundry, casually attended by a practical man, who, by 
his own admission, was ‘‘ skilled in the arts of metal” is passing. Instead, castings are 
purchased from foundries organized to produce uniform castings from the highest quality 
of modern metals. 

GENERAL.—Non-ferrous castings being produced of materials of relatively high cost, 
foundry practice should be much more precise than where the metal is cheap and where 
much of it may be wasted without undue loss in machining. Hence, patterns for non- 
ferrous castings generally are made with the minimum allowance for machining. Molders 
should be trained to rap patterns only just enough to remove them from the sand, and 
also should be trained to make the molds as accurate to the pattern as a high degree of 
skill will permit. Uniformity of wall thickness, accuracy of casting to pattern and 
similar characteristics all are desirable in non-ferrous castings, not only to save the high- 
priced metal, but also to standardize all the different elements connected with the pro- 
duction of castings to a point that insures uniform quality and a material reduction in 
defective castings. These elements include pouring temperature, melting practice, cores 
and core mixtures, and the time of shaking the castings out of the mold. 


1. MELTING EQUIPMENT 


In the brass foundry, melting equipment is of first importance. Improper melting is 
the cause of many defective castings that heretofore have been attributed to bad molding 
or other causes. 

TYPES OF FURNACES.—Three general types of furnaces regularly are used: 

1. Crucible furnaces in which the metal is contained in crucibles during melting and 


pouring. : . ; 
2. Hearth furnaces, burning solid fuel, oil, or gas, and in which the metal is melted 


on a hearth. 


3. Hearth furnaces, which use the heat radiated from an electric are to melt the 
metal. 

The crucible furnace is the more common, since it entails a much smaller original invest- 
ment that the other types and requires less experience and study for proper handling. 
The source of heat in crucible furnaces may be oil, gas, coal or coke. Furnace manufac- 
turers should be consulted concerning the proper type of equipment for a given set of 
melting conditions. In small foundries producing castings weighing up to 10 lb., crucibles 
holding 100 to 150 lb. per charge are the most common. These require only a medium- 
size furnace and are readily carried from furnace to mold. For large castings, larger 
charges are melted and larger crucibles are necessary. Overhead equipment then must 
be provided to move the molten metal from furnace to mold. : : 

Fig. 1 shows the usual arrangement of a battery of pit furnaces for crucibles. Dimen- 
sions are given in Table 1. The thickness of the refractory lining used will vary, but 
generally is 41/2 in. Many foundrymen prefer to line the iron shell with an insulating 
material before inserting the refractory lining. Flue sizes must be increased above those 
given in Table 1, if the distance from the furnace to the main flue tends to retard easy 
flow of gases. Where crucibles smaller than No. 20 are used, it frequently is more con- 
venient to use a furnace that will accommodate two or three crucibles, or more. Above 
No. 20 size, only one crucible is inserted in the furnace, and is surrounded with the fuel. 
Table 2 gives dimensions of standard crucibles. ; 

Gas or oil commonly is used as fuel, although coke or coal sometimes is used. If coal 
or coke is to be used for the production of heat, a well designed flue from the furnace to 
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the chimney must be provided with adequate draft to insure complete combustion of 
the fuel. Such draft may be developed by a chimney of adequate height; or if furnaces 
are designed to accommodate it, forced draft may be used to good advantage. 

Crucible furnaces of the tilting type are used in many foundries, with oil or gas as 
fuel. See Fig. 3. The fuel-air mixture is introduced into the furnace through a hole in 


Fig. 2. Standard Cruci- 
ble. See Table 2 


Fie 1. Arrangement of Pit Furnace for Fie. 3. Crucible Tilting Furnace 
rucibles 


Table 1. Pit Furnace Sizes, Flues and Crucibles. (See Fig. 1) 


Pe a a a a i 
Diameter’ of furnace Di in", WG. Sao ee 24 32 36 40 
Aipproximate ‘flue size; "in'.).12. S.re. See IS ai ot 1x4 4x4 4x6 5><7. 
Crucible generally used; No.2. % s.0s0c00- ses sme aels 10-25 25-80 60-125 100-400 


Table 2.—American Standard Plumbago Crucibles for Non-tilting Furnaces 
A.S.A. Tentative Standard H 13-1925. All dimensions in inches. See Fig. 2 


D, D2 


10 61/16 | 69/16 123/36 | 8 15/36 
12 63/g | 67/g | 51/16 91/4 
14 611/16} 73/16 | 5 1/4 99/16 
16 615/16} 71/2 | 51/2 97/3 
18 75/16 | 7 15/16] 5 18/16 10 5/16 
20 711/36} 83/g | 61/8 10 7/g 
25 83/16 | 87/3 | 61/2 11 3/g 
30 8 5/g 95/16 | 6 18/16 11 7/3 
35 9 93/4 | 71/8 125/16 
40 93/g | 101/g | 7 7/16 12 11/16 
45 AL MB e Re A 13 

11 1/g 


Table 3.—Dimensions and Capacity of Tilting Crucible Melting Furnaces 
Air pressure, 16 oz. Oil pressure, 15 Ib. 
(Monarch Engineering & Manufacturing Co., Baltimore, Md.) 


Pipe Size, in. Floor Space, in. 


By In- 


Pere Oil Gas Air | Long | Wide | High 


125 5,500 3/8 | 2 60 67 66 
150 7,000 3/8 1 2 64 72 68 
275 . 9,300 1 3 70 

21,600 | 10,500 1 3 74 
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the side, from a stationary burner, and combustion is completed within the furnace. 
When the charge is melted the entire furnace is tilted to pour the metal. Dimensions 
and capacity of one type are given in Table 3. 

Fig. 4 shows one form of double-chamber hearth furnace of the tilting type. Capacities 
of these furnaces range about as follows: 
Single Chamber——____,  —— 
Furnace No.......... 92 93 94 ants 08. 97 98 1 ia. x aoe 


Capacity, Ib......... 500 1000 2000 4000 6000 12,000 24,000 250* 500* 1000* 2000% 
* Hach chamber. 


LININGS.—The refractory linings used in those furnaces in which the metal actually 
makes contact with the lining should be of such material as will reduce to an absolute 
minimum the chemical reaction between 
metals, metal oxides and refractory at ele- 
vated temperatures. An acid refractory 
will react with many of the metal oxides 
to form a slag, and thus will be of relatively 
short life. Hence, a basic or neutral re- 
fractory is to be preferred, and will, if 
carefully chosen, give maximum life and 
consequent Maximum economy in cost per 
pound of metal melted. It should be re- 
membered that the different types of fuel 
affect the amount of reaction of this kind Fic. 4. Double Chamber Tilting Furnace 
that occurs, since the percentage of reduc- 
ing or oxidizing gases in the furnace materially affects the rapidity with which the chemical 
action takes place. 

MELTING TIME.—Good practice dictates that melting must take place as rapidly 
as economy and good combustion will permit. This reduces the danger of gas inclusions 
in the metal, with resultant defective castings, and results in economy of fuel consump- 
tion. A crucible containing 150 lb. should be heated to proper pouring temperature in 
not over one hour, and preferably in about 45 minutes. 

CHARGING.—The crucible should be charged first with a few gates or risers or small 
pieces of the metal to be melted. The larger pieces are charged on top of them. The 
small pieces melt first and form a puddle in the bottom of the crucible which rapidly 
dissolves the balance of the charge, thereby increasing the speed of melting. 

MELTING OF LIGHT ALLOYS.—Light alloys, as aluminum- or magnesium-base 
alloys are melted in a cast-iron or steel bowl. These bowls are so located that the hot 
gases produced by the combustion of the fuel flows around them. The metal is dipped 
from the bowl with small ladles to be transported to the molds. The surface of the metal 
is kept covered with the proper type of flux, and the temperature (see Table 3) of the 
metal is controlled carefully by pyrometers, so located as to indicate at all times the 
exact temperature of the bath of metal. The furnace operator then may control the 


fire to insure the desired uniformity of temperature. These alloys dissolve iron from the 


bowl, and should not be permitted to remain therein long enough to absorb more than 
the maximum permissible Fe content. 

To insure rapid changing of the contents of the bath of metal, the proper size of bowl 
must be chosen with relation to the amount of metal demanded for the kind of work 
produced. Where large castings are made on a mass production basis, larger bowls are 
used, but the metal is dipped out so fast that it is being constantly changed by the replace- 


~ ment of fresh metal. Consequently the metal is in contact with the iron only for a very 


short time. Where smaller castings are produced, and particularly where fewer molds 
are being poured, the demand for metal is materially less, charges are smaller, and smaller 
bowlsare used. ‘The metal thus is changed practically as frequently as in the first instance. 

ELECTRIC FURNACE PRACTICE.—In the production of bronze or brass castings 
by means of electric furnaces, the correct size furnace for the requirements of the product 
is important. If castings weighing 150 lb. or more are to be regularly made, a 1-ton 
furnace is necessary. For castings of smaller sizes, a 250-lb. furnace will be found the 
most desirable. Where a variety of alloys is to be produced, several furnaces are abso- 
lutely necessary, so that a different hearth may be available for the different types of 
alloys. An alloy from which zinc is to be excluded should not be melted on a hearth that 
has previously melted an alloy containing much zinc. Aluminum-bronze, for example, 
should not be melted on a hearth where alloys containing lead, tin, or zine have been 
melted previously; nor should phosphor-bronzes be melted on hearths previously used for 
aluminum-bronzes. All contamination must be avoided. This is one reason for the 
wide use of crucible furnaces, since they permit a crucible to be used exclusively for 4 
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given alloy. Where a change of alloy is desired, it is, therefore, only necessary to change 
the crucible, reserving each crucible for its own specific alloy. , 

Manufacturers of electric furnaces should be consulted concerning the selection of the 
proper type or size for melting non-ferrous alloys. The kind of work influences these 
details, as well as the kind of alloys to be melted and the weight of melted metal required 
per hour. The cost of electricity also is an important factor, since in some localities the cost 
of current is so high that the operating cost of electric furnaces far exceeds that of fuel- 
fired furnaces using oil or gas. On the other hand, in some localities electric current 
costs are so low that the electric furnace is the ideal unit. Natural gas, when available 
at very low figures is the preferred fuel, if fuel cost is the primary requisite. If, however, 
the quality of the metal resulting from the melting process is the controlling factor, a 
careful survey of the availability of the different types of fuel is advisable. The cost of 
each laid down, available for use in the furnace, the cost of electric current, including the 
installation of the necessary transformers, etc., and the kind of alloys to be melted all 
should have careful consideration before the final choice of melting unit is made. 


2. MELTING TEMPERATURES 


The wide variety of alloys demanded from the non-ferrous foundry prevents precise 
definition of proper pouring temperatures. A variation in the proportions of the different 
elements in an alloy changes its fluidity at a given temperature, t.e., changes the proper 
pouring temperatures. 

INFLUENCE OF COMPOSITION ON MELTING TEMPERATURE.— There are 
a number of types of alloys commonly used in the modern brass foundry. One of these, 
known as the 85—5-5—5 type, is specified as 85% Cu, 5% Sn, 5% Pb, 5% Zn. As produced 
in different plants, it often varies from these proportions. Copper may range from 86% 
or 87% to 82% or 83%. This change in copper content, the element of highest melting 
point in the alloy, would necessarily change the temperature at which the metal is suffi- 
ciently fluid to pour a given class of work. The presence of oxides entangled in the bath 
of molten metal also influences fluidity. 

Another alloy is the 80-10-10 type, specified as 80% Cu, 10% Sn, 10% Pb. This 
alloy is supposed to have no zinc. However, in the regular product of many plants some 
zinc not only is allowed, but, in some instances, is demanded. Copper is allowed as high 
as 83% or 84%, or as low, in some instances, as 75%. Tin is maintained relatively close 
to 10%, so far as maximum is concerned, but its minimum limit is frequently as low as 
7%. Since tin is the high-priced ingredient, the maximum generally is preserved and 
the minimum is allowed to creep rather low, in order to make an imaginary saving. Zinc 
frequently is permitted to make up for a reduction in tin, although it does not accomplish 
the same end, particularly where a hard bearing crystal is demanded. The pouring 
temperature of this alloy, therefore, will vary within a considerable range because of the 
permissible changes in.the composition as produced in different plants. 

Manganese-bronze, which is an alloy of copper and zinc, with some iron, aluminum, 
tin and manganese, is allowed to change within rather marked limits. Therefore, the 
pouring temperature also may vary for this type of alloy. Since this alloy contains 
about 40% Zn, and consequently much less copper than the two types of alloys previously 
discussed, the pouring temperature is much lower than the other two. 

Aluminum-bronze is an alloy of copper and aluminum, in which copper predominates, 
but in which the aluminum content may range from 5% or 6% to as high as 11%. Iron 
may range from as high as 4% or 5% to approximately 1%, or none. The presence of 
iron tends to raise the melting point. The higher the aluminum content, the lower will 
be the melting point. Consequently, the pouring temperature again will vary within 
fairly wide limits for this type of alloy. In the aluminum-base alloys there are so many 
combinations of elements with aluminum that are regularly poured, that to prescribe a 
precise pouring temperature is impossible. The same is true of magnesium-base alloys. 

It is evident that the proper pouring temperature for each non-ferrous alloy depends 
on the metallurgical control exercised in maintaining uniformity of alloy. Foundries 
producing, for example, 85-5—-5-—5 alloy that is relatively accurate to the specification, can, 
with very little experimenting, determine the preferred pouring temperature for the alloy 
necessary for the type of work they are required to produce. Hence, good foundry prac- 
tice demands metallurgical experience and study to handle the different alloys and to 
pour them at their proper temperature in order to thereby secure the most desirable 
characteristics and the minimum number of defective castings. 

It is recommended that standardization of the type of alloy to be used in a given 
foundry be carried as far as possible. Where special alloys are required from a foundry 
regularly producing a standard alloy, the foundry frequently can purchase advantageously 
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Table 4.—Pouring Temperature Ranges for Various Types of Alloys 


Type of Alloy Range of Pouring Temperature 
CE) GATS RESTART (12) yi A nn ae an 1950 to 2300° F. (See Note 1 
Leaded bronze without zine, 80 Cu, 10 Sn, 10 Pb PDOs ocala vin eco ale 1500 to 2050° F, ae Note 2 
Manganese-bronze UV DGstacg ciate: dan ete Ae sath ne circ he Set cite Mec es 1830 to 2100° F. (See Note 3) 
URI UIT DrOMAO CY DOT: ree Sees oe, Se eee) rhea, 1950 to 2250° F. (See Note 4) 


Note 1. Where this composition is departed from materially, the pouring temperature neces- 
sarily changes, but a little experience will soon indicate the desired temperature for the work in hand. 

Note 2. With this type of alloy, varying as it does from 30% Pb down to 10% Pb, or even less, 
and sometimes containing a little zinc, the pouring temperature necessarily must range within the 
wide limits indicated. When it contains the upper limit of lead, the pouring temperature is lower 
than where the lead content is less or where some zinc is present. 

Note 3. The pouring temperature of this alloy varies within the limits indicated because there 
are wide variations of mixtures known as manganese-bronze. See pp. 4-18 to 4-23. Some of these 
contain 2% Fe and some only 1% Fe. Some contain upwards of 3% Al, some only a fraction 
of 1% Al. The temperature for the range indicated, however, will cover satisfactorily pouring 
temperatures for the range of alloys in this class. : 

Note. 4. The aluminum-bronze standard formulas call for a range of alloys containing varying 
amounts of iron and aluminum (see pp. 4-18 to 4—23), and as in the case of the manganese-bronzes, 
the variation in the content of these materials changes the melting point and consequently the 
desired pouring temperature. The range given, however, will be found to be reasonably satisfactory 
for the average class of work. 


such castings from another foundry in which these special alloys are standard and which, 
therefore, is better equipped to produce the highest quality of special-alloy casting. 

In general, the pouring temperatures of Table 4 are for average classes of work. For 
castings with very thin sections, say up to 1/g in. thick, of course, the higher pouring: 
temperature is necessary. Where this condition exists, pouring temperatures may be 
reduced by providing a number of gates. In any event, pouring temperature should be 
no higher than is absolutely necessary. Likewise, with very heavy sections or large 
castings, say over 25 lb., with consequently greater mass, pouring temperatures may in 
some instances be even lower than those in Table 4. 


$3. MOLDING 


Molds for non-ferrous castings are made by much the same process as for gray iron 
castings. The sand should be somewhat finer. Standard No. 00 Albany molding sand 
is almost universally used for the production of medium- or light-weight sand castings of 
brass or aluminum-bronze. However, molds for non-ferrous castings should not be 
rammed as hard as those for gray iron. (See p. 20-33.) Venting should be very carefully 
done to insure the free exit of all gases from the mold. 

CORES used for non-ferrous castings are quite different from those used for gray iron. 
The higher temperature at which gray iron is poured tends to burn bonds that are only 
charred by the lower temperature of the non-ferrous alloys. Further, the shrinkage of 


“many non-ferrous alloys is much greater than that of the usual gray iron alloys. Con- 


sequently, to avoid stressing castings to the cracking point during solidification and 
cooling, cores must permit the castings to shrink. The core binders used, therefore, should 
be those which will hold the sand together satisfactorily, and yet will break down suffi- 
ciently under available temperature to allow the cores to give way as shrinkage stresses. 
develop. Cores for gray iron castings are very hard, but the binder is well burnt by the 
elevated temperature of the iron. Similar cores for bronze or brass castings, and even 
more so for aluminum castings, would be almost impossible of removal from the castings. 
Also they probably would not be sufficiently affected by the temperature of the metal to. 
destroy the bond and permit the casting to shrink. 

Cores for non-ferrous castings, particularly of bronze and brass, generally are made 
from sands mixed with a very small portion of oil binder or molasses binder, or similar 
type of binder. See Core Mixtures, p. 20-33. If the cores are well baked, and the abso- 
lute minimum amount of binder having been used, a minimum amount of heat will affect 
the binder and reduce the core to loose sand after having been subjected to the temper- 
ature of the molten metal. Where heavy walls of non-ferrous metal surround the cores, 
the quantity of heat available obviously is such that combustion of the core binder is 
much more vigorous. Consequently, the core should be somewhat harder. Where heat 
is available to attack the core sufficiently to cause it to scab or give trouble, the cores 
frequently are coated with a graphite wash, as in gray iron practice. The wash should 
not be thicker than is absolutely necessary. It preferably should not cause flowing by 
reason of having been thick, or so closely bonded, as to preclude the passage of gases 
through it to the core vent. 

IlI—22 
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SHRINKAGE.—Many non-ferrous alloys are extremely brittle at a red temperature, 
or at the temperature at which they are just set, but before they have reached their full 
hardness. Shrinkage begins at this temperature and the castings, consequently, will 
crack if the cores do not permit shrinkage. Therefore, where very thin wall castings are 
made of brittle alloys, the correct choice of core binder is important if shrinkage cracks 
are to be avoided. In some instances, particularly aluminum-base alloys, the core binder 
is a thin solution of glue. This softens readily and burns quickly, and thus relieves cast- 
ing strains. This is an example of the extreme that may be necessary to provide for 
shrinkage in extraordinary cases. 


4. PERMANENT MOLD CASTINGS 


The production of non-ferrous castings in metal or permanent molds is a specialty 
that has become most highly skilled and very carefully organized. The use of permanent 
molds for certain types of castings, particularly, aluminum-base castings, requires a high 
degree cf experience and skill. Consequently, they should be used only by those who are 
competent to handle them. Similarly, die-castings are non-ferrous castings produced in 
dies, made by those who understand their production, and cast under pressures controlled 
by special machines designed to meet special conditions. 

At the present state of development (1937), the die-casting process and the metal mold 
process are differentiated by the fact that in die-casting, the metal is forced into the mold 
under pressure, whereas it enters the mold by gravity in the metal mold process. The 
molds are similar, but obviously must be different in design, since in the die-casting process, 
the pressure on the metal compensates to some extent for the shrinkage of the alloy during 
cooling. In the metal mold process, the shrinkage must be compensated by risers, shrink 
balls, or similar means. 

The production of centrifugal castings likewise is a specialty which is highly developed. 
It calls for knowledge and skill that includes a knowledge of the kind of alloys cast and 
of the proper design of molds, machines and the forces connected with the centrifugal 
casting of metals. 


5. CLEANING CASTINGS 


Cleaning or snagging in the non-ferrous foundry is much the same process as in iron 
and steel foundries, except that sand blasting or shot blasting is done at lower pressures 
to avoid injury to the surface of the casting. Risers usually are removed by band saws 
or hack saws. Sprue cutters also are used to advantage to remove gates or risers from 
castings with thin gates. Water tumbling may be used to clean some brass or bronze 
alloy castings, where the finish thereby derived short-cuts the final finishing process. 
If polishing is desirable, leather chips, or in some cases wooden chips, are placed in the 
tumbling barrel with the castings. Cleaning and polishing then is accomplished in a 
single operation. 

In foundries producing non-ferrous castings exclusively, grindings from the grinding 
wheels contain considerable brass and bronze. These grindings should be saved and 
sold for their metal content. If non-ferrous castings are a very small proportion of the 
total production of an iron foundry, and the non-ferrous grindings are mixed with iron 
grindings, no credit will be given for the non-ferrous grindings. It, therefore, is desirable 
to so organize the foundry that non-ferrous grindings can be separated, and the value of 
the copper content realized. 


6. DESIGN OF NON-FERROUS CASTINGS 


In the design of non-ferrous castings engineers will do well to bear in mind that many 
alloys shrink rather more than gray iron castings. All of them shrink somewhat during 
solidification. ‘Therefore, where thick sections join thin walls, proper fillets of ample 
size should be provided. In other words, transition from a thin wall to a thick wall should 
be as gradual as possible.. Heavy bosses or lumps on castings should be avoided if sound- 
ness is to be maintained, particularly if such heavy sections are at points where proper 
feeding to take care of shrinkage is difficult. If possible, engineers should submit pre- 
liminary designs to competent non-ferrous foundrymen for criticism and for suggestions 
from the foundry standpoint before a final design is adopted. This almost invariably 
will avoid many pitfalls that otherwise would cause much trouble and probably large 
expense. It also is desirable to discuss pattern design with the foundry. Plans then 
may be formulated to produce the most desirable patterns from the standpoint of foundry 
cost and insurance against defective castings. 
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THE MACHINE SHOP 


Progress in the development of machine tools is so rapid that it is impossible to give 
details concerning the construction and operation of the many standard and special forms 
of lathes, milling machines, planers, shapers, boring mills, drilling machines, and other 
tools. The reader is referred to the catalogs of manufacturers for the latest information on 
this subject. The following pages cover mainly the fundamental practices underlying the 
operation of the various standard machine tools. 


LATHE WORK 


1. GENERAL 


SPEED OF CUTTING TOOLS.—The following formulas give the relations of the 
diameter of a rotating tool, or piece of work, number of revolutions, and cutting speeds. 
Let d = diameter of rotating piece, in.; » = revolutions per minute; S = speed of cir- 
cumference, ft. permin. Then 

Sard 2/12)" O261Sidin &. 6 pe ees es ee om LY 


1 =1(8/0:2618 dp =2/3:82 S¥ai sts mw.) ete 2] 
d= 3.82'Gint se. ht, ot [3] 


Table 1 gives the revolutions per minute for various diameters of work or tool over the 
range of cutting speeds commonly used in the machine shop. 

LATHE CHANGE GEARS for screw cutting may be selected as follows: 

Simple-geared Lathes——Let G,; = number of teeth on stud gear; Gg = number of 


- teeth on lead-screw gear; 7’; = number of threads per inch on lead-screw; 7’, = number 


of threads per inch to becut. Select any gearforGs. Then 

Gat GAL) RG een be GE Lett a PRIA] 
If the result is a fractional number, select another gear for G, and repeat the calculation. 
This equation assumes that the stud rotates at the same speed as the spindle. If these 
speeds are different, divide by the ratio of stud speed to spindle speed. 

Compound-geared Lathes.—Let G1,, Gor, . . . Gnr = number of teeth on driving 
gears; Gia, Gea . - . Gnd = number of teeth on driven gear; 7’; = number of threads 
per inch on lead-screw; J; = number of threads per inch to be cut. Select at random all 
of the driving gears and also all of the driven gears except the last one. Then 


Cu AGG arOXGie 3 Gn (lis O64 Gad XG Gog. Xe «|i. Ga-—1)d) + - [5] 
Metric Screw Threads may be cut on lathes with inch-divided lead-screws, by using 


~ change gears with 50 and 127 teeth, since 127 cm. = 50 in., and 127 X 0.3937 = 49.9999 in. 


THE SPEED OF COUNTERSHAFT of a lathe is determined by assuming a slow 
speed with the back gear, say 6 ft. per min., on the largest diameter that the lathe will swing. 


Exampiy.—A 30-in. lathe will swing 30 in. = say, 90 in. circumference = 7 ft. 6in.; the lowest 
triple gear should give a speed of 6 ft. per minute = 7.5/6 = 1.25 r.p.m. 


TURNING TAPERS IN A LATHE.—Tapers can be turned in a lathe either by 


_. means of a taper attachment, which is supplied by many lathe manufacturers, or by setting 


the tailstock center a certain distance out of line with the headstock center. No rule 
for setting over the center can be given that will be exact, because the centers enter the 
work an indefinite distance. An approximate rule is: Divide the difference in diameters of 
the large and small ends of the taper by 2. Multiply the quotient by the ratio of the 
total length of the shaft to the length of the taper portion. 

SHAPE OF LATHE TOOLS.—See Single-point Cutting Tools, pp. 21-07 to 21-27. 
For shapes of tools for aluminum and other non-ferrous metals see discussion of the various 
metals in other pages of this book. 

LUBRICANTS FOR LATHE CENTERS.—Machinery recommends as lubricants for 
lathe centers to prevent cutting or abrasion: 1. Dry or powdered red lead mixed with a 
good mineral oil to the consistency of cream. 2. White lead mixed with sperm oil, to- 
gether with enough graphite to give the mixture a dark red color. 3. One part graphite, 
four parts tallow, thoroughly mixed. 
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Table 1.—Cutting Speeds of Turned Work, Milling Cutters, and Drills 


ge Ft ei ee 


Diam. |79 7 30] 40 [50175 | woo | 125 [ 150 [175 | 200 | 225 | 250 | 300) 
ee fom es Reto ee ee eee 
4/305. 6/458. 4/611. 2/764.0)1145.9 1527. 9/1910. 0|2291. 8|2674. 0/3055. 8)3438. 0/3819.7 4583.7 
3/g |203.7|305.6|407. 4)509.3 763. 7| 1018. 6|1273.7| 1527. 5|1783. 3/2036. 7/2292 .0 
Wg |152.8}229. 2/305. 6|382.0| 572.9 763.9| 955.0|1145.9}1337.0|1527.9}1719 8 
5/g |122.2|183. 4/244. 5)305.6) 458.4 611.2| 763.8} 916.7}1069. 3}1222. 3) 1374 5 
3/4 1101. 8/152. 8/203. 7/254. 6) 382.0 509.3} 636.3| 763.9} 890.8)1018. 6/1145 7) 
7/3 87.3|130.9|174.6|218.3| 327.4| 436.6) 545.6) 654.9 763.9) 873.3 8 

1 76. 4/114. 6|152.8|191.0| 286.5} 382.0) 477.5) 573.0 668.5) 763.9 a 
1 1/g 67.9/101.8|135.8|169.7| 254.4] 339.5) 424.5) 508.8 594.3] 678.4 6 
11/4 61.1| 91.7/122.2|152.8| 229.2] 305.6] 382.0) 458.4 534.8) 611.2 ay / 
1 3/g 55.6| 83.3/111.1|138.9| 208.3} 277.7) 347.3) 416.5 486.2) 555.4 wt 
11/2 50.9] 76.4|101.8|127.2| 190.8] 254.4) 318.4) 381.6) 445.7 508.8 2 
13/4 43.7| 65.5} 87.3|109.2| 163.6} 218.1] 272.9) 327.2) 382.0 436.2 s 
2 38.2| 57.3| 76.4| 95.5| 143.2| 191.0) 238.8) 286.5] 334.3 382.0 0 
21/4 34.0| 50.9} 67.9| 84.9) 127.2} 169.6) 212.3) 254.4) 297.2 33902) 8 
21/9 30.6] 45.8] 61.1} 76.4| 114.6] 152.8) 191.0) 229.2) 267.4 305.6 4 
28/4 27.8| 41.7] 55.6] 69.5] 104.0) 138.7] 173.6) 208.3) 243.1 LL1_S 0 
3 25.5| 38.2| 50.9] 63.7| 95.4) 127.2| 159.1) 190.8) 222.8 254.4 .6 
31/2 21.8| 32.7} 43.7| 54.6] 81.6| 108.9) 136.4) 163.3] 191.0) 217.7 6 
19.1| 28.7} 38.2| 47.8) 71.6} 95.5) 119.4) 143.2) 167.1) 191.0 a 

41/2 17.0| 25.5] 34.0} 42.5] 63.6] 84.8] 106.1] 127.2) 148.6] 169.6 4 
5 15.3| 22.9} 30.6] 38.1] 57.3) 76.4] 95.5) 114.6] 133.7) 152.8 2 
51/2 13.9] 20.8] 27.8] 34.7} 52.1} 69.4] 86.9) 104.2) 121.6) 138.9 2 
6 12.7| 19.1} 25.5] 31.8| 47.6] 63.4) 79.6) 95.1) 111.5] 126.8 2 
7 10.9| 16.4] 21.8] 27.3] 41.0] 54.6} 68.2) 81.9] 95.6] 109.2 J 
8 9.6] 14.3] 19.1] 23.9} 35.8) 47.7] 59.8] 71.6) 83.7) 95.5 2 
9 8.5| 12.7| 17.0] 21.2} 31.8] 42.4] 53.0} 63.6) 74.2) 84.8 2 
10 7.6] 11.5] 15.3] 19.1] 28.6] 38.2) 47.8) 57.3) 66.9) 76.4 .6 
11 6.9| 10.4] 13.9] 17.4] 26.0} 34.7} 43.4) 52.1] 60.7) 69.4 Z 
12 6.4] 9.5] 12.7] 15.9] 23.8] 31.7| 39.8) 47.6) 55.7) 63.4 mi 
13 5.9] 8.8] 11.8] 14.7) 22.1} 29.4) 36.8) 44.1) 51.5) 58.8  - 
14 5.5| 8.2| 10.9) 13.6] 20.5) 27.3) 34.1) 4059 = 47-78) “34-6 a 
15 5.1] 7.6) 10.2) 12.7} 19.1} 25.4) 31.8) 38.2) 44.6) 50.9 2 
16 4.8] 7.2| 9.51 11.9] 47.9] 23.9} 29.8] 35.8) 41.8) U47.8 6 
18 4.2| 6.4], 8, 5| 10.6) 05.9], 202) 26-5) 051. Sl e527 lies .6 
20 3.8| 5.7| 7.6 9.6) 14.3) 19.1] 23.9} 28.6) 33.4) 38.2 a 
22 3.5] 5.21) 6.9) BU 7m 12,9) Wie2l 2 oes2o Ole gS. Shanes 6 
24 3.2) § 4.8] 16.4] 8.0} 11.9) 15.97% 1959) (23.8) B 2778) Fike 6 
26 2.9) 4:4] 5.9] i FeSlaOe9) oF4.5)) oE8R4) 821.8] 92527) 22950 3 
28 2. Taal} 555) e/6.8)\ 1053), F327) euls0) 20 sale 2508) eld. .0 
30 2.5, 090Gl sacar a4 9.5), 12.7) 15.9] 1950) 22.3) 525 2 
32 2.4) 3.6) 4.8} 6.0 9.0); T1.9] 14.9) 17.94) 62059) 23" 8 
34 DUDS s4l" 425) Sean0 8.4) 11.2] 14.0] 16.9] 19.6) 22. 33m 
36 Zell Ba2h E4e2) eas 79 UOTE) > 13.3] 1529), «18.65 8 
38 2.0} 3.0) 4.0) 5.1 7.6). 10,1) 12,6) 15,21. 17.7) 20 30.0 
40 Le Oe 229) pes). Shce.o 12 9.6) eo 14.3) = 16. Zito 28.7 
42 LS) Zod) 3.6) 4am 6.8 OU aie a 136) Sco Ss 27.3 
44 edi) mec ens. Oh mete 6.5 SE7| SOL 9) 13.0) Ibe 2hety 26.0 
46 WF ZEST VSI a 6.2 853] 9 TOL W235] LASS NG 24.9 
48 1.6) 2.4) 3.2) 4.0 6.0 BUONO e129), MIS sos 2359 
54 Ladle 2c bps 2,8) 3.5 Cpe) 7 8.8} 10.6) 12.4) 14. : S az 
60 Lok Vie Qhee ele anes 4.8 6.4 8.0 95 collie dee : c 19-0 


2. DRIVES, FEEDS AND SPEEDS 


DRIVES.—The methods in common use for driving lathes and other machine tools are: 
Cone pulleys, usually with one or more sets of back gears; geared heads, driven by a single- 
speed pulley or electric motor, giving from 12 to 16 spindle speeds; individual electric 
motor, with a variable speed drive interposed between it and the machine. On belt- 
driven machines, the number of speeds available can be increased by the use of a two- 
speed countershaft. Speeds usually are in geometric progression. For the details of con- 
struction of the drives of a wide variety of machine tools, see O. W. Boston, Engineering 
Shop Practice (John Wiley & Sons). 

PROPORTIONING MACHINE TOOL GEARS IN GEOMETRIC PROGRES- 
SION. (C. C. Stutz, Am. Mach., Jan. 15, 1920.)—Notation.—a = slowest speed; b = 
highest speed; n = total number of speeds; » — 1 = total steps or intervals between total 


‘> 


Tees a 


a 


a Lh Ta 


ane 


DRIVES, FEEDS AND SPEEDS 21-05 


number of speeds; f = ratio between successive speeds, or factor for obtaining next higher 
speed; d = number of steps in cone pulley. 


The speeds form the algebraic series, a, af, af?, af... ar, af 


Since af" = bf"! = b/a,andf = "Vb/a . J aoe é. 4, Gl 


If the desired number of speeds cannot be obtained by a cone pulley alone, back gearing, 
triple gearing or quadruple gearing must be used. For example, a triple-geared lathe, 
with a four-step cone (d = 4), would have the following series of speeds. 


-—Cone—— — Back Gear— -Triple Gears 
aft, af}, af®, af® af’, af’, af®, af* af*, af*, af, a. 
These three series bear the following relation to each other: 
1. The second series can be obtained by dividing each member of the first series by 
f*, and f# is the ratio of the back gears. 
2. The third series can be obtained by dividing each member of the first series by 
F*f4, and f8 = ratio of the triple gears. 
These relations may be summarized by: 
log of ratio of back gears = G 1OQ nsec esel ia eto |G 
log of ratio of triple gears 72 Glog eam, moar 
log of ratio of quadruple gears = 3d log f, ete.. . . . . [9] 
When two countershaft speeds are available, the number of speeds obtainable at the 
spindle = 2 n, and in this case 2n-1 


T= si Oa 
We may consider that one-half of the obtainable speeds are due to the first countershaft 
speed, and one-half to the second countershaft speed, giving two series as follows: 
Gefen POFe oe a af alba 


2n—-3 2n-1 
ii ChE a 2 5) 3 ae 7 of 


Both series are geometrical progressions, with the same factor f?._ The second series 
can be obtained by multiplying the first series by factor f, which indicates that the ratio of 
countershaft speeds also must bef. The gear ratios of the machine are found by consider- 
ing either one of the two series,and _ 

log of ratio of back gears =" ft Ty cate a SLO] 
log of ratio of triple gears se eect otreme Ul| 
log of ratio of quadruple gears = 3df?.. . .... . [12] 


Exampxue 1.—Required the speeds and gear ratios of a 6-step cone, triple-geared; slowest speed 
0.75 r.p.m.; highest speed, 117 r.p.m. 


Solution. a= 18; b= 117; n= 18; n—1=17; d=6. 
_From [6]. 7 = N/izjo.75 = 8/156; log 156 = 2.1931246. 


log f = 1/17 X log 156 = 0.129007329, and f = 1.3456, 
The speeds are most conveniently found by the continuous addition of log f as follows: 


TRIpLE-GEAR SPEEDS. BacK-GBAR SPEEDS. Conn SPEEDs. 
log 0.75 = 0.875061300 — 1 =log0.75 0.520097945 1.294141919 
log f = 0.129007329 0. 129007329 0. 129007329 
0.004068629 =log1.009 0.649105274 =log 4.457 1.423149248 = log 26.294 
0. 129007329 0. 129007329 0. 129007329 
0. 133075958 = log 1.358 0.778112603 = log 5.999 1.552156577 = log 35.658 
0. 129007329 0. 129007329 0. 129007329 
0. 262083287 =log 1.828 0.907119932 =log 8.074 1.681163906 = log 47.991 
0. 129007329 0. 129007329 0. 129007329 
0.391090616 = log 2.461 1.036127261 =log 10.867 1.810171235 = log 64.591 
0. 129007329 0. 129007329 0. 129007329 
0.520097945 = log 3.312 1.165134590 = log 14.626 1.939178564 = log 86.931 
0. 129007329 0. 129007329 
1.294141919 =log 19.685 2.068185893 = log 117 


The gear ratios are as follows: 
Sinoe d = 6, we have from [7], 


log (back gear ratio) = 6logf = 6 X 0.129007329 = 0.774043974, 
whence back gearratio = 5.9435, 
From [8], log (triple gear ratio) = 12logf = 12 X 0.129007329 = 1.548087948, 


whence triple gear ratio = 35.325. 
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ExampLE 2.—Required the speeds of a 4-step, back-geared cone, with two countershaft speeds; 
slowest speed, 25 r.p.m.; highest speed, 500 r.p.m. 
= 25;b = 500;2n = 2(4 X 2) = 16;2n—1=15;d= 4. 
4 = 8500/25 = %/20; log 20 = 1.301030. 
log f = 1/15 X log 20 = 0.08673533, andf = 1.2210. 
Then by continuous addition of log f to log a, as in Example 1, we obtain the series of 16 speeds 
as follows: 


Speed r.p.m. Speed r.p.m. Speed r.p.m. Speed r.p.m. 
¥ 25 5 55.58 9 123.54 13 274.64 
2 30.53 6 67 .86 10 150.85 14 335.35 
3 37.28 < 82.86 11 184.20 15 409 .48 
4 45.51 8 101.18 12 224.92 16 500. 
These speeds are divided into two series, each one countershaft speed. 
1st Countershaft Speed 1 3 5 7 9 11 13 lis 
Tonio Wiel Geo c ole iced oo 25 37 .28 55.58 82.86 123.54 184.20 274.64 409.48 
2d Countershaft Speed 2 4 6 8 10 12 14 16 
“WiNegot EOee GomOreT 30.53 45.51 67.86 101.18 150.85 224.92 335.35 500 


Gear ratios are: from [10], back gear ratio = df? = log 14 X (2 log f) = log-1 8 X 0.08673533 = 
4.9418 

Countershaft ratio = f = 1.2210. 

Carl G. Barth (Am. Mach., Jan. 11, 1912) suggests a ratio of f= V2 = 1.189. With 
this ratio the revolutions per minute of the spindle are doubled every fourth speed. An 
editorial (Am. Mach., Dec. 3, 1914) discussing the advantage of adopting this ratio for a 
speed series shows that it will fulfill all the ordinary requirements of machine tool work, 
and that practically any desired speed in either lathe or drill press can be obtained when 
the machine is speeded according to a geometric progression based on the ratio 1.189. 

A geometric progression of the feeds available on machine tools also is desirable, and 
Mr. Barth has recommended the same ratio for the feed series as for the speed series, 


that is, /2 = 1.189. 

HYDRAULIC FEEDS.—Hydraulic feeding mechanism for machine tools has had 
wide application since about 1925, particularly to grinding, milling and drilling machines. 
The inherent advantages of hydraulic feed as compared to geared feed are stated to be as 
follows: The feed automatically adjusts itself to variations in depth of cut, decreasing as the 
cut becomes heavier, and returning to normal when the depth of cut becomes normal. 
This prolongs tool life and eliminates danger of tool breakage. The feed can be set for 
the maximum rate that the tool and machine can withstand, and can be varied by the 
operator from maximum down to zero without stopping the machine. Feed pressure is 
under control of the operator at all times. Increase of feed pressure indicates dulling of 
tools, and this is shown by the pressure reading and control mechanisms. 

Two systems of hydraulic feed are in general use: 1. The closed circuit or variable 
volume system; 2. The open circuit or constant volume system. In both systems, the 
operating fluid either acts against a piston in a cylinder to give straight line motion to the 
feed mechanism, or operates some form of hydraulic motor to give rotary motion. 

In the closed circuit system, a variable-delivery pump draws oil from a reservoir and 
delivers it to a cylinder to drive a piston connected to the machine table or other mechanism 
that is to be moved. Suitable valves, actuated by the table, control the admission and 
release of oil in the cylinder. Oil flows from the cylinder back to the reservoir. For 
rotary motion, the oil is delivered to a hydraulic motor instead of a cylinder. The pump 
is set to deliver only the amount of oil necessary to maintain the given rate of feed, plus 
unavoidable leakage. The rate of feed is proportional to the discharge of the pump less 
the leakage past the pump pistons and the feed piston. ' 

In the open circuit system a gear pump delivers a constant volume of oil. Such portion 
as is needed to maintain the desired constant pressure in the feed cylinder or motor, is 
delivered thereto. The balance is automatically by-passed to the reservoir. This system 
is particularly applicable to grinding machine tables, where the load is constant and is 
principally an inertia load. Applied to a drilling machine, it has the disadvantage of 
feeding a large drill more slowly than a small one, and dull drills more slowly than sharp 
ones. Further, the rate of feed can be determined only by trial, and drills jump ahead 
when breaking through. r.) ; 

For many data on hydraulix feeds, see Symposium on Hydraulic Feeds f i 
ire Trans. ee eee ee nee data on a construction edo 

eed equipment, see literature issue the Oil . i i 
Cincinnati Milling Machine Co., Cincinnati, een, Cory Mn Vanegas 
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SINGLE-POINT METAL-CUTTING TOOLS 


By Robert C. Deale 


1. DEFINITIONS 


, The following definitions have been proposed (1937) to the American Standards Asso- 
ciation. They relate to the terminology to be used in describing the construction and use 
of single-point metal-cutting tools for lathes, planers, shapers, boring mills, ete. For other 
forms of single-point tools, used largely in planers, see p. 21-30. 

COMPONENTS.—The Shank is that part of the tool on one end of which the point is formed 
or the tip or bit supported. 

The Size of a Tool of square or rectangular section is expressed by giving in the order named the 
width of shank, the height of shank and the total tool length in inches, 7.e., 3/4 XK 11/2 X 12 in. 

The Point or Nose is all that part of a tool which is shaped to produce the cutting edges and face. 
See Figs. 1 and 2. 

The Neck is an extension of the shank but of reduced sectional area. See Fig. 3. 
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Fig. 2. Right-cut, Straight-shank, 


Side Relief _| i i : : s 
wAngle Ai" ~| 1 Io Hud Reliet Angle Single-point Raised Face Forged Tool 


Fie. 1. Right-cut, Straight-shank Single-point 
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Fie. 3. Necked Tool, Forged Fia. 4. Tipped Tools 


The Base is that side of the shank which bears against the support taking the tangential pressure 
of the cut. 

The Face is that surface on which the chip impinges as it is cut from the work. 

The Heel is the end of the base immediately below and supporting the face. 

The Cutting Edge, or lip, is that portion of the face edge along which the chip is separated from 
the work. It consists usually of the side-cutting-edge, the nose radius and the end-cutting-edge. 
See Fig. 1. 

The Nose is the curve formed by joining the side- and end-cutting edges. 

The Profile is a plan view when looking at the face from a point at right angles to the base. It 
is formed by joining the side- and end-cutting-edges with the nose. 

The Flat is a straight portion of the cutting-edge intended to produce a smooth machined surface. 

The Flank of the tool is the surface below the cutting-edge. 

TYPES OF TOOLS.—Single-point tools may be made up as follows: 

A Ground Tool is one in which a point is formed on the end of a bar (shank) of tool steel by 
grinding. See Fig. 1. 

A Forged Tool is one in which the point is forged roughly to shape on the end of a bar (shank) of 
tool steel and subsequently hardened and ground. See Fig. 2. 

A Tipped Tool is one with a tip of cutting material permanently attached to a shank of non- 


cutting metal, See Fig. 4. 
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A Bit Tool is one in which a small part of tool material of square, rectangular, or other section, 
or forged to a special shape, is held in the end of a holder or shank. See Fig. 5. ; 

A Tool Bit is a relatively small piece of tool material clamped 
in a tool holder in such a way that it can be readily removed 
and replaced. , ; ; : 

A Right-cut Single-point Tool is one in which the cutting- 
edge is on the right side when looking at the point end of 
the tool with the face upward and the shank pointing away. 


rad | side A Left-cut Single-point Tool is one in which the cutting- 
ra peed edge is on the left side when looking at the point end with the 
7, Angle face upward and the shank pointing away. ; . 
Setting Angle vag An End Cut Tool is one having its principal cutting-edge on 
€ the end. 


/ reg 
ue ene A Straight Tool is one in which the point is on the forward 
edge of astraight shank. See Fig. 1. 


i 4 Nose A Bent Tool is one in which the point is bent to the right 
! 4 ith Radius or the left. Aright bent tool has the point bent to the right. 
1 — +— 7 lance ae when looking at the tool from the point end with the face 


upward and the shank pointing away. 


Tool Holder 


ey 


en a Tool “Holder Angle 


ngle 


Fig. 5. Tool Bit and Holder 


The Shank Angle is the angle by which the point of a bent tool deviates from the straight portion 
of the shank. See Fig. 6. 

An Offset Tool is one in which the point is at l. Shank Angle 
either side of, but parallel to, theshank. Ina right 
offset tool, the point is offset to the right of the 


shank when looking at the tool from the point a bs, 
end with the face upward and with the shank — settfag 
pointing away. Z Work Angle 

TOOL ANGLES.—The angles defined below j Feed Surface 7 
are angles formed between various portions or ! A i ie a 
surfaces of the tool. They are angles formed in 77 WEN 4 Soe TITEL —— 
forging or grinding the tool, and should not be Machined.Surface Depth of Cut Depth of Cut 
confused with the working angles which mainly Fia.6. Bent-shank, Single-point Tool 


are angles formed between some surface of the 
tool and of the work. 

Back-rake Angle is the angle between the face of a tool and the shank base, measured in a plane 
at right angles to the base and parallel to the center line of the nose. The angle is positive if the 
face slopes downward from the nose toward the shank, and negative if the face slopes upward toward 
the shank. 

Side-rake Angle is the angle between the face of the tool and the shank base, measured in a 
plane at right angles to the base and at right angles to the center line of the nose. 

Relief Angle is the angle between a plane perpendicular to the base of a tool or tool holder and 
that portion of the flank immediately adjacent to the cutting edge. 

Side Relief Angle is measured in the plane of the side-rake angle to the 
center line of the tool nose. 

The End Relief Angle is measured in the plane of the back-rake angle. 

The Clearance Angle is an angle between a perpendicular to the base of a 
tool and that portion of the flank immediately adjacent to the base. The side 
clearance is measured in the plane of the side-rake angle. The end clearance 
is measured in the plane of the back-rake angle. 

The Side-cutting-edge Angle is the angle between the straight cutting edge 


Depth of Cut and the side of the tool shank. 
Fig, 7. Right-cut, The End-cutting-edge Angle is the angle between the cutting edge on the 
Right-offset, Single- end of the tool and a line at right angles to the side edge of the tool shank. 
point Tool Nose Angle is the angle included between the side-cutting-edge and the 


end-cutting-edge. See Fig. 1. 
WORKING ANGLES are those angles between the tool and work which depend not only on the 
shape of the tool but also on its position with respect to the work. 


Setting Angle is the angle made by the shank of a tool with a line at right angles to the finished 
surface of the work. See Figs, 5 and 6, 
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The Entering Angle is the angle which the side-cutting-edge of the tool makes with the finished 
surface of the work. See Fig. 5. 
. True Rake Angle (or top rake) is the actual slope of the tool face from the active cutting edge 
in the direction of chip flow. It is a combination of front and side rake angles and varies with the 
setting of the tool and with the feed and depth of cut. 
Lip Angle is the included angle of the tool material 


Work Surface 


between the face and the ground fiank, measured in 

a plane at right angles to the cutting edge. When | wy 

measured in a plane perpendicular to the cutting edge H one True Rake Angle 
at the end of the tool it is called the end lip angle. 7“ Horizontal 


When measured in the direction of chip flow, itis called ~~ | Center Line 
the true lip angle. See Fig. 8. nie 

The Working Relief Angle is the angle between the 
ground flank of the tool and a line, tangent to the cut Machined 
surface, passing through the active cutting edge. beats 

Cutting Angle is equal to the lip angle plus the 
working relief angle at the point of action. Working Relief 

The Working End-cutting-edge Angle is the angle Fra. 8. Section through Plane of Chip 
between the straight end-cutting-edge anda plane tan- Flow, Indicated as AA in Figs. 1 and 2 
gent to the machined surface at the point of cutting. 

CUTTING SPEED is the peripheral or surface speed of the work with respect to the tool. In 
turning, it usually is measured on the uncut or work surface of the work ahead of the tool. 

DEPTH OF CUT is the distance between the bottom of the cut and the uncut surface, measured 
in a direction at right angles to the finished surface of the work. 

FEED is the relative amount of motion of the tool into the work for each revolution, stroke or 
unit of time. 

MACHINED SURFACE is the surface left by the cutting tool. See Figs. 6 and 8. 

WORK SURFACE is the surface that is to be machined. See Figs. 6 and 8. 


Horizontal, 
ase 


2. TOOL CONTOUR AND SIZE * 


CHIP PROPORTIONS.—tThe proportions of a chip, as affected by the nose contour 
of a tool or by the relation between depth of cut and feed, have great effect on the cutting 
speed which may be used. A change in chip proportions caused by a change in nose 
contour of the tool has the same effect on cutting speed as a similar change caused by a 
change in depth of cut and feed. When removing a chip of given cross-sectional area, 
changes in the tool contour may cause variations in the cutting speed of as much as 60%, 
while changes of as much as 400% may be caused by changes in the relation between 
depth of cut and feed. ; 

TOOL SIZES.—The number of sizes of tools used in a given shop should be as small 
as possible. The following sizes should meet all ordinary shop requirements: Rectangular 
Tools.—8/g X 3/4 in.; 1/2 X 1 im.; 5/g X 11/4 in.; 3/4 X 1 1/2 in.; 1X 2 in.; 1 1/ X 3 in. 
Square Tool Bits.—3/16, 1/4, 3/3, 1/2, 5/g, 3/4, 1, 11/4, and 11/gin. Rectangular Tool Bits.— 
3/39 X 1p in.; 1/3 & 3/4 in.; 3/16 X-11/g in.; 1/4 X 13/g in. A relatively small number of 


_ the foregoing sizes should be ample for all except the largest machine shops. 


Tool bits are available which are forged to the desired form. Such bits must be used 
in special holders, usually made by the company furnishing the bits. Such bits are at 
times very convenient for shop use, but are much more expensive per pound than bar 
stock. When adopting such tools and holders, both the stiffness of support to the cutting 
edge, and the percentage of the new tool which may be used before it is discarded should 
be considered. 

Effect of Tool Size.—The size of a tool has no effect other than to give strength to the 
tool, to reduce deflection, or to increase the tool width available for a forming cut. A 
properly supported small tool may be run at the same cutting speed as a large one having 
the same shape, for the same depth of cut and feed. 

TOOL FORM.—When heavy roughing cuts are to be taken, and it is desired to use 
heavy forged tools, there are no better shapes of tool than those developed by Carl Barth. 
These are shown in Fig. 9. Dimensions are given in Table 1. 

Tools of the form shown in Fig. 10 are used for parting cuts. They usually are from 
1/y to 3/g in. wide at the nose, except when the diameter of work to be parted is large, 
when they may be wider. To obtain the necessary stiffness, the cutting section of such a 
tool usually is forged down from a shank of comparatively large section. Note that the 
sides of the neck of this parting tool converge at a slight angle, usually from 1/2 deg. to 
2 deg., to avoid interference with the side of the cut. The side relief angle is small, usually 
not over 2 deg. At times a blade having a height of from 5 to 8 times its width, held in 
a special holder, is used as a parting tool. 


oo) mplete data on the use of cutting tools, including feed and speed data for many varieties 
of Filcvistect, neo “Manual of Metal-Cutting,’’ published by Am. Soc. M. E., 1939. 
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Table 1.—Dimensions of Round-nose Forged Single-point Tools 
Left-cut straight tool with raised face. Barth standardization. See Fig. 9 


0 nl 
Tool size, in., W.....-.. | I | 5g | 3/4 | joe dat dt Tafa it/on thaltBia re 
Blunt Tool for Hard Steel and Cast Iron 
Nose radius, in., 2 .....- 0.101 | 0.169 | 0.236 | 0.303 | 0.371 | 0.506 0.641 | 0.776 | 0.911 
Flank radius, in., F..... 0.820 | 0.888 | 0.955 | 1.022 | 1.090 | 1.225 | 1. 360 | 1.495 | 1.630 
Sharp Tool for Medium and Soft Steel 
Nose radius, in., R...... 0.072 | 0.126 | 0.180 | 0.235 | 0.289 | 0.397 | 0.506 0.614 | 0.723 
Flank radius, in., F...... 0.791 | 0.845 | 0.899 | 0.954 | 1.008 | 1.116 | 1.225 115333: e442 


Flank Radius F’ 
Nose Radius R 
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Fic.9. Left-cut, Straight-shank, Round-nose Fic. 10. Recommended Shape of 
Tool with Raised Face Parting Tool 


The contours shown in Fig. 11 are suitable and recommended for right-cut tool bits, 
or small solid tools ground directly from the bar. A similar set of tools, with the cutting 
edge on the right-hand side of the tool, would be necessary for cutting from left to 
right. 

For facing operations the active cutting edge is on the end of the tool, preferably with 
a back rake equal to the side rake used on ordinary roughing tools, and with a side slope 
of approximately 8 deg. The right-cut contours shown in Fig. 12 should be ample for all 
ordinary operations. A similar set, with the active cutting edge on the opposite side of 
the tool, would be required for left-cut tools. 

Tools for finishing cuts should have an appreciable flat on the end, substantially wider 
than the feed per revolution or stroke. See Fig. 13. 

RAKE ANGLE.—There seems to be little necessity for making any considerable varia- 
tion in rake and relief. While cutting pressures are decreased by an increase in rake, the 
cutting speed is not greatly affected by such changes. While the chip is removed with 
less expenditure of energy by the tool having the greater rake, the reduction in cutting 
angle tends to weaken the tool, and so causes failure sooner than would be the case if a 
smaller rake were used. 


‘Heavy Outline Indicates Cutting Edge 
Fie. 11. Recommended Contour, Right-cut Roughing Tool 


Heavy Outline Indicates Cutting Edge 
Fie. 12. Recommended Contour, Right-cut Facing Tool 


ee 
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The values of rake given in Table 2 are based on the practice of a leading manufacturing 
company, for use with high-speed steel tools. 
Table 3 shows the practice recommended by Fred H. Colvin and Frank A. Stanley 
are and Boring Practice; McGraw-Hill Book Co.) for use with cemented carbide 
ols. 


Heavy Outline Indicates Cutting Edge 
Fic. 13. Recommended Contour, Right-cut Finishing Tool 


3. CUTTING SPEEDS AND FEEDS 


ECONOMIC TOOL LIFE.—Under a given set of conditions, it may be shown that 
there is a particular tool life which gives lowest overall costs. This tool life, and the 
accompanying cutting speed may be calculated, if all data are available. The values 
given in Table 5, however, may be used without great loss in efficiency. 

While sufficient data are not available (1937). for exact figures, a tool life of from three 
to four times as great as is desirable for use with high-speed steel should be used in deter- 
mining operating conditions for cemented carbide tools. 


Table 2.—Rake and Relief Angles for High-speed Steel Tools Cutting Various Metals 


: Back Side Side End 
Breet Ce Operation Rake, deg. | Rake, deg. | Relief, deg. | Relief, deg. 
Bitealt otter asia clere oslv eC aee aac Roughing 6-10 14-22 5-9 5-9 
Finishing 14-22 0 0 5-9 
Parting 14-22 0 1/o-2 5-9 
Forming 14-22 0 0 3-5 
Bteele DAT re ee cece seks ecco es Roughing 4-8 10-14 5-9 5-9 
Finishing 8-14 0 0 5-9 
Parting 8-14 0 1/9-2 5-9 
Forming 4-8 0 0 3-5 
Steel PVErvAWAard: cece vsie's ese es Roughing 3-7 5-10 5-9 5-9 
Finishing 5-10 0 0 5-9 
Parting 5-10 0 1/9-2 5-9 
Forming 0-5 0 0 3-5 
BBGactnront shia seis Sak Roughing 8 14 5-9 5-9 
Finishing 6-10 0 0 5-9 
Parting 4-8 0 1/9-2 5-9 
Forming 4-8 0 0 3-5 
Brass and Bronze..........-+-. Roughing 6-8 4-10 5-9 5-9 
Finishing 14-22 0 0 5-9 
Parting 6-12 0 1/9-2 5-9 
Forming 12-20 0 0 3-5 
Rion Green. eine ots oie ose ob ode Roughing 8-12 16-28 5-9 5-9 
Finishing 8 16-28 0 5-9 
Parting 6-12 0 1/o-2 5-9 
Forming 12-20 0 0 3-5 
RVHGrrer ayy BUH era eracrastie > aiacaiele Roughing 4-8 10-14 5-9 5-9 
Finishing 14-22 0 0 5-9 
Parting 4-8 0 1/g-2 5-9 
Forming 4-8 0 0 3-5 
i i — —9 
Al USC. th litle ete cede lt Ose Roughing 8 16-22 5-9 5 
2 Finishing 8 16-22 0 5-9 
Parting 6-12 0 1/9-2 5-9 
Forming 12-20 0 0 3-5 
Magnesium alloys..........+--- Roughing 5-8 3-5 6-10 6-10 
Finishing 10-15 0 0 6-10 
Parting 10-15 0 6-10 6-10 
Forming 5-10 0 0 6-10 
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Table 3.—Rake and Relief Angles for Cemented Carbide Tools Cutting Various Materials 


Material Cut Tensile Strength, |____Tool Angles, deg. __ 
—Hegiplocde Ib. per sq. in. Relief | Side Rake | Back Rake 
a feels DOT; BCL EUS) ey EVO DOIG 2 Ee ee 
Cast iron, 150-170 Brinell hardness number. . - 18,000—26,000 4 10-12 0-4 
EO 7019500 re Se 5% Ni| 20,000—28,000 4 8-10 0-4 
ae ae 2 ] 0 “es “ee 
1% Cr, 3.59% Ni..ccccececcccecsccccannse 30,000—36,000 4 4-6 0 
Cast iron, chilled rolls.......--+-+eeeeeereeeeee pW: exe cirisiete 9 3 0 0-3 
Malleable cast iron. .......-.sseeeceecceerscre| seerecessere 5 10-12 6 
Steel, S.A.E. 1020, soft forging. .......-..+-+++> 63,000—80,000 4-6 10-14 5-7 
PN OS Ie scisdecaaxts eeanmitionasiete oie eeisse 75,000—90,000 4-6 10-12 5-6 
BEM SU AUF wr NO 5 Oiauers Pray. o.ci erases oteieia spares cat mops = 80,000—100,000 4-6 10-12 5-6 
“ §. A.B. 1112, Bessemer screw stock........ 70,000—90,000 5-8 12-20 6-10 
“ _§_A.E. 1120, open-hearth screw stock...... 70,000—85,000 5-8 10-16 5-8 
6. SAW 2315 gear blanks. 2.00). 20.6 2s <= 80,000—115,000 4-6 10-12 5-6 
OPE SA) Bi. 31 2O crcteveneoe ava. tus iene teleyatorerniet ots amos 80,000—110,000 4-6 10-12 5-6 
GE UAH 5 200% kitted sierevdisttarn aserctel ove stalictne pakole 100,000—125,000 4-6 10-12 5-6 
CF EI NA DAA SLE Ee = Semnees, Cre cern ana ....-| 125,000—150,000 4-6 8-10 45 
“structural, 20-30% steel scrap, 2% Si, 

170-195 Brinell hardness number........ 30,000—36,000 4 6-8 0-2 
Stainless steel, 18% Cr, 8% Ni..........------ 85,000—110,000 4-6 10-14 5-7 
Aluminum, pure cast, No. 43........-.-++-.++-- 19,000 8-10 12-16 25-40 
WD aralamm, NGes Devsstasrere s+ 45,0 cc's guatalels aise viereie'¢ 58,000 8 0-3 6 
RWopper cr Ollediaccnmryaeece eee ee eee ram aers a aes 30,000 &12 18-25 4 
Brass; cdst yellow? 020. is. + sec cst unasccss es 25,000 68) (bois .eol Veeeeters 
Bronze,.S.A.E. 62, hard, cast........-..++2++-0> 30,000 6 6-10 0 

é°) Ssphosphor-, SsAL By (64.2055. 2eciiee cals a\n10 > 25,000 6 4-8 0 
Clay and porcelain, unfired.............2-2-s-0|  seeeereeeees 1530 eissiacets 10-15 
Mica and copper commutators........-.+22ee2+| cere eeeceees 8-10 16-20 10-15 
BalcelitG case tieswisihs ce ol orevetsle. clea dastecislal sacs otter Hl meee eieetcoseiele ote 810 8-12 4-6 
Gasein productsh, ca watescts< appt te slnpeiarelechapae auee olf, (iekein si raste nian 812 4-6 0-3 
Rubbers Hard ac accaunuaeciekecseleraeie.c levecece hers ete oterete lave alert ett tee S=1O Ne ee | ree eer 


Table 4.—Economic Tool Life Under Cut 
High-speed steel tools, cutting steel and cast iron 


Economic Tool Life 


Machine Tool Setting in Minutes 


Engine Lathe or-Planer.j.<.- «a6 s sles ele eels wleissieie evel { Ordinary 

Accurate 
Drill Presaiz as feckit solely sin shee wore selec 4 hia pee iereca as Ordinary 
Band Screw Machines... <sesiceccnisisioace Remoiesnitinie = Ordinary 
Automatic Screw Machine. co. ccs. ceaececess cw ence Ordinary 


Automatic Milling Machine, simple cutters 
Milling Machine, ordinary cutters 


large forming cutters ............. 


Table 5.—Effect on Tool Life of Variations in Cutting Speed 


Carbon Steel ‘ ‘ Cemented Car- 
Tools High-speed Steel Tools Stellite Tools bide ‘Tools 
Metal Cut 
Tool Steel Bronze |Brass Steel 
Life, 
min. e a 
S | 3 S| 2 /S4) 8/4 
ro) i=] | c 2 ‘A 
a) 3 A ay 3 8 
(o= ey o & es} i 
Tool Life Factor F 
15) 0.32 5 20 TUT aS) PS 11st 1.34) U26l U26R S291 ea as eo lees 
30°) 1.05.) POS V.05) 109) N07) Tae) Wel 2 tah iets ieee ieee tend 1.09 1.09 
45 | 1.06 | 1.02) 1.02] 1.04] 1.05} 1.03) 1,06) 1.05) 1.05} 1.05} 1.04] 1.04] 1.05) 1.04] 1.04 
60 | 1.00 | 1.00} 1.00) 1.00) 1,00) 1.00) 1.00] 1.00) 1.00] 1.00} 1.00} 1.00] 1.00] 1.00} 1.00 
90 | 0.92 | 0.98] 0.98] 0.95) 0.96) 0.96) 0.94) 0.92] 0.92] 0.93) 0.94] 0.94] 0.94] 0.95) 0.95 
120 . 87 695) 958) 092) °.93) (931° 2861589) 89) Ce Sei 9 11 eeo)| Pope 91 
180 80 .92) 929) .87) 89} 891. 279)" 83)" 83) 82) 86a sol os maa, 87 


240 | .76| .90] .90] .84| .87| .87| .75| .79| .79] .78| .82| .82 
300 | .72 || .89| .89| .82| .85| 185) .71| .77) .771 .75| .79 . a me a 
360 | .70 | .87| .87] .80| .84| .84| .69| .74| .741 .72| 77] |771 .75| 79] .79 
400 | .68 | .86| .86| .78| .82| .82| .66| .72| .72] .70| .75| .75| .73| .78| .78 
480 | .66 | .86)..861 771 Sal 3st] .65) alin 21h. 460) 74\0 Ale cleaner 
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Table 5 shows the effect of variations in cutting speed on tool life. This table is based 
on a value of unity for a tool life of 60 minutes. If the proper cutting speed is known for 
a cut A of given duration, the speed for a cut B of different duration may be obtained by 


the formula Sp = Sax (F5/Pa) 


where Sp, Sa = respectively cutting speeds of A and B, and Fa, Fp = respectively tool 
life factors for A and B from Table 5. 

Exampiy.—A cutting speed of 95 ft. per min. in rough turning steel with high-speed steel tools 
gives a tool life of 45 min. Required the cutting speed to give a tool life of 120 min, Solution.— 
A = 45; B= 120; Sa= 95. From Table 5 tool life factor Fy = 1.04, and Fp = 0.92. Then 
Sp = 95 X (0.92/1.04) = 84 ft. per min. 

ECONOMIC PRODUCTION.—To keep costs at a minimum in rough machining 
operations, the maximum volume of chips per minute must be removed. This involves: 
1. The maximum depth of cut that can be taken without distortion of the part machined, 
up to the point where all surplus stock is removed in a single roughing cut. 2. A relatively 
large feed, which gives thick chips, preferably above 0.030 in. 3. The use of a tool having 
a contour which gives the smallest possible chip thickness for a given feed without setting 
up injurious chatter. Increase in the nose radius or the side-cutting-edge angle decreases 
chip thickness under constant conditions of feed and depth of cut. 4. A cutting speed 
such that the life of the tool approximates the economic life. 

MATERIALS CUT.—Tables 6, 7 and 9 give the approximate relative machinability, 
based on the speed with which a given cut may be taken, of a large number of common 
materials. These tables may be used to determine the correct cutting speed and horse- 
power requirements for the various materials under a variety of working conditions, by 
use of the multipliers for speed and horsepower in connection with the basic data given 
in Tables 10 to 18. Table 6 is based on §8.A.E. 1030 hot-rolled steel (see Tables 11-13). 
Table 7 is based on cast iron of 177 Brinell hardness and tensile strength of 30,000 
Ib. per sq. in. (see Tables 14 to 17). 

Exampie.—Required the correct cutting speed and horsepower for turning S.A.E. 2330 steel, 

~normalized, using a round-nose tool set at an angle of 30 deg. to the work, with a1/g in. depth of 
cut and al/goin. feed. Solution—From Table 12, the desirable cutting speed for S.A.E. 1030 hot- 
rolled steel, under the conditions given, is 80 ft. per min. The horsepower required at the nose of 
the tool is 2.5. From Table 6, the multiplier for speed for S.A.E. 2330 normalized steel is 0.68. 
The multiplier for horsepower is 0.65. Cutting speed for S.A.E. 2330 normalized steel = 80 X 0.68 

= 54.4 ft. per min. Horsepower required at nose of tool = 2.5 X 0.65 = 1.63. 

TOOL PRESSURE.—F. W. Taylor (Trans. A.S.M.E., xxviii, 1908) found that no 
definite relation exists between the cutting speed of 
tools and the pressure, tangential to the finished surface 
of the work, exerted on the tool by the chip. 

The value of this tangential component, which is. 
of interest in the design of machine tools is 

P = K,L'7°.78, for cutting steel, and 
- Fra. 14. Determination of Factor P = K2LT°-®, for cutting cast iron, 

Lin Formula for Tool Pressure where Ki, Ke = constants, given in Tables 6 and 7; 
L = total width of chip, in., which for the average tool is equal to the total length of 
cutting edge of the tool in contact with the work (see Fig. 14); 7 = average thickness 
of the chip, in. This usually equals (Feed X Depth)/L. 

METAL CUTTING TESTS.—Metal cutting tests, to be on a thoroughly scientific 
basis, require the consumption of much more time and material than usually is available 
in the average shop. For detailed discussion of the subject see Test Code for High-speed 
Steel for Turning Tools, Mech. Engg., March, 1931, and Standardization of Testing Con- 
ditions for Metal Cutting Tools, Mech. Engg., Sept., 1932. Also, A Metal Cutting Test 
Metal for Machine Shop Use, Iron Age, May 13, 1937. 

CUTTING SPEED TABLES.—Tables 11, 12 and 13 are based on the cutting of 
S.A.E. 1030 hot-rolled machinery steel with an 18—4—1 high-speed steel tool. The horse- 
power given is that developed at the nose of the tool, and does not include any losses in 
the machine. Tables 15, 16 and 17 are based on the cutting of gray cast iron, Brinell 
hardness No. 177. The tools used were 18—4-1 high-speed steel tool. See Table 22. 

SPEEDS AND FEEDS FOR MONEL METAL.—Table 8, giving speeds for Monel 
metal, is based on experiments by the International Nickel Co., and by Melvin Matson 
at Montana State College. See Melvin Matson, Lathe Cutting of Monel Metal, Iron 
Age, Sept. 10, 1936. 

TOOLS FOR TURNING MONEL METAL should be of much the same shape as those 
used for turning medium steel. Because of the toughness of the chip it is particularly 
desirable to use a chip breaker. 
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X1335 
X 1335 
T1330 
T1330 
T1335 
T1340 
T1340 
T1345 
T1350 
2015 
2015 
2015 
2115 
2115 
2115 


* A = annealed; CD = cold drawn; HR = hot rolled; HT = heat treated; N 
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Table 6—Machinability Constants of Steel 


For analysis of the various steels listed, see p. 2-42. 


Heat Treatment 


Quench in 


Strength, 
lb. per sq. in. 


92,000 
113,000 
93,000 
93,000 
98,000 
121,000 
103,000 
104,000 
129,000 
117,000 
110,000 
116,000 
144,000 
147,000 
93,000 
88,000 
88,000 
75,000 
68,000 
78,000 
80,000 
67,000 
90,000 
83,000 
97,000 
92,000 
90,000 
114,000 
111,000 
139,000 
129,000 
115,000 
135,000 
141,000 
147,000 
73,000 


Physical Properties 


oA |g 1s 
Bolin a 
6 a Ae |.2 
pats meee ch a es ee 
wa) ee les 
re) pS) = } a 
pass & a 
35,000 35 55 
60,000 23 51 
37,000} 33 55 
62,000 22 51 
32,000 35 52 
65,000} 21 50 
43,000 31 61 
80,000 6 57 
39,000} 29 54 
67,000} 20 50 
56,000} 28° 59 
47,000 26 50 
70,000 19 50 
63,000| 26 56 
49,000} 25 51 
50,000} 34 68 
75,000] 23 Pha 
53,000} 24 4] 
75,000 18 46 
55,000 31 64 
83,000 19 49 
56,000 26 55 
60,000 28 56 
91,000 15 46 
60,000 18 41 
65,000 25m eae 
99,000 1h pA eee 
71,000 16 26 
74,000 19 
bI4,000). geht. 1... 
74,000 11 18 
45,000 6 7 
75,000 20 45 
75,000 20 45 
50,000 30 53 
39,000 30 50 
68,000 20 50 
68,000 23 52 
43,000 42 64 
75,000 20 45 
42,000 20 40 
73,000 14 32 
57,000 35 4] 
75,000 20 45 
88,000 va 57 
73,000) 22 57 
121,000 20 53 
103,000 17 52 
75,000 20 54 
106,000 15 51 
108,000 13 50 
112,000 11 49 
53,000 34 67 
37,000 4] 70 
80,000 17 60 
47,000 30 65 
40,000) 39 71 
85,000 17 60 


Brinell Hard- 
ness No, 


175 


. | Multipliers 
Chip | for SALE. 2 
Pres- | 1030 HR s2 
Sure | Values. See |", 4 
Con- | Tables |= 2 
stant | 10 to 13 28 
aha) I re 
114,000] 1.82] 1.59| 8.5 
125,000] 1.19] 1.16] 5.6 
116,000} 1.71] 1.53] 8.0 
127,000] 1.00} 0.99] 4.7 
122,000] 1.28] 1.21] 6.0 
131,000] 0.91] 0.92] 4.2 
119,000] 1.51] 1.39] 6.8 
138,000] 1.33] 1.42] 6.2 
122,000] 1.25] 1.21] 5.8 
135,000] 0.85] 0.88] 3.9 
133,000] 0.94] 0.95] 4.3 
129,000] 1.00] 1.00] 4.7 
137,000] 0.79] 0.83] 3.7 
140,000} 0.81] 0.87] 3.7 
135,000] 0.88) 0.93] 4.1 
137,000] 0.87] 0.92] 4.1 
152,000) 0.62! 0.72] 2.9 
141,000] 0.78] 0.84] 3.6 
142,000] 0.72! 0.78] 3.3 
142,000] 0.76] 0.83] 3.5 
158,000] 0.55] 0.66] 2.5 
143,000] 0.77] 0.83] 3.5 
143,000] 0.78] 0.86] 3.6 
147,000] 0.79] 0.89] 3.7 
165,000} 0.49] 0.61) 2.2 
150,000) 0.63] 0.72] 2.9 
151,000] 0.59] 0.69] 2.7 
171,000) 0.42) 0.55] 1.9 
162,000] 0.54] 0.66] 2.5 
156,000] 0.59] 0.71] 2.7 
161,000] 0.49] 0.60] 2.2 
182,000] 0.28} 0.39] 1.3 
184,000] 0.38] 0.54] 1.8 
143,000] 0.53] 0.58] 2.4 
84,000] 1.76] 1.13] 8.2 
84,000) 2.38] 1.54/11.1 
75,000] 2.40] 1.39]10.0 
70,000) 1.82} 0.98] 8.5 
97,000] 1.19] 0.89] 5.6 
79,000} 1.77] 1.07] 8.2 
70,000) 3.10] 1.67/14.5 
85,000] 1.81] 1.18] 8.6 
81,000} 1.77] 1.09] 8.2 
91,000] 1.26] 0.88] 5.9 
87,000} 1.31] 0.88] 6.1 
86,000] 1.31] 0.87] 6.1 
101,000] 1.00] 0.77] 4.6 
157,000] 0.91} 1.09] 4.2 
178,000] 0.60} 0.81] 2.7 
171,000] 0.64] 0.84] 3.0 
160,000] 0.87] 1.08] 4.1 
176,000] 0.60] 0.80] 2.7 
180,000) 0.54] 0.75] 2.4 
184,000) 0.49] 0.70] 2.3 
120,000] 1.09} 1.01] 5.1 
118,000) 1.35} 1.23] 6.3 
122,000] 0.78] 0.74] 3.6 
120,000} 1.14] 1.06] 5.3 
119,000] 0.88] 0.81] 4.1 
124,000] 0.74] 0.70] 3.4 


= normalized. 
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Table 6.—Machinability Constants of Steel—Continued 


Heat Treatment 


Quench in 
Draw at, 
deg. F 


Strength, 
lb. per sq. in. 


105,000 
102,000 
124,000 
129,000 
160,000 


.|108,000 


115,000 
132,000 
170,000 
114,000 
106,000 
136,000 
180,000 
129,000 
126,000 
125,000 
160,000 
128,000 
134,000 
126,000 
160,000 
105,000 

84,000 
140,000 

91,000 

91,000 
115,000 

71,000 

72,000 

77,000 

88,000 

85,000 

98,000 

91,000 

90,000 
111,000 

99,000 

97,000 
118,000 
131,000 
166,000 
112,000 
110,000 
125,000 
143,000 
175,000 
112,000 
102,000 
130,000 
186,000 
116,000 
117,000 
128,000 
170,000 
120,000 


Yield Point, 
Ib. per sq. in 


58,000 
100,000 
68,000 
67,000 
119,000 
106,000 
128,000 
63,000 
77,000 
108,000 
147,000 
78,000 
74,000 
120,000 
165,000 
94,000 
82,000 
113,000 
150,000 
85,000 
87,000 
115,000 
150,000 


138,000 
74,000 
79,000 

119,000 

118,000 

157,000 
66,000 
68,000 

106,000 

166,000 
79,000 
84,000 

108,000 

143,000 
85,000 
88,000 
52,000 


Elong. in 2in. 
percent 


Physical Properties 


Brinell Hard- 
ness No 


121,000 
121,000 
123,000 
123,000 
122,000 
126,000 
126,000 
124,000 
136,000 
139,000 
172,000 
127,000 
129,000 
142,000 
186,000 
129,000 
134,000 
147,000 
200,000 
140,000 
137,000 
137,000 
172,000 
138,000 
146,000 
137,000 
172,000 
126,000 
122,000 
130,000 
123,000 
123,000 
130,000 

90,000 

90,000 

92,000 

95,000 

94,000 
119,000 

99,000 

96,000 
127,000 
122,000 
116,000 
132,000 
141,000 
180,000 
128,000 
127,000 
137,000 
155,000 
195,000 
128,000 
125,000 
140,000 
213,000 
137,000 
131,000 
139,000 
186,000 
133,000 
133,000 

91,000 
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Multipliers 
for S.A.E. 
1030 HR 
Values. See 
Tables 
10 to 13 
Speed| Hp. 
1 131" 106 
1.05) 0.98 
0.74) 0.70 
0.85) 0.80 
0.87) 0.82 
0.60) 0.57 
0.64) 0.63 
0.68) 0.65 
0.46) 0.48 
0.51) 0.55 
0.42!) 0.55 
0.72] 0.70 
0.60} 0.59 
0.53) 0.58 
0.40] 0.57 
0.58) 0.59 
0.64] 0.66 
0.49] 0.55 
0.38) 0.59 
0.54) 0.58 
0.53) 0.55 
0.55} 0.58 
0.40) 0.53 
0.53) 0.55 
0.49) 0.54 
0.53) 0.55 
0.41) 0.54 
0.64) 0.63 
0.90) 0.84 
0.68] 0.67 
0.81] 0.76 
0.81] 0.76 
0.62} 0.63 
1.00} 0.70 
1.00} 0.70 
0.85) 0.60 
0.73} 0.53 
0.83) 0.61 
0.60) 0.55 
0.69] 0.53 
0571) 10). 53: 
0.50) 0.49 
0.62) 0.58 
0.64) 0.58 
0.45] 0.46 
0.45) 0.48 
0.33} 0.46 
053) 0.52 
0.54!) 0.49 
0.42) 0.45 
0.41] 0.48 
0.31) 0.47 
0.60) 0.59 
0.62] 0.60 
0.49) 0.52 
0.29) 0.48 
0.49] 0.51 
0.49} 0.49 
0.45) 0.48 
0.33] 0.47 
0.45] 0.46 
0.46) 0. 47 
0.65] 0.46 


Relative Ma- 


* A = annealed; CD = cold drawn; HR = hot rolled; HT = heat treated; N = normalized. 
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Table 6.—Machinability Constants of Steel—Continued 


Heat Treatment Physical Properties : Multipliers 

ees. 5 Sas ae a Chip | for SAE. | 4 
a) eee | a 3 Pres- | 1030HR |3 > 
Steel, | Condi- EI c AZ| 6219.18 | Ho | sure | Values. See/o4 
SAE) tiont | oe] od Sp | oH] My | aa |S 8] 24 | Con- Tables |.2 3 
No. 3 E E sp ea ga | 2S Be: 22 | stant | 10 to 13 28 
oO oa Ces oo CO} -= O —_—____—__—|"9 
Se] § | Ashe] o4 |g |e<8) ae | A |Specd Bp. |e* 
3150| HEE [1450/ Oil | 1100 | 132,000] 112,000) 18 | 57 | 262 | 142,000| 0.44] 0.47] 2.0 
3150/ HT |1450/ Oi | 900 | 173,000] 150,000] 14 | 50 | 342 | 191,000] 0.33] 0.48] 1.5 
eC ot a ees See Cee 113,000 54,000 21. | 60 | 221 | 129,000] 0.55| 0.54] 2.5 
Sc agian aed read (ys ae 90,000} 65,000; 33 | 65 | 174 | 96,000| 0.74) 0.55] 3.5 
Pet ELBE N.S, MOOS She le Back 144,000| 111,000; 14 | 29 | 285 |157,000] 0.41] 0.49] 1.9 
oC as ies Wee eee ee en 146,000] 111,000] 15 | 29 | 285 | 158,000| 0.41] 0.49] 1.9 
2 a RO Sree aa he ee 90,000| 57,000/, 29 | 69 | 170 | 96,000| 0.74] 0.55] 3.5 
elec ria Rete tee oo et 107,000] 102,000 19 | 65 | 207 | 126,000| 0.58| 0.57) 2.7 
32401 HT |1475| Oil | 1000 | 160,000] 140,000| 17 | 55 | 330 | 172,000] 0.36] 0.47| 1.6 
3240| HT |1475| Oil | 800 | 198,000) 178,000| 13 | 47 | 400 | 228,000] 0.28] 0.49| 1.3 
ATA? EG Vad LAD Seen 142,000} 78,000, 14 | 37 | 263 | 155,000] 0.41| 0.48| 1.9 
Has A RUISESN TSS LUL oe 101,000] 66,000 25 | 62 |...... 125,000] 0.62| 0.59] 2.8 
3245| HT 11450; Oi | 1000 | 154,000| 144,000] 18 | 55 | 331 | 167,000] 0.36) 0.47| 1.7 
3245] HT 11450; Oi | 800 | 209,000] 189,000| 13 | 47 | 408 | 258,000| 0.27] 0.53] 1.2 
S50" N Pah) -MPPRAS Leb rhs Se 118,000] 79,0001 22 | 44 | 291 | 132,000] 0.53| 0.53| 2.4 
Po hm we ae eee ea 96,000| 54,000} 28 | 55 | 180 | 113,000| 0.73| 0.64] 3.4 
3250| HT |1450| Oi | 1100 | 148,000] 128,000] 18 | 56 | 301 | 162,000| 0.38] 0.47| 1.8 
32501 HT |1450/ Oil | 900 | 185,000] 165,000| 14 | 48 | 372 | 214,000| 0.31| 0.58] 1.4 
A512 Eley Wl ee 133,000] 100,000 17 | 50 | 296 | 144,000] 0.41] 0.46] 1.9 
SSI GROIN Font ae amt ec Te 160,000] 120,000) 17 | 50 | 321 | 172,000| 0.36| 0.47| 1.6 
ayia A eT AL. 105,000} 85,000 26 | 72 | 212 | 126,000] 0.60| 0.58] 2.8 
3312| HT |1400/ Oi | 1100 | 111,000] 99,000! 25 | 73 | 228 | 128,000] 0.55| 0.54] 2.5 
3325 HT |1500; Oil | 1000 | 130,000| 110,000/ 22 | 62 | 269 | 140,000| 0.45| 0.48| 2.1 
3325] HT 11500; Oi | 800 | 171,000] 143,000| 17 | 54 | 352 | 186,000| 0.33] 0.47| 1.5 
3335 HT |1450| Oil | 1000 | 147,000| 126,000| 20 | 59 | 302 | 162,000| 0.40] 0.49| 1.8 
3335| HT |1450| Oil | 800 | 188,000| 169,000/ 12 | 50 | 375 | 222,000| 0.29] 0.49| 1.3 
S340) N 2. ceo ed: 177,000] 140,000 10 | 28 | 352 | 192,000| 0.32| 0.47| 1.5 
S340) A ool oe ae ts fone © 125,000| 100,000/ 23 | 59 | 255 | 136,000] 0.49| 0.51| 2.2 
3340| HT |1425| Oi | 1000 | 170,000 145,000] 18 | 53 | 325 | 186,000| 0.36] 0.51| 1.6 
3340| HT |1425| Oil | 800 | 211,000] 183,000, 13 | 47 | 395 | 258,000) 0.28| 0.55| 1.3 
SAIGON WG SON ese 81,000] 47,000 32 | 65 | 163 | 92,000| 0.82] 0.58| 3.8 
S415K A onl YS45R2 Sh) tee 75,000| 46,000 40 | 69 | 153 | 91,000] 0.91| 0.64] 4.2 
3415| HT |1500] Oi | 1000 | 130,000] 112,000] 21 | 67 | 268 | 140,000| 0.45| 0.48| 2.1 
34151 HT |1500; Oil | 800 | 158,000] 138,000, 17 | 59 | 319 | 172,000] 0.36] 0.48| 1.7 
3415] HT |1500| Oi | 600 | 181,000] 160,000| 14 | 52 | 360 | 204,000| 0.31| 0.48| 1.4 
SAGO IN Ville chose een, 170,000] 130,000 15 | 40 | 341 | 186,000] 0.33| 0.47] 1.5 
S455, Nel A oc teens Wee a 105,000] 75,000 17 | 57 | 207 | 126,000] 0.54] 0.52| 2.5 
S455) Ar LTSOUIe..c eee ck 106,000] 67,000, 27 | 59 | 217 |126,000| 0.59| 0.57| 2.7 
3445) ODal.& pets eso, 118,000] 108,000, 16 | 52 | 241 | 133,000] 0.49| 0.49] 2.2 
3435 HT |1450| Oil | 1000 | 146,000] 129,000 18 | 60 | 295 | 162,000] 0.40] 0.49] 1.8 
3435] HT |1450| Oil | 800 | 184,000| 162,000] 15 | 55 | 360 | 204,000] 0.321 0.51| 1.5 
S450) Hist. SG See Peneee 125,000] 108,000 23 | 59 | 255 | 137,000] 0.49] 0.41| 2.2 
3450) ONT Mul UNG? «Ie 170,000] 118,000 11 | 30 | 241 | 186,000] 0.33] 0.47| 1.5 
BASU A ail. JOHN LI 104,000} 58,000 18 | 25 | 219 | 126,000] 0.59| 0.57| 2.7 
3450] HT |1425| Oil | 1000 | 160,000] 135,000] 17 | 55 | 326 | 172,000| 0.36] 0.48| 1.7 
3450| HT |1425| Oi | 800 | 195,000] 168,000; 13 | 52 | 388 | 232,000] 0.29| 0.52] 1.3 
PGs! TERA olen eke Meekod, 89,000} 56,000; 31 | 67 | 167 | 96,000] 0.81| 0.59| 3.7 
CUTS : > [TOTSNeC LA ike. 87,000} 59,000 32 | 68 | 158 | 95,000] 0.86] 0.63] 4.0 
Sigo erie ”|.% aden a cts 109,000} 70,000} 22 | 52 | 229 |124:000] 0.54] 0.51| 2.5 
ASO cs Oe. Tee 100,000} 65,000 26 | 58 | 217 |118,000] 0.59] 0.53| 2.7 
4130] HT |1525| Water | 1000 | 154,000] 134,000] 15 | 57 | 321 | 159,000] 0.361 0.45] 1.7 
4130/ HT |1525| Water | 800 | 170,000] 149,000] 13 | 51 | 363 | 173,000] 0.32] 0.43| 1.5 
ESO BRE eeral.. 5 eee: 95,000} 72,000] 22 | 56 | 192 | 111,000] 0.65] 0.55| 3.0 
X4130| HT |1500| Water | 1060 | 141,000] 134,000] 18 | 63 | 293 | 118.0001 0.67| 0.60] 3.1 
4135 HR SRO cn Rees 131,000 86,000] 16 | 48 | 272 | 142,000] 0.44] 0.48] 2.0 
SVG 3 kes 14,000].......] 18 | 53 |......| 127,000] 0. ‘ : 
4135) HT |1500| Oil | 1000 | 183,000] 163,000] 15 | 55 | 364 | 185,000] 0 mH or 15 
4135| HT |1550| Oil | 800 | 219,000 198,000] 11 | 48 | 444 | 225,000] 0.24] 0.421 1.1 
4140 BRE HS. Sce ei RAS ak 134,000} 92,000 20 | 45 | 269 |142,000] 0.44| 0.48] 2.0 
ATHOW NT Al 8 SOAR IRET o8 137,000| 81,000, 19 | 42 | 277 | 145,000] 0.42] 0.48] 2.0 
4140/ HT |1550| Oil | 1000 | 187,000] 171,000 11 | 46 | 363 | 191.0001 0.29] 0.421 1.3 
4140] HT |1550| Oil | 800 | 216,000 198,000] 10 | 35 | 444 | 222’000| 0.24! 0.421 1.1 
2/4150}. FRc nh ale ER ake 144,000] 108,000 16 | 47 | 287 | 156,000] 0.40] 0.47| 1.8 


*A = annealed; CD = cold drawn; HR = hot rolled; HT = heat treated; N = normalized. 
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Table 6.—Machinability Constants of Steel— Continued 


Heat Treatment 


Quench in 


4340} HT |1500} Oil 
4340| HT {1500} Oil 
4340| HT |1500} Oil 
4345) HT |1450} Oil 


4615) HT |1575} Oil 
4615} HT |1575) Oil 
4615} HT |1575) Oil 


4620} HT |1475| Oil 
4620| HT |1475| Oil 
4620! HT |1475| Oil 


4640/ HT |1500| Oil 
4640/ HT |1500| Oi 


4650| HT |1475) Oil 
4650| HT /|1475) Oil 


4820) HT |1550) Oil 


5120] HT {1560} Water 
5120} HT |1600| Water 


5130} HT |1550} Oil 
5130) HT {1550} Oil 
5130) HT |1550) Oil 


5140] HT |1550| Oil 
5140/ HT |1550| Oil 
5140] HT 11550] Oil 


5150] HT |1550| Oil 
5150] HT 11550] Oil 
5150| HT |1550| Oil 


6120} HT |1625| Water 
6120} HT |1625| Water 


6125} HT |1625| Water 
6125) HT |1625| Water 
6125} HT |1625) Water 


6130] HT |1680) Oil 
6130} HT |1625| Oil 
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Physical Properties : Multipliers 
a ye y % a Be for S.A.E. 4 
PAs  —- bat =] J 
rc | Se] E2 | Sa 18 =| hg | te |Vatuen soled 
SP hg eo el geal ee | Com | Tames (Ee 
pel eES| ga] BE (Se) 2% | otant | owns [ee 
A SS ee am jas a8 z Speed] Hp. ee 
153/000/8eo ae 12 28 300 | 158,000) 0.36] 0.45) 1.7 
198,000} 159,000 9 22 401 | 202,000} 0.26] 0.40) 1,2 
203,000] 147,000) 12 20 415 | 207,000} 0.27] 0.42] 1.2 
1200 | 150,000] 129,000} 20 57 302 | 155,000) 0.40] 0.47] 1.8 
1000 | 184,000] 165,000} 16 48 375 | 186,000} 0.31] 0.45] 1.4 
800 | 212,000] 194,000] 12 4] 429 | 217,000] 0.26} 0.43] 1.2 
800 | 241,000} 220,000) 11 46 444 | 250,000] 0.24! 0.47] 1.1 
82,000} 62,000} 27 66 183 | 109,000} 0.74} 0.63] 3.5 
83,000) 60,000} 30 65 170 | 110,000} 0.74} 0.64) 3.5 
107,000) 102,000} ‘14 58 212 | 125,000} 0.54] 0.51] 2.5 
1000 | 115,000) 89,000] 27 70 229 | 128,000} 0.54] 0.53) 2.5 
800 | 129,000} 92,000) 23 66 251 | 138,000) 0.47] 0.49] 2.2 
600 | 141,000} 99,000} 20 60 271 | 147,000) 0.42] 0.48] 2.0 
85,000} 61,000} 31 68 179 | 111,000} 0.74} 0.63) 3.4 
1000 | 120,000} 97,000) 24 67 246 | 131,000} 0.49} 0.49) 2.3 
800 | 139,000} 107,000} 21 63 280 | 147,000} 0.42! 0.48) 2.0 
600 | 178,000) 156,000} 15 60 345 | 182,000) 0.32] 0.45) 1.5 
119,000) 93,000) 13 32 241 | 130,000) 0.46} 0.46) 2.1 
122,000} 97,000) 25 62 248 | 132,000) 0.49] 0.49] 2.1 
1000 | 145,000} 131,000} 18 57 320 | 151,000} 0.30] 0.45] 1.8 
800 | 182,000) 169,000) 14 42 392 | 182,000) 0.29} 0.42) 1.4 
126,000} 96,000) 17 35 269 | 135,000} 0.44] 0.46) 2.0 
120,000} 90,000) 18 44 241 | 131,000} 0.49) 0.48) 2.2 
1100 | 139,000) 125,000} 20 53 305 | 147,000) 0.41] 0.46) 1.9 
900 | 175,000} 160,000) 15 50 382 | 178,000) 0.31] 0.42] 1.4 
94,000} 68,000} 28 62 187 | 118,000} 0.67} 0.60) 3.1 
600 | 199,000) 180,000) 15 61 390 | 203,000) 0.29] 0.45) 1.3 
82,000} 48,000} 28 C3 Al escacn aes 110,000) 0.78] 0.66) 3.6 
73,000} 50,000} 33 65 149 | 105,000} 0.86] 0.69} 4.0 
J9 000 ena put hee. eee 165 | 108,000} 0.78] 0.65] 3.6 
842 | 155,000) 122,000) 12 46 335 | 160,000} 0.35) 0.42] 1.6 
930 | 98,000} 70,000} 21 67 210 | 122,000} 0.59) 0.55) 2.7 
105,000) 66,000) 24 63 207 | 125,000} 0.60) 0.58] 2.8 
104,000) 67,000) 24 63 201 | 125,000} 0.60) 0.58] 2.8 
1200 | 120,000} 99,000) 22 67 235 | 136,000) 0.53} 0.55] 2.5 
1000 | 148,000} 130,000} 18 60 302 | 154,000} 0.40} 0.47] 1.8 
800 | 193,000] 168,000} 12 49 375 | 196,000} 0.29) 0.43] 1.3 
90,000) 58,000) 25 37 207 | 116,000! 0.69} 0.61] 3.2 
114,000} 75,000; 20 58 223 | 131,000} 0.53] 0.54) 2.5 
110,000} 70,000) 22 61 212 | 128,000} 0.55] 0.55) 2.6 
1200 | 124,000} 100,000} 22 63 241 | 138,000} 0.49) 0.52) 2.3 
1000 | 152,000} 130,000) 18 55 302 | 157,000} 0.38) 0.47] 1.8 
800 | 180,000] 160,000} 13 42 363 | 182,000} 0.32] 0.45] 1.5 
135,000] 101,000) 15 50 277 | 145,000] 0.42} 0.48) 2.0 
135,000} 98,000} 15 50 285 | 145,000] 0.41] 0.46} 1.9 
1200 | 133,000} 114,000) 21 57 269 | 144,000} 0.46} 0.51] 2.1 
1000 | 168,000} 150,000} 17 45 3520) 12 1000iN0.35) 0,45) 1.6 
800 | 220,000) 202,000 9 30 461 | 226,000} 0.23] 0.41] 1.1 
95,000} 58,000} 30 61 187 | 125,000} 0.67} 0.64} 3.1 
83,000} 65,000} 30 63 174 | 123,000) 0.81} 0.76} 3.7 
81,000} 64,000} 30 63 170 | 122,000} 0.82) 0.72] 3.8 
114,000} 75,000} 23 64 255 | 131,000) 0.50] 0.51] 2.3 
80,000} 46,000} 33 73 164 | 109,000} 0.81) 0.69; 3.8 
1150 | 112,000] 95,000] 24 | 72 | 220 | 130,000) 0.55| 0.55] 2.6 
800 | 150,000} 130,000) 17 63 310 | 155,000} 0.38) 0.46] 1.8 
114,000} 75,000} 23 C48 ten: 130,000) 0.53) 0.53) 2.5 
1200 | 127,000} 113,000} 23 66 260 | 140,000) 0.49} 0.53) 2.3 
1000 | 134,000] 120,000; 19 63 282 | 156,000) 0.45) 0.54) 2.1 
800 | 150,000} 127,000} 17 63 310 | 217,000) 0.40) 0.66) 1.8 
112,000} 69,000) 21 Gilt | es 130,000] 0.53) 0.53] 2.5 
103,000} 72,000} 26 65 207 | 126,000} 0.64) 0.63) 3.0 
1230 | 94,000} 64,000} 24 65 195 | 118,000] 0.72] 0.65] 3.3 
1100 | 141,000] 126,000) 19 62 305 | 177,000) 0.42] 0.58) 2.0 


* A = annealed; CD = cold drawn; HR = hot rolled; HT = heat treated; N = normalized. 
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Table 6.—Machinability Constants of Steel—Continued 
Heat Treatment Physical Properties bi Multipliers 


i May eh | ol ale % | Pres- | 1030 HR 3 > 
asd eee J A: | ag 3 z S fe 8 ts ae Cai. Values. See |‘, 2 
No. | ton*|Smi] 4 2s] as < g 13 o3l e a a Tables |.2'3 
j el agal uo] Pe 1382] ge | stant | ioto13 |s-8 
g2| 3 g2a| Sa | 88/858) Ky 34 
H™| & eS | Pe ie A) a | —[Bpeed| Api fat — 
6130| HT |1720| Oil 127,000} 105,000) 18 54 264 | 140,000] 0.47} 0.51} 2.2 
6135} A POO catalan ose 108,000} 76,000} 23 64 217 | 127,000] 0.60} 0.59) 2.8 
6135] HT |1600) Oil 133,000) 120,000} 23 64 275 | 156,000} 0.47| 0.51) 2.2 
6135} HT |1600} Oil 150,000) 134,000) 18 61 308 | 217,000] 0.41] 0.67} 1.9 
6135| HT |1600| Oil 169,000} 147,000; 17 60 348 | 260,000] 0.36) 0.71) 1.6 
GEAG NE Elbe vaca fet xa: ve lerei fers 2 rte 133,000) 112,000) 19 44 277 | 156,000} 0.46) 0.57) 2.1 
DUO ONT ox ater fe aaa sila 4 * abet 126,000} 99,000} 22 47 262 | 139,000] 0.49) 0.53) 2.3 
6140} HT |1575| Oil 120,000} 103,000} 22 62 241 | 130,000} 0.53) 0.53) 2.4 
6140} HT |1575| Oil 149,000} 134,000) 18 55 311 | 213,000] 0.41} 0.66) 1.9 
6140} HT |1575) Oil 190,000) 173,000} 13 Ly. 401 | 260,000] 0.29) 0.60) 1.4 
BUSS ERs ie steppe acta ete olhecer at 140,000; 81,000; 10 26 302 | 173,000) 0.38) 0.52) 1.8 
6145} HT |1525) Oil 183,000} 166,000} 15 50 401 | 280,000} 0.32) 0.69) 1.5 
6145) HT |1565) Oil 231,000) 206,000) 11 44 444 | 370,000} 0.26) 0.74) 1.2 
ONS eure Utrera caste ps eee t 141,000) 107,000) 18 44 285 | 177,000] 0.44) 0.60] 2.0 
GRO ONG oe arrose ae lias 136,000) 100,000; 20 47 277 | 159,000) 0.46) 0.57) 2.1 
6150) HT |1575) Oil 133,000) 110,000) 19 55 262 | 158,000) 0.47) 0.58) 2.2 
6150) HT {1575} Oil 171,000) 150,000) 12 45 341 | 265,000) 0.35) 0.70) 1.6 
6150) HT {1575) Oil 228,000) 210,000) 16 38 461 | 300,000} 0.24} 0.55) 1.1 
30905) HT |1950| Water 91,000} 55,000; 71 80 187 | 126,000} 0.36} 0.35) 1.6 
BOSO 5 pA mean Lechcslbs qa haleitin ne abe fe 75,000) 33,000) 57 63 142 | 122,000} 0.45) 0.42) 2.1 
51210} HT {1290 Air cool 93,000} 75,000|. 26 74 198 | 118,000} 0.67| 0.60} 3.1 
* A = annealed; CD = cold drawn; HR = hot rolled; HT = heat treated; N = normalized. 


Chemical Composition Multipliers for 
Chip Cast Iron of ? 
Pressure | 177 Brinell. See | Relative 


Tables 14 to 17 | Machin- 
Constant | Tables 14 to] | ity 


Compres- 
sive 
’| Strengt: 


Tensile 
Man- | Strength 
ganese | lb. per 


bined | Silicon 
Carbon Carbon 


sq. in. a ma Ka Speed | Hp. 
he 0.41 50,000 159,000 111,000 0.59 a 2.4 
7 eh |i heal oe ee 0.71 44,000 152,000 104,000 0.66 1.16 Desh 
ei 0.94 36,000 111,000 66,000 | 0.70 0.78 4.8 
BnO4s lens cme 0.69 40,000 129,000 82,000 | 0.71 0.98 BS 
DALGT Ns cere s are 0.79 37,000 118,000 74,000 | 0.71 0.88 aS 
Ae OOe Miss Semin eka 1.05 38,000 130,000 84,000 0.71 1.01 2.9 
ip 0.60 38,000 133,000 87,000 | 0.76 1.12 = IB 
2 0.36 41,000 139,000 92,000 | 0.80 1.24 aa 
= al a a ay 1.06 33,000 111,000 66,000 0.91 1.02 Sk 
Pe 0.60 30,000 102,000 59,000 1.00 1.00 4.1 
S303 toons 0.98 33,000 120,000 74,000 1.03 1.28 4.2 
RO Wika sac sets 0.80 36,000 116,000 71,000 1.04 N. 25. 4.2 
Ey 4) | Sees a 4 0.79 33,000 122,000 76,000 1.05 1235, 4.3 
ai 0,52 30,000 102,000 59,000 1.10 1.10 4.5 
vp DUT | aaee scp: Chal > 5 eee 36,000 1.20 0.74 4.9 
a. 0.50 18,500 81,000 42,000 (lige 0.97 5.4 
Si. 0,69 33,000 121,000 76,000 1,48 0.91 6.1 
Alle in cde-s¢ are 0. 1.67 0.88 6.8 
REACTS eras «i Dy 2O9Ls ons ct Saline tere 1.10 1.3 4.5 


* Centrifugally cast. t+ Malleable iron. 
Table 8.—Cutting Speeds for Wrought Monel Metal 


Midis he Depth of Cut, in. 
Révohition tite! Wie ee eR a a a a oe 
Cutting Speed, ft. per min. 
0.002 262 223 205 192 190 186 185 183 1 

82 

004 209 179 163 153 149 147 147 145 144 
.008 168 144 138 124 121 118 116 114 113 
1/64 139 121 110 103 98 95 93 92 90 

1/39 118 104 68 57 52 49 47 45 43 

1/16 104 60 48 39 34 31 29 26 25 

1/8 69 48 34 29 24 21 18 17 14 


I 


CUTTING FLUIDS 


Table 9.—Relative Machinability of Non-ferrous Metals 


Based on cutting speed 


21-19 


Material Condition pec ompoebon ee 
Copper Tin Lead Zinc Nickel ability 
Mianenmetal eek. enka Wironughte| ite cs ch al aegee oe oleae 1502 
Muntz metal. coc ove ec cae NE Pete cccs tle seg let ten ee doe a 11.8 
Ol brassas .6 4. Set uaa sea ARE LAAN lebe oeel SeIIR Raceek | P IL  a 13. 6 
Doltabrassmeeee tierce erect Cast Ory ee, AMR bo Ba. ad daliaetik Saar Oabe) 10.5 
Phosphor bronze...............- Wironehe slo sep eee, hteey ieee ate eget Wei] 8 la 1.5 
Phosphor bronze............. Cast RS A wee 5 il NO | ee 74 
Navy rolled brass............ Wrought ee cee |e See eee, ahs S Se i ee 11.5 
Navy rolled brass............ Cast CB Oar a a LAE PO ak OS BS Oe 7.1 
Rese POPE Ck cet Wrought | 88.0 ON aa 7 ae aa a 
Bee OVS BEN eck Cast 88.0 SWE ocd. seat a56% Wr cs ee. 7.1 
IPAYCDTEGR hs) ile s wate bide eo ak WV TOUGIE \lF.o.-Mcie me cillay ce eteceiaieil susie sv cetee.eiltarn ee eal eet 12. 1 
[ERarc! Drape Gn, dclertes cco inctes <i Cast 7k Oe NES ES | ee ai Re OL ee 9.4 
Wrentyer Sees otaec oo emcee Wrought | 90. OM 1c a AR Oe Sie ek 12.1 
Ron yOm ates seitee .citstee ace onset ob Biax9020> | e10 Oe i022, Boros cee ke. 9.4 
BSTOTG ere shits ce eecicine tee Wiroughos| 85 .0l Ga lg NO=T wilt... sci. aleemrscmen 9.2 
PSTOREC <. ccna wards ssh c yeas PN Pe eed 7.1 
SE OUER ae OMe tae aiaele ere WV TOULLG: | 2 04. 0) blew 1S Ou dhe noni [eects crore 3.0 9.2 
SIONSG tate irdione tease Cast 8] = S400 MP (3 OMe eel cee 3. 0 7 1 
PUP HEEON POM BOste nei a ce cto fereietere. all! W VV LOURE Gad Pomecces Pah ae, cnoicico. tt ll azacoys craven sf laters « eicievel| hncserarapeteas 11 ; 5 
MEBRINGIEOMaCeae tee oe ec | CARE) Po le ctyos te cle cere cic. c als ciseeens ilo aGane SatH cs cosefeen 7: 1 
SL MMOLONBO ra eareete ce |) WW EOURH Ute Rese Sale sist ale es linve divin Cie lec oes oe eis cne Lie 
“Udi Soy habe psa aide cele creer QC) 5s FTIR i ated | ee ne eee a ee) ee ead ve 1 
EONS Cente poet ee cee rOUeRe Ne OO.OC Me TO nO! eo dee cite cachnes © 1.5 
COC en ener a vee Caste mL TOO O bE TON le. is sacercepemuetrets Tal 
pL ORICHERG PALS ae oe, canis cients el OLE Ie Wot mith. ollnceraten a s[eeviciaee naire ae ate oed's careers 4.1 
NOM CREROLAL SS Sect. we Sk See eo AOBBEM Bl fis close sed cnc tte tual stale aihistaien |S we oe, ae Gf ektueleue Fe 3.5 
cee NGAP Dibben nc teeta ed h COMBE ME fete ore Sie e.c al eete 1ei|(chotaueiovareyalllsts sacs 8 o-adl'osalene peters 13.9 
Aluminum Soo oe Be ek i! ORG al A | ee |e 40.0 
ee tte cye ele ne te a eH WY ORE AG | Poorer vce ci] or ole rs l] whe. oko Sears sist die welt oafic.cieste ges .0 
Ee Cer MERIC MINORS GM MRC Neces see caters ca cee |umesahecn ane. afters ava os aceilbveueraparets, @ me 
borates Macca e wialated is Fie meats evil eee mrsts- sb Siave serene le care tise apralerf a's ss [aitie ee suas 9 
.0 


e | 


4. CUTTING FLUIDS 


The various fluids used in metal cutting operations serve the following purposes: 
1. Cooling the tool; 2. Cooling the work; 3. Improving the quality of the surface pro- 
duced; 4. Lubricating the surfaces in contact between the tool and work, or preventing 
welding of chip or work to the tool, thus aiding in reducing the temperature of the tool; 
5. Flushing away the chips; 6. Reducing the pressure of the chip on the tool. 

For cooling tool and work and flushing away chips, the quantity of fluid is more impor- 


- tant than the kind. A thin soluble oil solution, approximately 40-1, or a solution of soda 


or borax in water is very satisfactory. A pure oil or a rich mixture of soluble oil does 
not appear to be so efficient a coolant as a fluid which is mainly water. 

An oil containing a large percentage of sulphur appears to reduce the tendency of a 
steel chip to weld to the tool. Such oil is advantageous when a good quality of machined 
finish is desired. For finishing operations an oil with a high degree of oiliness generally 


_ is used. 


QUALITY OF SURFACE.—There are few data available as to the effect of cutting 
fluids on the quality of the surface produced. Where high quality of finished steel surface 
is required, a sulphurized mineral, or a sulphurized mineral lard oil generally is used, 
except that water or soluble oil generally is used to obtain a high grade of finish with a 
spring tool on a lathe. 

EFFECT OF QUANTITY OF CUTTING FLUID.—When a cutting fluid is used it is 
particularly important that it be applied steadily; intermittent application may tend to 
crack the tool. When machining surfaces which are not easily accessible, special means 
should be provided, for supplying the cutting fluid at the cutting edge of the tool; for 
example, oil holes through the boring bar used for boring deep holes. 

Table 19, based on the work of George Schlesinger as reported in Stahl u. Eisen, Vol. 48, 
p. 341, gives an indication of the effect of variation in the quantity of fluid used on the 
rate of metal removal. Frederick W. Taylor had recognized the importance of an ade- 


quate quantity of cutting fluid and recommended the use of at least 3 gal. per minute on 
(Continued on p, 21-22) 
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Table 10.—Cutting Speed and Horsepower Required for Cutting Steel with 
Carbon Steel Round-nose Tools. Tool life, 1 hr. 


Steel: 8.A.E. 1030, hot rolled. Tool: 1.15 Carbon Steel; nose radius, 1/g in.; side-cutting-edge angle, 0; 
front-cutting-edge angle, 6 deg.; side rake, 14 deg.; back rake, 8 deg.; clearance, 6 deg. See Fig. 11F 


Depth of Cut, in. 


Table 11—Cutting Speed and Horsepower Required for Cutting Steel with High-speed 
Steel Side-cutting Tools. Tool life, 1 hr. 
Steel: S.A.E. 1030, hot rolled. Tool: 18-4-1 high-speed steel; nose radius, 0; side-cutting-edge 
angle, 0; side rake, 14 deg.; back rake, 8 deg. See Fig. 11A 


Depth of Cut, in. 


eee 1/32 V6 1/g V4 3/8 1/2 5/8 3/4 I 
per | Ft. Ft. Ft. Ft. Ft. Ft. Ft. Ft. Ft. 
rev. per | Hp.| per | Hp.| per | Hp.| per | Hp.| per | Hp.| per | Hp.| per | Hp.| per | Hp.| per | Hp 
min, min. min. min. min. min. min. min. min. 
0.002 | 328} 0.2) 327} 0.5] 327} 1.1] 325) 2.2) 325] 3.4) 323) 4.7) 323) 5.9) 323) 7.2) 323) 9.9 
.004 | 209} .3} 212] 6} 206) 1.1} 206) 2.4) 205) 3.7] 205) 5.1) 203) 6.5) 203) 7.9) 203)10.8 
.008 | 136; .4) 135] .7| 134) 1.3) 130) 2.7) 130) 4.1) 130) 5.7) 129) 7.1) 129) 865 128) Me 
1/64 921 .5) ON .8) 87] 1.5) 86) 3.0) 85) 4.5) 8416.1) 83) 7.2) 83) SLSh S2eeS 
1/39 644.8] 461] 1.2] 59} 2.0} 56) 3.7) 55) 5.4) 54) 7.1) 53) 8.7) 52/10.4) 51)13.7 
1/16 65| 1.2) 441 1.9] 41) 2.9) 39] 4.8) 36) 6.6) 35) 8.5) 34)10.2)—33)11.9| 32;5e4 
1/g 66] 1.9] 4212.9) 31h 5.0) 27) 7.0) 24) 86) 23100 7y 22)12.5)0 Qh aa OS: 


Table 12.—Cutting Speed and Horsepower Required for Cutting Steel with High-speed 
Steel Round-nose Cutting Tools. Tool life, 1 hr. 


Steel: S.A.E. 1030, hot rolled. Tool: 184-1 high-speed steel; nose radius, 1/4 in.; side-cutting-edge 
angle, 30 deg.; side rake, 14 deg.; back rake, 8 deg. See Fig. 11F 


Depth of Cut, in. 

pie 1/39 1/16 Vg V/4 3/g I/g 5/s 3/4 | 

per | Ft. Ft. Ft. Ft. Ft. Ft. Ft. Ft Ft. 
moe per Hp. per Hp. per Hp. per Hp. per Hp. per Hp. per Hp.| per | Hp.| per | Hp 

min. min, min, min, min. min. min. min. min. 
0.002 | 737) 0.7) 515} 1.0) 447| 1.6] 408) 3.0} 390) 4.5] 382) 5.9) 379] 7.4) 371) 8.9) 368112.1 
.004 | 475) .8) 342) 1.1} 285) 1.8) 254) 3.3) 245) 4.8] 241] 6.7] 236] 8.0} 234] 9.7] 231|13.0 
.008 | 302} .9} 220] 1.2} 197) 2.1] 164) 3.6} 157] 5.3) 151) 7.5} 149) 8.9} 147|10.4) 146]14.1 
W/e4 | 199) 1.0) 144) 1.3) 120) 2.2) 106} 3.9) 102) 5.7) 98] 7.6) 96] 9.4) 95]11.3) 93115.1 
1/39 | 134) 1.2} 95) 1.6] 80) 2.5} 70) 4.5) 65) 6.4) 63) 8.4) 61)10.1} 60/12.2) 59116.3 
1/16 94) 1.5 20.0). Sopescl >| ee) ee ee) 9.4 1.6 39113.6) 36/17.6 
1/g Obl 2.2 2.9} 42) 4.2 6. 30) 9.0 at a5 3 6 


Table 13.—Cutting Speed and Horsepower Required for Cutting Steel with High-speed 
Steel Parting Tools. Tool life, 1 hr. 


Steel: S.A.E. 1030 hot rolled. Tool: 18-4-1 high-speed steel; corner radius, 1/¢4 in.; setting angle, 
90 deg.; back rake, 20 deg.; relief, 6 deg. See Fig. 10 


—_—_—_——— Sees 


Width of Cut, in. 

Feed, 1/ 1/ 1 / 
ms /16 /8 /4 3/8 1/9 3/4 
per Ft. Ft. Ft. Ft. Ft. 

mete per Hp. per Hp. per Hp. per Hp. Hp per Hp 

__|_min min. min. min. min. 

0.002 383 ON? 378 1.3 378 2.6 378 3.9 ie aes 378 8.1 
.004 240 .8 240 Pe5 239 2.8 239 4.3 5.8 236 8.8 
. 006 187 1.0 187 1.6 186 ani 183 4.6 672 183 9.4 
.008 156 130 154 Nie, 154 3.3 151 4.8 6.5 150 9.7 
.010 ol 1.9 133 3.4 133 Eyal! 6.7 130 10.1 
“012 1.2 1.9 118" (85s Tete eet 6.9 | 115 | 10.3 
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Table 14.—Cutting Speed and Horsepower Required for Cutting Cast Iron with 
Carbon Steel Round-nose Cutting Tools. Tool life, 1 hr. 
Cast Iron: Brinell Hardness, 177; total carbon, 2.88%; combined carbon, 0.32%; silicon, 1.47%; 
manganese, 0.60%. Tool: 1.15 carbon steel; nose radius 1/g in.; side-cutting-edge angle, 0.; front- 
cutting-edge angle, 6 deg.; side rake, 14 deg.; back rake, 8 deg.; clearance, 6 deg. See Fig. 11F 


Depth of Cut, in. 


Table 15.—Cutting Speed and Horsepower Required for Cutting Cast Iron with High- 
speed Steel Side-cutting Tools. Tool life, 1 hr. 
Cast Iron: Brinell Hardness, 177; total carbon, 2.88%; combined carbon, 0.32%; silicon, 1.47%; 
manganese, 0.60%. Tool: 184-1 high-speed steel; nose radius, 0; side-cutting-edge angle, 0; side 
rake, 14 deg.; back rake, 8 deg. See Fig. 11A 


Depth of Cut, in. 


ose 1/39 1/16 1/g V4 3/8 1p 5/3 3/4 I 
per |) Et Ft. Ft. Ft. Ft. Ft. Ft. Ft. Ft. 
rev. per | Hp.| per | Hp.| per | Hp.| per | Hp.| per | Hp.| per | Hp.| per | Hp.| per | Hp.| per | Hp. 
min. min. min. eas & min. hee min. min, ___ mun. ____|mun. ___ mun. ee 
0.002 | 169) 0.2) 168] 0.3) 167) 0.6] 166] 1.1} 166] 1.7] 166} 2.3) 166] 2.8] 166} 3.4} 166] 4.5 
004 | 127) .2| 127) .4) 126) .7| 126) 1.4) 125) 2.0) 124) 2.7] 124] 3.3] 124] 4.0) 123] 5.3 
008 O7|7 3) 97 Ale 96 Oreos tol 932-4) 93) 3.219 93] 4.0 9214-7) 921 652 
1/64 41) ele aol ee Orme 24) FEN 73) 2-0) 71 2.9) 71) 3.8) 70) 4:7) .69) 5.5) 68) 722 
1/39 63)) 6) PGi oh os) 5) 56) 2.5) 54) 3.6) 53) 4.6 52) 5.6 521 6.6 51] 9.0 
Vig G2) S92 431) 2.5)" 45) 3-6) 431 4.7) 41) 5.9) 40) 7.0 391-8.) 3711.3 
1/g 62} 1.4] 49] 1.7] 41] 4.0] 37] 4.6] 34) 5 S2ICe le SL OSE ZOOM 2 eiha nA) 


Table 16.—Cutting Speed and Horsepower Required for Cutting Cast Iron with High- 
speed Steel Round-nose Cutting Tools. Tool life, 1 hr. 

Cast Iron: Brinell Hardness, 177; total carbon, 2.88%; combined carbon, 0.32%; silicon, 1.47%; 
manganese, 0.60%. Tool: 18—4—1 high-speed steel; nose radius, 1/g in.; side-cutting-edge angle, 30 deg.; 
side rake, 14 deg.; back rake, 8 deg. See Fig. 11E 

Depth cf Cut, in. 


ig Was 3/4 1 
per Ft. Ft. Ft. 

ver Hp. per Hp. per Hp. 
min. min. 

; 8 3.4) 181] 4.0) 180] 5.3 

0 4.0} 135) 4.7) 134) 6.2 

oo 4.6} 100) 5.5) 99) 7.1 

m4 5. 4| 76) 6.3) 74) 18.2 

<5] 6.4 56] 7.5) 55] 9.6 

é 7.6) 42] 8.91 41]11.2 

at 9.3 Syed Saye 


Table 17.—Cutting Speed and Horsepower Required for Cutting Cast Iron with High- 
speed Steel Parting Too's. Tool life, 1 hr. fe 
Cast Iron: Brinell Hardness, 177; total carbon, 2.88%; combined carbon, 0.32%; silicon, 1.47%; 
manganese, 0.62%. Tool: 18-4—1 high-speed steel; corner radius, 1/64 in.; setting angle, 90 deg.; back 
rake, 20 deg.; relief, 6 deg. See Fig. 10 
Width of Cut, in. 


peed 1/16 1/g 1/4 3/g 1/2 3/4 
a Ft. Ft. Ft. Ft. Ft. Ft. 

rev. per Hp. per Hp. per Hp. per Hp. per Hp. per Hp. 

min. min. min. min. min, min. 

0.003 94 0.3 94 0.6 94 ed 94 ie 94 2:0 93 2.9 
005 76 4 76 Av] 75 52 75 Lia 74 9) 74 33,3) 
007 67 ar 67 wd 66 Une 66 1.9 65 740) 65 36 
.010 58 e5 58 .8 57 2) 56 | 56 DEV 56 4.0 
015 50 .6 49 1.0 ihe 7/ 48 2.4 47 aml 47 4.4 
.020 45 .8 44 fen 1.9 43 2.6 42 Shee} 41 4.7 
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roughing cuts. It will be seen from Table 18 that the use of 3 gal. per min. of water results 
in a condition close to the maximum for the experiments on which this table is based. 

Yor light cuts.on steel, where the chip thickness is less than 0.015 in., the use of a 
copious supply of cutting fluid permits the use of cutting speeds approximately 16% 
greater than could otherwise be used. The effect of the cutting fluid appears to vary 
with the thickness of the chip from 16% for thin chips up to approximately 50% for chips 
approximately 0.090 in. thick. 

GENERAL RECOMMENDATIONS.—Table 19 is based on experiment, and on the 
recommendations of the suppliers of cutting fluid. Where possible, it is advisable to 
obtain the recommendation of a reliable manufacturer concerning the fluid to be used for 
a particular application. 


Table 18.—Effect of Quantity of Cooling Water on Permissible Cutting Speed 


Rough turning chrome-nickel steel with high-speed steel tools; 0.079 in. depth of cut; 0.039 in. feed. 
Tool with 45-deg, side-cutting-edge angle, 30-deg. front-cutting-edge angle, sharp nose, 14-deg. rake 


Water per min., gallons........-.--++++- 0 0.2 Lod Fe 33 4.4 
Cutting speed, ft. per min.*.........---.- 67 71 81 84 8&5 85 
Relative rate of metal removal........-... 1. 007 1.05 1,21 Vez 1,26 pe¥/ 


* For 20 min. tool life. 


+ The dry condition is taken as unity. 


Table 19.—Recommended Practice for the Use of Cutting Fluid for Metals 


Material Cut 


Cast iron 


Malleable iron 


Wrought iron, or 


low-carbon steel 


Rough Turning and Planing 


Dry 
Air blast 
Soluble oil, 50 to 1 


Water, with | 1/9 % borax or soda 


Dry 

Air blast 

Soluble oil, 50 to 1 

Water, with | 1/2 % borax or soda 
Soluble oil, 40 to | 

Sulphurized mineral oil 

Water, with | 1/2 % borax or soda 


Medium-carbon 
steel 


High-carbon steel 


Alloy steel 
Monel metal 
Nickel 


Copper 


Brass or bronze 


Aluminum, 
duralumin, 
pewter, zinc 


Finishing, Forming and 
Turning and Planing 
Dry 
Air blast 
Soluble oil, 50 to 1 


Water, with 1 1/2 % borax or soda 


Dry 
Air blast 
Soluble oil, 50 to 1 


Water, with | 1/2 % borax or soda 


Soluble oil, 40 to 1! 
Sulphurized mineral oil 
Water, with | 1/g % borax or soda 


Soluble oil, 30 to 1 
Sulphurized mineral oil 
Water, with | 1/2 % borax or soda 


Soluble oil, 20 to | 
Mineral oil 


Water, with | 1/9 % borax or soda 


Soluble oil, 20 to 1 
Sulphurized mineral oil 
Water, with I 1/2 % borax or soda 


Soluble oil, 50 to | 


Light mineral oil 
Sulphurized mineral oil 
Water, with | 1/9 % borax or soda 


Soluble oil, 50 to 1 
Light mineral oil 


Soluble oil, 30 to 1 
Sulphurized mineral oil 
Mineral lard oil 
Sulphurized mineral lard oil 


Water, with 1 1/o % borax or soda 


Soluble Oil, 20 to I 
Mineral oil 
Water, with 1 1/2 % borax or soda 


Soluble oil, 20 to 1 

Sulphurized mineral oil 

Water, with | 1/g % borax or soda 
Mineral lard oil 

Light mineral oil 

Water, with 1 1/g % borax or soda 


Light mineral oil 


Soluble oil, 50 to 1 


Very light mineral oil 
Water, with I 1/9 % borax or soda 


5. FACTORS AFFECTING RATE OF METAL REMOVAL 


SET-UP MATERIAL.— Provision of an adequate quantity of well-chosen and well- 
arranged set-up material will save much time in making ready the average job. More 
time is lost on non-repetitive work through failure to provide an adequate equipment of 
set-up material, with racks or cabinets for keeping it in an orderly manner, than through 
any other failure on the part of management. 

A supply of the frequently-used equipment should be kept at each machine tool. The 
cost is low, when compared with the reduction in set-up time made possible by a carefully 


engineered equipment of make ready material, and should prove to be a very profitable 
investment. 
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EFFECT OF LENGTH OF TOOL EXTENSION.—Tools should be so clamped in the 
tool post as to be supported, as closely as possible, directly beneath the active cutting 
edge. Excessive overhang may cause chatter and make necessary an appreciable reduc- 


tion of speed, feed, or both. The following figures, based on the shop practice of a leading 
manufacturer of machine tools in the use of large forged planer tools, give an indication of 


this effect: 


ROO WOXLENSIOMs dM a a.a.5 0 seposuce a «ecco ie ee ein tie 0-8 8-12 12-20 20-34 34 and over 


Reduction in cut and feed, percent ........... 0 


25 50 60 65 


EFFECT OF WORK SET-UP ON RATE OF METAL REMOVAL.—The size of chip 


removed and the cutting speed used depend on the 


1 


_ entering angle, 6-deg. nose drag angle, 14-deg. side 


_-certain. 


stiffness of the work, the amount it overhangs the (1) a SS a BB 
supporting surface, the amount of unbalance, and: 0.8 NS Pia i 
the rigidity with which it is clamped. Experience ad Lad, ia | 


has shown that at times, when the part is weak, and 
eannot be solidly held, it is necessary to reduce the 
rate of removing metal as much as 75% over that 0.4 
possible with stiff, well-held work. 

EFFECT OF ATTENUATION OF WORK ON 
RATE OF METAL REMOVAL.—When long, slim 
work must be turned on centers, the ratio between 
length and diameter of the work piece has an appre- 
ciable effect on the size of chip which may be taken, 
and on the cutting speed that may be used. Fig. 15 
shows the effect on production rates of variations 
in the ratio of unsupported length to the diameter 
of the work, when cutting S.A.E. No. 1035 hot-rolled 
steel, with a tool having a 1/1¢-in. nose radius, 90-deg. 


= 
to 


Proportional Rates of Metal Removal 
o 
ia 


rake, 8-deg. back rake, 6-deg. relief angle, when 
taking a cut 1/1 in. deep, with a feed of 0.033 in., 
used for the roughing cut. The finishing cut was  .03 
taken with a similar tool having a 1/;¢ in. flat, with 
a depth of cut of 0.015 in. and a feed of 0.033 in. 
The curves of Fig. 15 have been used successfully, 
in the shop in which they were developed, for setting 
production rates on 2 variety of long slim shafts 
approximately 1 to 2 in. diameter, supported on 
centers and made in lots of 1 to 5. The extent to 10 20 30 40 50 607080 100 
which they are applicable to conditions different Ratio oF perevemsied ee Re of 
from those for which they were developed is un- kote eer 


, may be used as an indica-~ Fic. 15. Effect on Metal Removal of 
prey, Be lees of Ba Ratio of Unsupported Length and 
Diameter of Work. Steel Work Piece 
Supported on Centers 


® 


tion of the reduction in the rate of chip production 
which becomes necessary as work on centers de- 
creases in stiffness. 

CHIP BREAKERS.—tThe chip tends to flow over the face of a tool freshly ground in 
the usual way as a straight ribbon, gradually changing to a helix, which decreases in radius 
as the tool becomes worn. ‘These long, straight chips are difficult to handle, and it fre- 
quently is desirable to force the chip into helical form by a device called a chip breaker. 

A chip breaker either may be ground into the face of the tool, or may take the form 
of a supplemental piece, attached to the face of the tool. Fig. 16 shows two common 
forms of chip breaker which are ground into the face of the tool. A chip breaker is needed 
only when the chip comes off in the form of a long continuous helix. It is not necessary 
when cutting cast iron or other metals where the chip tends to break into short pieces. 

CHATTER may be affected by several vari- 


ables, of which the following probably are the 


Chip Breaker Chip Breaker 
e \ 


aces Active most important: 1. Material cut; 2. Chip pro- 
Tage. Pe ~ portions, as affected by a, depth of cut, b, feed, 

1 c, tool contour; 3. Cutting speed; 4. Rigidity 
Hank Plank of work; 5. Stiffness of tool; 6. Stiffness of work 


support; 7. Stiffness of tool support; 8. Vibra- 
tions caused by nature of design of machine tool, 
such as the gear ratios and tooth forms used; 
9. Setting of tool with respect-to work. 

Many of these variables are fixed by the design of the part to be machined, and the 


Groove Type Two Level 
Fie. 16. Chip Breakers 
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machine tool available for doing the work. It appears that the best method of controlling 
chatter under a given set of conditions is to vary the chip proportions, cutting speed, the 
rigidity of the work support, or the setting of the tool with respect to the work. 

Chip Proportions.—Study of experimental data indicates that a cut taken with a 
relatively thick chip has less tendency to chatter than one taken with a thin chip. It 
would seem that it is desirable, in order to reduce chatter, to increase the feed, or to so 
change the shape of tool as to increase the thickness of chip with respect to its width. A 
tool having a nose radius greater than half the depth of cut is very apt to cause chatter 
unless a heavy feed is used. 

Cutting Speed.—A reduction in cutting speed may reduce or eliminate chatter. Some 
experimenters have reported that an increase in cutting speed may reduce chatter. 

Rigidity of Work Support.—Use of a center or follower rest frequently will eliminate 
chatter. The use of opposed tools, to balance the normal components of the cutting 
pressure, makes a very efficient method of reducing chatter. 

Setting of Tool.—It has been found that a change in the setting of the nose of a tool 
with respect to the lathe center may affect the amount of chatter. Carl G. Barth has 
related to the author that in an aggravated case, setting of the tool nose considerably 
above the work center eliminated chatter. It is believed that this elimination resulted 
from the steadying effect of the contact between tool flank and work. 

TOOL GRINDING.—Improper grinding of metal-cutting tools leads to appreciable 
losses in production. Failure to use the most effective tool contours and angles requires 
a reduction in the cutting speed. Grinding of tools by the individual machine operator 
causes a loss in production, as the machine tool must stand idle while tools are being 
ground. ‘There is a growing tendency toward the grinding of all tools in a central tool 
room. 


Table 20.—Recommended Grinding Wheel Practice for Grinding Single-point Carbon 
Steel, High-speed Steel, and Stellite Tools 


Grinding Wheel 
Grade 
Wet | Rough |,,- Carborun- 
Machine rg or or eon Abrasive Bond Grain Norton Co. dum Co. 
Dry | Finish | Classifica- | C)assifica- 
eee ee a | ea __tion 
Of-hand a.» e Per.* | Dry R 6—12/Al. oxide | Vit.t or Sil.§| 24-40 N-Q H-K 
Se cs a . F 6-12 s 46-80 L-N J-M 
gece are = Wet | R&F} 12-24 " Ze 24-36 O-P I-K 
Se SER “ TR&F| 24-36 ss 24-36, O-P H-J 
LU a ree * ““|R&F] 36-48 ss Sil.§ 24-30 O-P H-J 
ae orehet trite Facet as U2 ball (ape eee ts Sb Vit.t or Sil.§} 30-36 K-L M-N 
Eire fersie ens Ss as By 0 Kh eaon = 2 46-60 J-K N-O 
Sellers semi- 
precision.....| Per.* Ke R&F| 15 cP = 36 J-N K-P 
Sellers semi- 
precision..... ee | Ree 24 ws re 24 N-Q H-K 
Gisholt semi- 
precision.....| Facet ee RG cae - _ 24 L-M K-P 
* Periphery of wheel. t+ Cup wheel. t Vitreous. § Silicate. 
Table 21.—Recommended Grinding Wheel Practice for Grinding Cemented Carbide 
Tools 
Grinding Wheel 
Grade 
Rough = 
Machine Grind on or Abrasive Bond | Grain Norton Co. (an 
Finish Classifica- | C)assifica- 
tion ti 
ion 
Off-hand eo oe Side R_ | Silicon Carbide | Vit.t 60-80 H-I P-S 
mare a: Oe a F @ “| 100-120 H-I R-T 
A san sidbe thse R&F : e 60-120 H-I R-T 
Mette eee es Per.* R 4 60-80 H-J O-R 
vests eee ee F ot ae 100-120 H-J O-R 
Sellers semi-precision, Per.* R&F us Hd 60-100 H-I P-T 
Gisholt ee Facet R&F . cs 60-100 H-I P-T 
; Face GP ioreted Diamond 
Lappingaaccn tea dare | cylindri- |...... Silicon Carbide | Sireekay 280=320')|)  Sidcmetet amass 
Calla Wisse Boron Carbide fe 


* Periphery of wheel. + Cup wheel. } Vitreous. 


\ 
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The type of grinding wheel to be used for tool grinding depends on the tool material, 
the area of contact between tool and wheel, whether the grinding operation is roughing 
or finishing, the surface of the wheel on which the grinding takes place, whether the tool 
is ge or loosely held with respect to the grinding wheel, and whether or not water is 
used. 

Tables 20 and 21 summarize the recommendations of the two largest manufacturers 
of grinding wheels concerning the wheel that should be used under different conditions. 


6. TOOL MATERIALS 


The materials used for making tools for the cutting of metals may be classified in the 
following groups: 1. Carbon tool steel; 2. Low-alloy tool steels; 3. High-speed steel; 
4. Non-ferrous alloys; 5. Cemented carbides; 6. Diamond. 

CARBON TOOL STEEL.—A tool steel containing little or no alloying metals, and 
with a carbon content of from 1.10 to 1.30% is used for cutting operations where a hard, 
keen cutting edge is required, at low cutting speeds, particularly when a high quality of 
finished surface is desired. It is used at times for forming tools, particularly where it is 
desirable to form the tool before hardening. It also is used at times where the size of the 
tool or work, coupled with speeds of available shop equipment, limit cutting speeds. 

LOW-ALLOY TOOL STEELS include the fast finishing steels, and some steels used 
for twist drills. 

HIGH-SPEED STEEL is a steel containing at least 12% tungsten, 7% molybdenum 
or an equivalent combination of the two, together with appreciable percentages of chro- 
mium and vanadium, and, at times, cobalt. Analyses of the steels in most common use are 
given in Table 22. High-speed steel tools are much more generally used than those of 
other tool materials. They combine superior cutting qualities, strength, toughness and 
relatively low first cost for a very wide range of general machining operations. Cutting 
qualities vary with composition. See Table 23. For history of the development of high- 
speed steel see F. W. Taylor, The Art of Cutting Metals, Trans. A.S.M.E., xxviii, 1, 1908. 

In general, the cobalt steels may be run at higher speeds, particularly on heavy roughing 
cuts. They are more brittle and weaker, when hardened to secure maximum cutting 
speeds, and are appreciably more expensive than the standard high-speed steels. They 
must be hardened at temperatures approximately 50 deg. F. higher than the equivalent 
standard steels. Particular care, therefore, is necessary in hardening to prevent surface 
burning and decarburization. The use of cobalt steel largely is confined to tools in which 
the contour is formed by grinding affer hardening, such as lathe and planer roughing and 
finishing tools, tool bits, and inserted blades for milling cutters. 

NON-FERROUS ALLOYS.—Of the several tool materials in this class, the best known 
are Stellite and No. 548 alloy. These materials occupy a position between the high-speed 
steels and the cemented carbides. They can be run at cutting speeds approximately 50% 
greater than those possible with high-speed steel, particularly when roughing cast iron, 
brass, and bronze. Their price is approximately 31/3 times that of high-speed steel. 
Tools of these materials are extremely brittle, and great care is necessary to prevent tool 


- breakage or chipping of the cutting edge. 


Many useful data on the performance of Stellite tools will be found in a paper by W. A. Becker, 
F. E. Gordon and W. A. Wissler, Trans. A.S.M.E. MSP-53-11la, 1931. They state that Stellite 
has been found most useful for cutting cast-iron, although it has been used successfully on steel 
under certain conditions. A typical cast-iron turning job ran at 87 ft. per min. with a 5/39-in. cut 
and a feed of 0.05 in. per rev. The tool had a 5-deg. side rake and 6-deg. relief angle. Turning 
of 1020 S.A.E. steel was done at 110 ft. per min., with a feed of 0.021 in. per rev. and a cut of 


Table 22.—Materials Used for Metal Cutting Tools 


Tung- | Molyb-| Chro- | Vana- 
Type | Carbon sten ee mium | dium Cobalt 
High-speed Steels 
Met eer Pe eratencrs castrate cas. 3 eis Sievers. ser soagtin ue 0.70-0.75 SSO Dine aac 4.0 TO0% | eat 
LG mo SP cetera Metiehecstcys) stay sce" 46c.5) ees wre eveus) 0. 80-0. 85 18.0 0.75 4.0 DAO ON ecntereraes 
Ghar Meares Pekar arate sae stiahie o.c\o "6:2 sac siete.nies #1 0. 85-1.10 ate |la cacecrnena 4.0 SOM. eect eet 
Wasa Le erecta rere es cietels faa) cvysyers s: susie aserete-s 0.70-0.75 BARON oe eats: 4.0 DONS setters 
Mioly=-Tungsten. oc... cece eee e re stes cee s's 0.80-0.85 1.4 9.0 4.0 | ee eee 
IMoky bd eninml-y. ao sete sete cae lecienwe eins: 0:80=0:185))| eee 10:0 4.0 10,5 | orients 
Cobalt Steels 
4.0 
W840 AS Cobalt. foc. oe: cece eres one 0.70-0.75 ‘ 
V8=4-2 + 7% Cobalt... 0.2... cece c ec nscee 0.75—-0. 80 ia 
20-2 1/e—-1 1/p + 12% Cobalt..............- 0. 80-0. 85 2.0 
14=4—25- 1 496 Cobalits <n teen c <cie cisies v2 ms 0.75—-0. 80 oe 


Moly-Tungsten + 5% Cobalt.............. 
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1/g in. The tool had 10 deg. side rake, and 7 deg. relief angle. For turning bronze at 131 ft. per 
min, with a feed 0.021 in. per rev., and a cut of 1/16 in., a tool with 10 deg. side rake, 10 deg. relief, 
and 5 deg. negative back rake was used. 

CEMENTED CARBIDE TOOLS are made of tungsten, tantalum and titanium car- 
bides in different proportions, cemented into a material usable for metal cutting tools by 
means of a matrix of cobalt. Such tools usually are in the form of small tips, which are 
brazed to a tool shank made of a relatively tough and inexpensive steel. 

The cemented carbides are extremely hard and brittle, and may be run at cutting 
speeds approximately 3 1/2 times those possible with high-speed steels for the same cuts. 
Great care must be used to prevent chipping of the cutting edge. Such tools are particu- 
larly useful when cutting materials of low tensile strength which have an abrasive action 
on the tool. Carbide tools used for cutting steel usually contain appreciable proportions 
of tantalum and titanium carbides, which reduce the tendency of the chip to adhere to 
the tool. 

The following tool angles are recommended for cemented carbide tools: 

-—Cast Iron— ——Steel——._ Stainless Steel Casting Bronze Alum- 


Material. .......-....-+- Soft Hard Chilled Soft Hard 12%Mn Steel Soft Hard Brass inum 
Lip angle, deg..........-- 74-80 74-80 82-60 60-65 65-74 80-84 65-74 68-73 73-78 65-75 50-55 
Relief angle, deg........-- 5 4 3 6 5 4 5 5 5 6 8 


For uninterrupted cuts, or for material with blowholes, ete., or where there is excessive vibration, 
the back rake and relief angles should be reduced to give a larger cutting angle and bring the point 
of support more nearly under the cutting edge. 

Thomas Prosser & Sons, New York, give the values in Table 23 as good averages for cutting 
speeds in ft. per min., feeds in in. per rev., and maximum depths of cut, in. for cemented carbide tools. 


Table 23.—Feeds and Speeds for Cemented Carbide Tools . 


Alu- Cast Cast Cast Stainless} 12%Mn | Steel 
minum| Bronze | tion | tron | Iront | Steel | Steel | Steel | “stecig | Steel [Castine 
Hardnae" ; | 75-908 | 130B+|225B | 410B | 2253 2808 


Roughing Cuts 


Speed....| 3300 1000 | 250-300 | 130-250 | 13-20 | 325-375 | 200-230] 80-115 | 115-150| 25-65 | 100-130 
Feed..... 0.040 .040 |.040-.080).040-.080).080-.120) .040 -040 -040 -040 |.012-.0 040 


Depth. . .{8/16-3/s| 3/16-3/8 | 8/16-3/8 | 3/16-3/g | 1/s-1/4 |3/16-3/s)3/16-3/8)3/16-3/8)9/32-5/16| 1/8-3/s |3/16-3/8 
Finishing Cuts 

Speed....} 4000 |1000-1650| 260-400 | 165-260 13-30 |725-1000] 230-300 100-130] 200-230 | 65-80 | 130-165 
Feed..... 0.008 .008 .008 .008 |.160-.320} .008 .008 .008 .008 .008 .008 


Depth. ..| .040 040 040 .040 .040 -040 040 040 040 -040 040 


*B = Brinell; S = scleroscope. + Maximum. { Chilled. § 18-8 type. 
{ Surfaces containing sand and blowholes. 


DIAMONDS.—Diamonds cut and polished to the desired contour, and set in an 
appropriate form of holder, are used as cutting tools, particularly when it is desired to 
turn or bore a part with extreme accuracy; for example, the piston rod bushings of a gaso- 
line engine. They usually are used for cutting relatively soft materials, as bronze, hard 
ae or molded synthetic resins, which may have considerable abrasive action ior the 

ool. 


7. HEAT TREATMENT OF TOOL STEELS 


CARBON STEEL used for cutting tools should be hardened as follows: 

} Anneal.—Heat to 375-1425 deg. F., and cool slowly, either in furnace or buried in an 
insulating material, as lime, ashes, or infusorial earth. Tools should be annealed after 
each hot or cold working, to reduce hardness and prevent the formation of a coarse crystal- 
line structure. ; 

Normalize.—Heat tool uniformly to 1575-1650 deg. F., until there is complete pene- 
tration of the heat and refinement of the grain, and cool in still air. 

Preheat.—Preheating of carbon steel tools is unnecessary unless the tool is exception- 
ally thick, or is extremely irregular in shape. If preheating is believed to be necessary 
the tool may be placed in a cold furnace which is brought slowly to hardening temperature; 
or it may be given a preheat of approximately 900 deg F. before being placed in ike 
hardening furnace. 

Hardening.—Carbon tool steel should be hardened i j 
the carbon content of the steel, as follows: sie 


Carbon content, %.<. G.ie dace es 0.65-0.80 0.80-0.95 0.95-1.10 1 
. : 5-0.8 : : As : .10 
Hardening temperature, deg. F....... 1450-1550 1410-1460 1390-1430 ibn 


a 
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Quenching.—Carbon steel tools usually are quenched in a brine, consisting of sodium 
or calcium chloride in water, at about 70 deg. F. They may be removed from the brine 
and placed in oil while still retaining a considerable portion of their heat. 

Tempering.—The hardening of steel tends to set up internal stresses which cause 
brittleness and a tendency for the cutting edge to break under cut. These conditions 
may be relieved by tempering as follows: To relieve strains, temper in oil at 
300-375 deg. F.; to relieve strains and reduce brittleness, temper in oil at 375-500 deg. F.; 
to relieve strains and toughen, temper in lead at 500-650 deg. F. The strength of an 
untempered carbon steel tool, as measured by the torsion impact test, is approximately 
one-fourth of its strength when tempered to develop maximum strength. 

HIGH-SPEED STEEL.—Annealing.—All high-speed steel should be annealed before 
machining, after forging, or before rehardening. Pack bars or tools in annealing boxes, 
allowing about 1 1/2 in. between tools and sides of box, using lime, mica, infusorial earth, 
ashes or, at times, charcoal, as the packing medium. Each box should be sealed with 
fireclay, raised slowly to 1550-1650 deg. F. in the furnace, and allowed to remain at the 
annealing temperature long enough to anneal thoroughly. This time varies with the size 
of the tools and the weight of the charge; it will range from 5 to 10 hr. Boxes and work 
should be allowed to cool slowly in the furnace. 

Preheat.—Because of the low thermal conductivity of high-speed steel, it usually is 
brought to one or more intermediate temperatures in other furnaces, before it is placed 
in the hardening furnace. Tools usually are brought to a temperature of 1550 deg F. in 
a single stage of preheat. Large, intricate tools may be heated to approximately 1000 
deg. F. in the first preheat furnace, and to 1550 deg. F. in the! second, before hardening. 

Hardening.—High-speed steels must be heated to a point close to their fusion point, 
in an atmosphere as nearly neutral as possible, to develop maximum efficiency as metal 
cutting tools. This may be obtained by manual control of the fuel and air supply; by 
enclosing the tool in a container lined with a material which gives off carbon monoxide 
when heated; by heating in a closed chamber the atmosphere of which is controlled by 
use of an auxiliary gas burner at the door; or by use of an inert gas, such as hydrogen, in 
“a closed furnace chamber. There is a tendency toward the use of furnaces having some 
method of atmospheric control. 

To obtain maximum practical cutting speeds, high-speed steel should be hardened at 
approximately the following temperatures: 

184-1 184-2 M42 184-1+Co 1442+Co W-Mo W-—Mo+Co 
Hardening temp., fur- 


nace, deg. F........ 2400 2400 2350 2450 2400 2250 2300 
Hardening temp., bath, 
Gera kivse cistete «tris ese 2350 2350 2300 2400 2350 2200 2250 


High-speed tools should remain in the hardening furnace sufficiently long to make 
certain that they have reached a uniform temperature, and that the thermal reactions 
have taken place completely. For a modern furnace, in which there is little tendency to 
burn the surface and edges of the tool, the following times are approximately correct: 

RPO oihhiokness: 1H), ow er <-<fo. Moke seat os Uy el Dee eee Moe eis 8. 4:7 Ste BO a8 dO 
Heating time in furnace, minutes........ POs Ove O50 8 Ouns 0) La 15 BAST 20.25, 630 
These times are based on complete penetration of the heat. It frequently is undesirable 
or impracticable to use hardening times as long as those required for the larger thick- 
nesses. For very thick tools, the practical procedure is to harden to a depth sufficient to 
give a satisfactory cutting edge, leaving the interior of the tool relatively soft. 

Quenching.—High-speed steel usually is quenched in oil, or an air blast. If large tools 
are cooled too rapidly, there is danger of causing shrinkage cracks, and it may be desirable 
first to quench in a lead bath at 900-1000 deg. F., and to complete the quenching in oil. 

Straightening When Quenching.—A tool that warps during quenching may be straight- 
ened within the few minutes immediately following quenching. The tool cannot be 
straightened later, as it becomes hard within a very short time after quenching. 

Tempering.—After the hardened tool has been reduced to atmospheric temperature, 
it should be reheated to approximately 1000-1100 deg. F., held at that temperature for 
from 15 to 240 min. and cooled in air, in order to obtain maximum cutting efficiency and 
maximum transverse strength. This second heat treatment both increases the cutting 
qualities and the strength of the tool, and reduces brittleness. The maximum strength 
under impact, as measured by the torsion impact test, is obtained when the tool is given 
a secondary heat treatment at 900 deg. F. i 

Heat Treatment in Small Shops.—Where it is impracticable to install a modern type 
of heat treating furnace in a shop, tools should be purchased in the hardened condition, 
preferably in the form of bits. It is unwise to attempt to harden high-speed steel in the 
blacksmith’s forge because of the uneven results obtained. 


PLANER WORK 


By Forrest E. Cardullo 


The planer is primarily a tool for generating flat surfaces, although by the use of 
special tools, fixtures and attachments, it may be used for forming surfaces, for planing 
curved surfaces, helixes, arcuate surfaces, and for doing various types of special work. 
Commercial planers are built in sizes to take work from 2 ft. wide by 2 ft. high by 5 ft. 
long, to work 16 ft. wide by 12 ft. high by 60 ft. long. 

FIELD OF THE PLANER.—Work of the type usually performed on a planer, 
often may be done on a milling machine, shaper, slotter, or even on a lathe or boring mill. 
While each of these tools is preeminent in certain fields, in other fields they are competi- 
tive. The principal competitor of the planer is the milling machine, and it is desirable, 
therefore, to delimit the respective fields of these two tools. ; 

The planer is preeminent in roughing large flat surfaces, especially when much finish 
is to be removed; in the accurate finishing of flat surfaces on medium-sized and larger 
work, especially if the material be cast iron; in the accurate finishing of such work as 
guides or slides when a number of pieces of identical cross-section may be placed in line 
and finished in one setting; in machining extremely hard materials. 

The milling machine is preeminent in machining small surfaces, especially when the 
depth of cut is small, the material is soft, or extremely high cutting speeds may be used. 
The milling machine is preferable also when a large number of pieces are to be formed, 
or when the area to be machined is a small fraction of the area passed over by the tools, 
as is the case when raised bosses and strips are to be finished. 

On ductile materials, the planer produces a more accurate but less smooth finish than 
the milling machine. On cast iron the planer produces a smoother, as well as a more 
accurate finish. Large steel castings usually are better planed than milled. 

The planer is more versatile and adaptable than the milling machine for all types of 
work for which it is fitted. It is adapted to perform a number of operations in sequence 
on a single piece, or a few pieces. The set-up costs and tool costs are comparatively small. 
In the hands of a skilled operator it is extremely accurate. These properties obviously 
fit it for work on large pieces, for jobbing work, for tool room work, for work in shops 
building a general line of machinery, for emergency and repair work, and for work where 
accuracy is paramount, as in the building of machine tools. There is an overlapping field 
where either machine will produce satisfactory work at practically the same cost. 

POWER REQUIREMENTS OF PLANERS.—Planers commonly are designed so 
that the power required at the moment of reversal is somewhat less than the maximum 
power delivered under a heavy cut. With the belts in proper condition, they will trans- 
mit about 4 Hp. per inch of width of cutting belt. The G. A. Gray Co., Cincinnati, 
recommends the following sizes of motors for planers. For light service, belt-driven: 24-in., 
5 Hp.; 380-in., 7 1/9 Hp.; 36-in., 10 Hp. For medium service, belt-driven: 36-in., 15 Hp.; 
42-in., 15 Hp.; 48-in. and over 20 Hp. For medium and heavy service, reversing motor 
drive: 36-in., 20 Hp.; 42-in., 25 Hp.; 48-in., 35 Hp.; 60-in. and 72-in., 50 Hp.; switch and 
frog planers, 50 Hp. The powers specified are ample for the simultaneous use of two 
tools. For more than two tools or for extra large planers, more power than is given 
above sometimes may be used to advantage, especially if the cutting speed be high. In 
such cases the planer builder should be consulted. 

The power required to drive a planer depends on the rate of metal removal. When 


working to good advantage a planer tool cuts a rather thick chip, without much distor- . 


tion, a condition favorable to economy of power. Planers usually are provided with 
from one to four tool-carrying heads, each head designed to withstand a tool pressure of 
from 5000 to 40,000 lb., depending on the size and type of planer. Such tool pressures 
can be obtained only under favorable circumstances. Usually the tool pressure is 
limited by the depth of cut, the feed which can be taken without damage to the tool or 
work, the extension of the tool, and the rigidity and strength of the work. It frequently 
is desirable to substitute a gang of three or four tools for a single heavy tool in order to 
avoid undue shock of entry, the breaking out of the work at the end of the cut, and the 
distortion of the work which would be produced by a heavy feed when taking a roughing 
cut. In general, the more tools that can be made to cut at once, the greater the economy 
of operation. Planers have been built in which 24 roughing tools and 16 finishing tools 
were simultaneously at work on eight pieces. Large heavy planers should have 75 Hp. 
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motors. For unusual service more power may be used to advantage. A 48-in. planer, 
roughing steel forging with four tools, may use 70 Hp. advantageously, and special mul- 
tiple tooled planers, using a coolant at high speed, may require over 100 Hp. 

CUTTING AND RETURN SPEEDS.—Cutting speed is dictated by the material 
being cut, and the kind of tool used. The return speed then is adjusted to give the great- 
est number of strokes in a given time. Lelt-driven planers usually have only one cutting 
speed, from 30 to 45 ft. per min., and one return speed, from 80 to 100 ft. per min. As 
tool steels improve, the tendency is to increase the speed, but return speeds higher than 
100 ft. per min. are not practical for belt-driven planers. When the speeds can be varied, 
as where planers are driven by a varialle speed reversing motor, the usual cutting speeds 
are as follows: 


Cast iron (roughing) . .35 to 70 ft. per min. Steel forgings (hard 


= - (finishing). 254045 a ena Nige ie Sows 12to 30 ft. per min. 
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All metals except cast iron are roughed and finished at the same speed. When large 
surfaces are to be finished accurately it is necessary to conserve the edge of the tool by 
oe ae using a wide feed and 
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Fie. 1. Chart for Determining Cutting Speeds Sg ak Ns ed 
the surface in inches by 
the feed in inches or fractions. From one to three extra round trips usually are necessary. 
The time required for a round trip is the time required for the cut stroke plus the time 
required for the return stroke plus the time lost at the two reversals. The length of 
stroke usually is from 2 to 8 in. greater than the length of the work. To reduce this over- 
run, the feed should occur during the return stroke whenever this is possible. When gang 
tools are used, the overrun is increased by the distance between the cutting edges of the 
front and rear tools of the gang. The time lost during the two reversals varies from 
0.015 to 0.020 min. with a first-class belt drive, to 0.03 min. with a good reversing motor, 
or 0.06 min. with a logy motor or one running at very high return speed. 
Let L = length of stroke, ft.; B = backing or return speed, ft. per min.; C = cutting 
speed, ft. per min.; R = time lost in reversal per round trip, min.; S = time per round 
trip, min.; N = round trips per hr.; / = feed, in.; W = width of surface planed, in.; 
T = time; A = C/B. Then 
S = (L/B) + (L/C) + R minutes = (L/C) (1 + A) + & minutes. 
N = 60/S = (60C) + {L(1 + A) + CR} strokes per hour. 
T = WS/60F = W/NF hours. 
The chart, Fig. 1, gives values of S which can be substituted in the above equations. 
To use the chart, first divide the cutting speed by the return speed, to obtain the value A. 
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From the intersection of the diagonal representing the cutting speed C, and the ver- 
tical representing the length of stroke L, proceed horizontally to the intersection of this 

horizontal with the diagonal representing A, thence vertically to read the value S at the 

top of the chart. The chart assumes & = 0.01. The dotted line shows the method of 

finding S, which is 0.377 min., for a stroke of 11 ft., a cutting speed of 45 ft. per min.. 

and a return speed of 90 ft., which gives a value of A of 0.5. The time required to rough - 
a piece of work requiring 11 ft. stroke, having a width of 18 in., and using a feed of 1/g in., 

and the above speeds, would be 7 = (18 X 0.377)/(60 X 1/s) = 0.904 hr. To this, the 

time for setting up and removing work setting and adjusting tools, etc., must be added. 

DEVELOPMENTS IN PLANERS.—The great majority of planers at present (1937) 
in service were built prior to the introduction of modern features of design. Helical or 
herringbone gearing, forced feed lubrication to vees and main bearings, oil clarifying sys- 
tems, centralized lubrication of heads and gear boxes, power rapid traverse, improved 
feed mechanisms, which replace the old-fashioned friction feed, improved rail clamping 
mechanisms, and many other features have been introduced since 1920. These make 
machine operation and maintenance easier, increase rigidity and accuracy, reduce time 
for repairs, and increase the efficiency as a machine tool. Estimated savings due to such 
features vary from 20% to 40%, making it possible to replace three old-type planers with 
two modern machines, and at the same time obtain more accurate and satisfactory work. 

TOOLS AND FIXTURES.—In many shops planers are not well equipped with tools 
and fixtures, and hence are able to operate at only a fraction of potential capacity. A 
study of the planer department often will result in increased efficiency when proper tools, 
fixtures, gages and other accessories are provided. 

High-speed Steel Tools generally are used for roughing. High tungsten and tungsten- 
cobalt steels are preferred. High carbon steels often are used for fine finishing, but high 
tungsten steels with a high carbon content (special high temper) give practically as good 
results at much higher speeds. High carbon steels are preferred for planing chilled cast 
iron, being used at very low speeds. Blades of high-speed steel or of stellite sometimes 
are brazed to alloy steel shanks. High-speed steel bits also are used in carbon or alloy 
steel holders. A large variety of such bits and holders are used both for roughing and 
finishing and are successful and economical for a wide variety of work. 

The Superhard Cutting Tools are not as satisfactory in planer service at the present time 
(1937) as high-speed steel. They lack the strength and toughness which normal planer 
service requires, and are apt to be chipped by careless handling of the machine. They 
are of use in planing dirty castings, in cleaning castings deficient in finish, where scale 
must be cut, and in planing work containing hard inclusions. While their usefulness at 
the present time is limited, it is entirely possible that their physical properties may be 
developed to the point where they will largely displace high-speed steel. 

A Set of Tools for General Work includes right- and left-cut round-nose tools for 
roughing cast iron; the same for steel; a round-nose tool without side rake, for grooving; 
square-nose tools for second cuts and for “cutting down’’; right- and left-cut side finish- 
ing tools; and gooseneck finishing tools. All of these tools may be obtained either in the 
forged type or the inserted bit type. The inserted bit tools usually are superior as finish- 
jing tools and for light cuts at high speeds, because of the superiority of their heat treat- 
ment. Forged tools usually are necessary when working in constricted openings, or close 
to shoulders or ledges. 

Other Useful Tools, are chamfering tools, slotting tools, dovetail roughing tools, 
corner rounding tools, filleting tools, elling tools, self-relieving undercutting tools, and 
forming tools. Fig. 2 shows general purpose tools recommended by the G. A. Gray Co. 

Unlike work done on machines intended for mass production, planer work seldom 
receives the attention of the production engineer. It usually is planned by the operator 
and his methods must be adapted to the fixtures and equipment available. Without the 
necessary tools and fixtures, even the most skilled and intelligent operator cannot work ° 
efficiently. Each planer should be supplied with two or more tools of each type that it is 
likely to require, so that it need not be shut down for forging or sharpening tools. As to 
fixtures and equipment, a variety of clamps should be provided, and also clamp bolts of 
various lengths, stop pins with adjustable screws, jacks, parallel blocks, washers, slot 
nuts, ‘‘file pieces’’ for holding down thin work, ‘pipe struts”’ for bracing high work, slot 
blocks for resetting parallel work, angle plates, squaring plates which can be doweled to 
the table for setting work when two surfaces are required to be square with each other, 
and special fixtures for holding work which must be done frequently. Since the planer 
can remove metal rapidly a good part of the floor to floor time on a planer job is set-up 
time. Adequate equipment for setting up work is essential to the efficient use of a planer. 
Such equipment cuts down set-up time, enables the operator to take heavier cuts, reduces 
the chance of accident, and produces more accurate work. 


“PLANER DRIVES 


Fie. 2. Standard Shapes of Planer Tools. (See notes below) 


In addition to the above equipment for each planer, the planer department should have 
an accurate and rigid four-sided cast iron square with diagonal bracing, a long and stiff 
straight edge with parallel sides, a sine bar, a large adjustable outside micrometer, a large 
adjustable inside micrometer, and two or three dial gages with universal mounting attach- 
ments. Dial gages may be used to advantage on the micrometers, and in gaging angles. 

Finally, careful design of parts to be planed often will save much time. Lugs for sup- 
porting, bracing, stopping, measuring, or clamping pieces frequently are of advantage, 
later being planed or chipped off. Holes for lifting by chains, hooks, or clamps often are 
advantageous. Parts frequently are made in one piece at great expense, when a cheaper, 
more accurate and even more rigid design could be made in two pieces. 


Notes on Planer Tools. (See Fig. 2) 


Tool No. 1. Round-nose Roughing Tool for Cast Iron.—Material, high-speed steel. 
For general-purpose, light roughing. Can be used in feeding from left to right or right to 
left. In planing two surfaces A and B at the same time, the tool is first fed from the right 
over surface A and then without changing setting, is fed from left over surface B. Tool 
has no side rake and maximum depth of cut is 1/2 in. 

Tools No. 2 and No. 3. Right-cut and Left-cut Round-nose Roughing Tools 
for Cast Iron.—Material, high-speed steel. Two of each of these tools required for a 
planer with two rail heads. Tool No. 2 feeds from right to left; tool No. 3 from left to. 
right; also feeds down with the right-hand side head. 

Tools No. 4 and No. 5. Right-cut and Left-cut Round-nose Roughing Tools 
for Steel—Material, high-speed steel. Similar to tools Nos. 2 and 3, but ground for 
roughing cuts in steel. If used for cast iron, they will pull in and cause chatter. Tool 
No. 4 is used for planing from right to left and tool No. 5 from left to right, or for feeding 
down with right-hand side head. For removing a large amount of stock with these tools,. 
use a deep cut, heavy feed, and slow speed. 

Tool No. 6. Square-nose Roughing Tool for Cast Iron.—Material, high-speed steel. 
Used for roughing on flat surfaces where a sharp corner is to be made. Also can be used 
for straightening or heavy finishing cuts (depth of cut 0.004 to 0.005 in.). For lighter 
euts and finer finishes use tool No. 8. Tool No. 6 can be made by brazing a high-speed 
steel tip to a machinery steel shank. 

Tool 7. Square-nose Finishing Tool for Cast Iron.—Material, high carbon steel. 
A general purpose tool for straightening and finishing cuts. Advisable to have several 
different widths from 3/g to 1 in. Cutting edge of tool should be exactly parallel to sur- 
face of work. Feed should be coarse, almost the width of the tool. 

Tool No. 8. Gooseneck Finishing Tool for Cast Iron and Steel—Material, high 
carbon steel. Used to finish flat surfaces in any metal. Used with a very shallow cut. 
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and coarse feed. Cutting edge of tool should be finished with oilstone by hand, leaving a 
keen straight edge. Cutting edge should be exactly parallel to surface of work. . 

Tools No.9 and No.10. Right-hand and Left-hand Dovetailing End Cutting Roughing 
Tools for Cast Iron.—Material, high-speed steel. Cutting edge of tool at the end. 
Corner rounded off to avoid breakdown in taking roughing cut. Tool No. 9 is fed down- 
ward or from right to left. Tool No. 10 is fed from left to right and downward. Tools 
Nos. 9 and 10 should be followed by tools Nos. 11 and 12 to leave a sharp corner. k 

Tools No. 11 and No. 12. Right-hand and Left-hand Dovetailing End Cutting 
Roughing Tools for Cast Iron. Material, high-speed steel. These tools are similar to 
tools Nos. 9 and 10, and are intended to clean out corners after most of the metal has 
been removed by the other tools. Not as well suited for general dovetail roughing as 
tools Nos. 9 and 10, because the sharp corner breaks down. Tool No. 11 feeds down- 
ward or from right to left; tool No. 12 feeds in the opposite direction and downward. ; 

Tools No. 13 and No. 14. Right-hand and Left-hand Dovetail End Cutting Finishing 
Tools for Cast Iron.—Material, high carbon steel. For finishing flat surfaces with cutting 
edge at end of tool. Used after roughing cuts with tools Nos. 9, 10, 11, and 12. Tool 
No. 13 feeds from right to left and tool No. 14 from left to right. 

Tools No. 15 and No. 16. Right-hand and Left-hand Dovetail-side Cutting Finishing 
Tools for Cast-iron.—Material, high carbon steel. Used for finishing angular surface of 
dovetail. ‘Tool No. 15 feeds downward with cross feed, taking very light cut. Tool 
No. 16 feeds downward with cross feed and light cut. 

General Notes on All Tools.—For fair finish, set roughing tool to final dimensions. 
The finishing tool merely removes the high spots. For accurate finish, leave work 0.006 in. 
oversize when roughing, followed by straightening cut leaving 0.001 in. to be removed 
by finishing cut. Tools should be made from the following sizes of bar. From 24-in. to 
36-in. standard planers, 1 X 11/2 in. bar; 36-in. to 48-in. maximum service planers, 
11/g X 13/4 in. bar; 56-in. to 72-in. maximum service planers, 11/4 X 2-in. bar. 


Planer Drives 


Small planers usually are driven by shifting belts, the ‘‘cut”’ belt being crossed and the 
‘return” belt open. Such belts must be kept pliable, but not sticky. They are stretched 
somewhat more tightly than is good practice in other types of machinery, in order to get 
a belt narrow enough to shift readily, and still deliver the requisite power. Belt-driven 
planers usually operate at about 33 ft. per min. cutting speed and 90 ft. per min. return 
speed and deliver about 4 Hp. per inch of width of cutting belt. 

The maximum satisfactory belt width is 4 in. Belt drives usually are used for very 
small planers and, when direct current is not available, for reversing motor drive. Belt- 
driven planers reverse more quickly than reversing motor-driven planers, although modern 
(1937) reversing motors are much more efficient in this respect than motors built a few 
years previously. The belt drive gives only one cutting speed, unless provided with 
means for varying the speed of the overhead cutting belt pulley independently of the speed 
of the overhead return belt pulley. In such cases, cutting speeds ranging from 25 to 60 
ft. per min. usually are provided. 

For heavy work, planers 36 in. wide and over usually are operated by 230-volt, revers- 
ing, variable-speed, direct-current motors with field control. Such motors are made, 
having speeds ranging from 250 to 1000 r.p.m., from 200 to 1200 r.p.m., and from 150 to 
900 r.p.m. Planers usually are so geared that ten revolutions of the motor shaft moves 
the table one foot or more. Switch planers are so geared that 13 to 15 revolutions of the 
motor shaft moves the table one foot. The field control should be so arranged that the 
entire speed range is available for both cut and return speeds. Table speeds of 25 to 
100 ft. per min. formerly were standard. Higher speeds are coming into favor, and 
maximum table speeds of 120 to 200 ft. per min. are not unusual. Variable-voltage drives 
consisting of a special motor-generator set for each planer, energizing a variable-voltage 
motor, are used when extreme speed ranges are required. Such drives, while expensive, 
give motor speeds ranging from 40 to 1200 r.p.m., and make passible table speeds ranging 
from 4 to 120 ft. per min., or with special gear ratios, speeds up to 300 ft. per min. 

Hydraulically-driven planers lose less time in reversal than reversing-motor or belt- 
driven planers. For short strokes and light and medium work, such planers often are 
found to be satisfactory. However, the hydraulic cylinder located immediately below 
the table becomes very hot in service, causing unequal expansion of the planer members, 
and making precision work difficult. Hydraulic planers are not adapted for heavy duty 
work or long stroke work because of their lack of power and their tendency to chatter, 
due to the compressibility of the liquid. 

In Europe, some planers have cutting speeds of 100 to 250 ft. per min. There are nc 
tools available to operate at such speeds and give reasonable tool life, except on aluminum, 
similar alloys, and some non-metallic materials, 
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MILLING MACHINE PRACTICE 


By Hans Ernst and Mario Martellotti 


1. ANALYSIS OF THE PROCESS OF MILLING 


FUNDAMENTAL CONCEPT.—The milling process may be considered as a method 
of metal removal in which the portion of the work piece that is to be removed is projected 
into the space dominated by a rotating body carrying one or more individual cutting 
teeth. The profile of the finished surface produced on the work piece, therefore, is deter- 
mined by the intersection of a plane, perpendicular to the motion of the work piece, and 
the outline of the body of revolution generated by the rotating cutter. 

Two main classes of milling operations are: 

1. Face Milling, in which the finished surface mainly is parallel to the face of the 
cutter. 

2. Peripheral Milling (including slab and form milling), in which the finished surface 
mainly is parallel to the periphery of the cutter. 

CHARACTERISTIC FORM OF MILLING CHIP.—Because of the limited period 
of engagement of each tooth with the work piece, the removal of metal in milling is accom- 
plished by the separation of small individual chips. The rotary motion of the cutter and 
the translatory motion of the work piece combine to produce a chip whose cross-section 
varies from instant to instant as the direction of motion of a tooth changes with respect 
to direction of motion of the work piece. Chip thickness is a maximum at the instant 
that these motions are perpendicular to each other, and substantially zero when they are 
parallel. 

SURFACE GENERATED IN MILLING.—In peripheral milling, two distinct methods 
are used: 

Up-milling—The work piece advances toward the cutter from the side where the 
teeth are moving upward. The cutter rotates against the direction of the feed. The 
chip thickness is a minimum at the beginning of the cut and a maximum at the end. 

Down-milling.—The work piece advances-toward the cutter from the side where the 
teeth are moving downward. ‘The cutter rotates in the same direction as the feed. The 
chip thickness is a maximum at the beginning of the cut, and a minimum at the end. 

Fig. 1 compares the shape of milling chips produced by these two methods, the differ- 
ence in shape being exaggerated by the use of a large feed per tooth. In both methods 
the path of a tooth through the work material is a curtate trochoid. Its actual shape will 
vary with changes in rate of feed, diameter of cutter, depth of cut, and cutting speed. 
Fig. 1 shows that the actual rake and 
clearance angles change continually as the aay Se eee +1, 
tooth forms a chip. In up-milling, the KAPID._\d=Depth of Cut ators 
actual clearance angle @ is greatest at the ~~ Y dirrpieel pee teats | 

QC Displacement 


beginning of the tooth contact with the 
work, decreasing to a minimum value of 
6, when the tooth leaves the work. The 
actual rake angle, however, has a minimum 
value a at the beginning of the cut, in- 
creasing to maximum value a at the point Up Milling Down Milling 
of leaving the work. In down-milling, the Fia. 1 


‘actual clearance angle @ is least at the 


beginning of the cut and greatest, 41, at the end; the actual rake angle a is greatest at 
the beginning of the cut, and least, a1, at the end. 
In this respect, milling differs radically from other machining processes, as turning, 
planing, etc., in which clearance and rake angles remain constant throughout the cut. 
CHIP FORMATION.—Up-milling and down-milling produce surfaces of entirely 
different character, the reason lying in the nature of the process of chip formation. When 
a cutting tool engages a work piece, the material immediately ahead of the cutting edge 
is at first compressed and escapes by flowing in a direction parallel to the face of the tool. 
See Fig. 2. As the tool continues to advance, however, escape in this direction becomes 
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increasingly difficult; the pressure on the tool rises; the stress in the material further ahead 
of the tool increases, finally reaching a value great enough to cause rupture or flow in a 
plane roughly perpendicular to the face of the tool. If the material is relatively brittle, 
or the thickness of chip is great, a definite rupture will occur 
in this plane. The entire portion of severed material then 
will move out of the path of the advancing tool, and permit 
the engagement of a fresh portion. The chip will not be a 
continuous ribbon, but a series of individual segments more 
or less closely joined. This type of chip is known as a 
segmental chip. 

If the material is relatively ductile, definite successive 
ruptures will not take place; instead, the material ahead of 
the tool will yield by plastic ow over a broad region. As 

Fra. 2 this material (A, Fig. 3) is forced out of the path of the 
advancing tool, it separates from the initially compressed 
portion B, which is held by frictional contact with the tool face. The body of the chip 
passes off as a substantially solid ribbon, with flow lines perpendicular to the tool face. 
The wedge-shaped portion B, with flow lines parallel to the tool face, remains to form 
the so-called buili-wp edge. This type of chip generally is known as a flow-type chip. 
The built-up edge is added to continuously by material compressed at point C, but is 
periodically reduced by fragments, as D and E£, torn off both the chip and work piece, 
respectively. 

Roughness of a machined surface is due solely to the presence of fragments such as H; 
consequently, for good finish, their magnitude should be kept to a minimum by so arrang- 
ing conditions that the stable size of the built-up edge itself is a minimum. Such arrange- 
ments include: 1. Decrease in chip thickness; 2. Increase 
in rake angle; 3. Increase in tool sharpness; 4. Increase 
of cutting speed; 5. Use of cutting fluid; 6. Use of 
work material of lower ductility. See H. Ernst and M. 
Martellotti, Metal Cutting, Mech. Engg., Aug., 1935. 

In up-milling, the portion of the finished surface which 
is produced by a tooth is formed at the beginning of its 
contact with the work piece, when the chip thickness is 
extremely small. Hence, the built-up edge itself is very 
small, and the resultant surface is smooth and shiny. 
In down-milling an element of the finished surface is 
produced at the end of the tooth engagement with the 
work. With a ductile material such as a low-carbon 
steel, where the built-up edge is large, the latter persists 
to the extreme end of the chip; thus the escape of 
fragments likewise persists, and produces a somewhat 
torn finish similar to that obtained by planing or shap- 

: ing. With a less ductile material, such as a high carbon 
Fra. 3 steel, the built-up edge is smaller; hence, the difference 
in finish between up-and-down methods of milling is 
less marked. (See discussion of paper by O. W. Boston and C. E. Kraus, The Ele- 
ments of Milling, Trans. A.S.M.E., RP 54-4, 1932, p. 96.) 


2. MILLING CUTTERS 
Forms of Milling Cutters 


The following classification and nomenclature relative to milling cutters are based on 
the standards approved by the American Standards Association, and adopted by the 
leading manufacturers. See A.S.A. Bulletin, 5C-1930. Tables 1 to 9 show principal 
dimensions of the most commonly used types of milling cutters, as approved by the Amer- 
ican Standards Association. These dimensions have been adopted as standard by the 
cutter manufacturers. 

CLASSIFICATION BASED ON RELIEF OF TEETH.—41. Profile Cutters.—All 
forms of cutters which are sharpened by grinding on the periphery of the teeth, the clear- 
ance (or relief) being obtained by grinding a narrow land back of the cutting edge. Where 
a cutting edges are of curved or irregular shape, they are designated as Shaped Profile 

utters. 

2. Formed Cutters.—All cutters where the eccentric relief back of the cutting edge 


is of the same contour as the cutting edge itself. These cutters are sharpened by grinding 
the face of the teeth. 


Line of Flow 7 


/ 
or Rupture, 


Work Piece 


* ference to the axis. Half side and interlocking side milling cut- 
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CLASSIFICATION BASED ON METHOD OF MOUNTING.—1. Arbor Cutters,— 
A cutter with hole for mounting on arbor. 

2. Shank Cutters have either a straight or taper shank integral with the cutter. 

3. Facing Cutters are designed to be attached directly to spindle end or to stub arbor. 

GENERAL TYPES OF CUTTERS.—The commonly used types of cutters, and the 
work to which they are adapted are: 

The Plain Milling Cutter is a cylinder with teeth on the circumferential surface only. 
It is used to produce a flat surface parallel to the axis of the 
cutter. Plain milling cutters are made in a wide variety of 
diameters and widths, for the various requirements of slab 
milling. They generally have helical teeth. The helical 
form enables each tooth to take a cut gradually, thus reduc- 
ing shock and minimizing tendency to chatter. Cutters with 
a helix angle of 25 to 45 deg. commonly, but incorrectly, are 
termed spiral mills; if helix angle is more than 45 deg. the Fic. 4 
cutter generally is known as a helical mill. ; : 

The helical mill, which may be either of the shank or hole type, is free cutting and 
particularly desirable for light cuts on soft steel or brass. It can run at high speeds and, 


Table 1—Dimensions of Heavy Duty Plain Milling Cutters 


See Fig. 4 
Cutter Diam., D, in. Diam. of Hole, A, in. ee ae ae 
Nominal Max. Min. Max. Min. heeeae ee OE aCe aa 
21/2 2.515 2.485 1.001 1.000 a. MeipaL Shae: 
3 3.015 2.985 1.251 1.250 298 2 Wo,.03\) 4, in 
4 4.015 3.985 1.501 1.500 TE ee Ne 3,84; 6 
41/9 4.515 4.485 2.001 2.000 is 67 2 
Limits or T 
Nerina So oyn slots icleparererote ee) 21/9 3.0 4.0 6.0 12.0 
Wee xii WiIT.)<-<,s\chs aisteyeboaie.s 2.010 2.520 3.020 4.020 6.020 12.020 
MEME WT Hs: otalet stars =) 3: 3/s%0e 2.000 2.500 3.000 4.000 6.069 12.000 
therefore, produces a good finish. It can be used to advantage TS 


for profiling work such as cam milling, and for milling inter- 
mittent surfaces. The shank type, with pilot end, commonly is 
used for elongating slots. For general slab milling, the helical 
mill is not as efficient as the common ‘‘spiral’’ mill. 

The Side Milling Cutter is a plain milling cutter of cylindrical 
form with teeth on the circumferential surface and on both sides. 
The side teeth extend a portion of the distance from the circum- 


o--->! 


les = aa! 
t 


Fra. 5 


ters also are made. Side milling cutters are used in a large 
variety of work. Two or more of them often are placed on the same arbor with a space 


between them, they then being known as straddle mills. 
Straddle Mills are used to advantage where the work is to be milled on two parallel 


sides; e.g., bolt heads, tongues, etc. 


Table 2.—Dimensions of Stagger Tooth Milling Cutters 


See Fig. 5 

Cutter Diam., D, in. Diam. of Hole, a in. Wee waee Far int 
Nominal Max. Min. Max. Min. 

21 ZED) 2.485 0.876 0.875 spo WERK CED Gaon UD adoecod ool oc 

3 2 3.015 2.985 1.001 1.000 | 3/36, 1/4, 5/16, 8/g, .... 1/2, 5/8, 3/4 ... - 

4 4.015 3.985 1,251 1,250 s+ 1/4, 5/16, 8/8, 7/16, 1/2, 5/8, 8/4, /g .- 

5 5.015 4.985 1.251 1250 || Ghhabebr ses (hes eee YO OE, ES p00 on 

6 6.015 5.985 Ae 5il [E2501 5 Ii keerren tamteulen ols 8/g, .... 1/9, 5/8, 3/4, 7/g, 1 

8 8.015 7.985 1.501 fe. 0 Oil (Ce rtavenente heise Ve og ORES SES sac | 

Limits or T 

imal doae| nes 1/4 5/16 3/8 7/16 1/9 5/s 3/4 m8 aie 
saps npeee AoE 0. ers -2500 | .3125| .3750| .4375] .5000/] .6250| .7500 | .8750) 1.0000 
Minimum........ 0.1870 | .2495| .3120| .3745| .4370| .4995| .6245 | .7495 | .8740| .9990 
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Interlocking Cutters are used to mill slots to a standard width. They are maintained 
at a constant width by thin shims or collars between the inner hubs. 

Staggered Tooth Milling Cutters are cylindrical cutters with the cutting teeth on the 
circumferential surface only. Alternate teeth are of opposite helix angle. See Fig. 5. 
The side teeth extending from the circumference a short distance towards the axis are for 
chip clearance only. They are not ground for cutting purposes. This type of cutter is 
used to obtain exact width of slots and is the most efficient type for milling slots where 
depth exceeds width. Because of the alternate right- and left- 
hand helix angle of the teeth, with considerable undercut, these 
cutters can remove large amounts of metal without vibration 
or chatter. The free cutting action makes possible an increased 
feed and speed, without detriment to the production of 
smooth, accurate work. 

Metal Slitting Saws are plain milling cutters with sides 
relieved or ‘‘dished’’ to give side clearance. They generally 
are made 3/16 in. thick or less, and usually have more teeth for 
a given diameter than a plain milling cutter. They are used 
to cut off work, or to mill very narrow slots. Slitting saws 
also are made with side teeth similar to side milling cutters, 
and with staggered teeth, similar to staggered tooth milling cutters. The metal slitting 
saw seh staggered teeth usually is made 3/g to 3/16 in. thick, and is used for heavy sawing 
in steel. 


ah 


Fia. 6 


Table 3.—Dimensions of Metal Slitting Saws 
See Fig. 6 


Cutter Diam., D, in, ¥ x : 
Nominal Max. Min. | Max. | Min. | None eee 


—_————_——S| JE | OO 


21/2 2.515 2.485 0.876 0.875 I/33,, 8/6, Fie, Ys e 22 
3.015 2.985 1.001 1,000 1/39, 3/64, 1/16, 3/32, Ws, 5/9 ... 
4 4.015 3.985 how : 1/32, 3/64, 16+ 3/32 Ve 2/32 3/16 
: wee ~veoe 2/36, 2/39, 1/8, (8/30, 4/46 
5 3.015 |" 4.9855 11°77 2510) 64756 ae a ig. eee 
1.001 1.000 cave cece AWG, S/a0,  T/g, eo eeee Sat 
: 6,015 | $2985, fy ony & y sea ideanenttion seer. 
1.001 1.000 ise! onze ® WIG Resoeuls eee eee 
7 7.015 | 6.985 Tf ys) | 1/950 esa cw ers /h “Rohn ant on aa eae 
1.001 1.000 Buia. 0:0; sige” sjcies lao ncedies 8 meee 
: 8.015 | 7.985 H{ t51 | 1280 ET eerie! ee yo 
Limits or T 
Norinal seer eee 1/39 3/64 1/16 3/39 1/g 5/; 3 
: 32 / 1 
Maximum) .i.s3.<. 00% 0.0322 0478 0635 .0947 . 1260 S572 é 1885 
Minimumnnsneeeae. 0.0302 0458 0615 0927 . 1240 1552 . 1865 


Angle Milling Cut- 
ters are made _ both 
single angle and double 
angle, with teeth on the 
conical surfaces. See 
Figs. 7 and 8. Single 
angle cutters are made 
both with and without 
teeth on one or both 
of the flat sides. Angle 
cutters are used for 
various fluting opera- 
tions, or for milling the edge of a piece to a given angle. 
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Table 4.—Dimensions of Angle Milling Cutters 


, Single Angle Cutter, D 
Cutter Diam. D. in ee of Hole, wey er ee aan Cutter, 
ans Thickness, 7’, in. Thickness, 7’, in. 
Nominal| Max. Min. Max. Min. | Nominal | Max. Min. |Nominal| Max. Min. 
ey 2.515 | 2.485 | 0.876 | 0.875 1/p Of S) | 5084050 aee 
28/4 | 2.765 | 2.735] 1.001 | 1.000| 1/9 S515. 1) . 485 le sae 0.515 | 0.485, 
3 3.015 | 2.985) 1,251 | 4.250] tf 515 | 485 : ; oh 


* Included angle 45 or 60 deg. +10 min. + Included angle, 45, 60 or 90 deg. + 10 min. 
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End Mills are cutters with teeth on the circumferential surface and on one end. See 
Fig. 9. The teeth may be either parallel to the axis of rotation or helical, and either 
right or left hand. End mills of moderate angle commonly are called spiral end mills. 
End mills are made of five general types, viz., Solid end mill; two-lip end mill or slotting 
mill; shell end mill; hollow mill; helical end mill. 

Solid End Mills are used for light milling operations, as the milling of slots, profiling, 
and facing narrow surfaces. The teeth are integral with the shank, which may be either 
straight or tapered. 

Two-lip End Mills comprise a shank fe-————---~___ {——-———~~—_— > 
cutter with two cutting teeth on the 
circumferential surface, and end teeth 
cut to the center. Flutes are either 
straight or helical. The cutter can be 
sunk into the material and then fed 
longitudinally. A depth of cut equal to 
one-half the diameter of the mill 
usually can be taken from the 
solid stock. 

Shell End Mill.—Teeth are 
cut on the circumferential surface 
and on one end. See Fig. 11. 
The tooth end is recessed to re- Fig. 10 
ceive a nut or screw head for 
holding the cutter on the stub arbor. It usually is driven from the’ key slot across the 
back face. The teeth may be parallel to the axis of rotation, or helical, and either 
right or left hand. This type of milling cutter should be used in preference to the solid 
end mill whenever possible, because it is cheaper to replace when worn out or broken. 

Hollow Mill.—A cutter of tubular construction with teeth on one end, and having an 
internal clearance. The internal clearance sometimes is obtained by a plain tapered hole 
with back taper and sometimes by internal cleared flutes. The hollow mill generally is 
used for producing bosses or cylindrical projections from solid bodies. 

T-slot Cutter.—A shank cutter designed for milling T-slots. See Fig. 10. The teeth 
are on the circumferential surface and both sides. In making a T-slot, a groove first is 
cut with an ordinary side milling cutter or a two-lipped end mill. The wide groove at 
the bottom then is cut with the T-slot cutter. 


-- s 


Table 5.—Dimensions of Taper Shank End Mills. (See Fig. 9) 


. - |Brown & . - |Brown & 
Diam. of Cutter, D, in. Gharpe/ Length |Overall Diam. of Cutter, D, in. Shiarpelleneiil Overall 
Taper | of Cut, |Length, Taper jof Cut,|} Length, 
Nominal} Max. |} Min. | Shank | 7,in. | Z, in. }Nominal| Max. | Min. | Shank | 7, in.| JZ, in. 
No. No. 
1/4 0. 2650/0. 2500 5 5/g | 218/46 3/4 |0.7650)0.7500 7 11/4 51/4 
5/16 N3275| 25125 5 11/jg | 27/g 7/3 |0. 8900/0. 8750 7 17/36 | 57/16 
3/g .3900) . 3750 5 3/4 2 15/16 1 1.0150}1.0000 7 15/g | 55/g 
7/16 .4325| .4375 5 7/g | 31/16 11/g |1.1400}1.1250 9 13/4 7 
1/2 -5150} .5000 5 15/16 | 31/3 11/4 |1.2650}1. 2500 9 2 71/4 
1/2 .5150} .5000 7 15/36 | 4 15/36 11/g {1.5150}1.5000 9 21/4 71/o 
9/16 E5775) .D02D 7 1 5 13/4 |1.7650)1.7500 9 21/2 73/4 
5/g . 6400] . 6250 7f 1 1/8 5 1/3 2 2.0150/2.0000 9 23/4 8 
Table 6.—Dimensions of Taper Shank T-slot Cutters. (See Fig. 10) 
. 4 ‘ - *| Length Fillet | Brown & | Overall 
Nomi- || Cutter aa panes a aoe of Neck, | Radius, } Sharpe | Length, 
nal Bolt pe wperay 2 92D eee te eB Aim Rin. Taper L, 
Size, in| Qyax. | Min. | Max. | Min. | Max. | Min. | Min. | Max. |ShankNo.| in. 
1, 0.562 | 0.552 | 0.234 | 0.229 | 0.265 | 0.260 3/g 0.007 5 25/8 
ae . 656 . 646 .265 . 260 328 323 7/16 007 5 2 23/39 
3/g .781 aan .328 .323 406 401 9/16 1/64 7 4 13/16 
1/9 .968 .958 .390 “83 531 526 11/16 1/64 7 ; 
5/g 1.249 | 1.239 484 .479 656 651 7/3 1/64 7 54 
3/4 1.468 | 1.458 .625 . 620 781 776 1 1/16 1/64 9 67/3 
1 1,843 | 1.833 . 828 S25 el OS tal teOZO 11/4 1/64 9 71/4 
2.218 | 2.208 | 1.093 | 1,088 9 7 13/16 
2.655 | 2.645 | 1.343 | 1.338 0 


® Neck diameters as given are to be used with American Standard T-slots. 
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The Woodruff Key Seat Cutter is made in the shank and arbor type. “The shank 
type generally has teeth on the circumferential surface only, with the sides slightly 
relieved for clearance. The arbor type generally is used in sizes larger than 2 in. diam- 
eter. These cutters also are made with staggered teeth. They are made with teeth on 
both sides which are ground for clearance only and not for cutting. Both types of cutters 
are used for the specific purpose of milling semi-cylindrical keyways in shafts, to permit 
the use of Woodruff keys. 

Formed Cutters usually are of curved irregular outline. They are sharpened by 
grinding the faces of the teeth. So long as the face of a tooth is maintained in its original 
plane with respect to the axis of rotation, the contour of the tooth will remain unchanged. 
Formed cutters are used for duplicate interchangeable work over and over again until they 
have been ground to a point where the teeth are too slender to stand the strain of the work. 

In the formed cutter class are included such cutters as: Gear Cutters, Multiple Gear 
Cutters, Sprocket Cutters, Conver Cutters, Concave Cutters, Corner Rounding Cutiers, Spline 
Cutters, Thread Milling and Hobbing Cutters, etc. 

A Fly Cutter consists of a single cutter similar in shape to a planer tool, held and 
rotated by an arbor. As it has but a single cutting edge, it is used but rarely outside of 
the experimental room or toolroom. The fly cutter can be formed exactly to any desired 
shape. Its field is operations that would not bear the expense of a special form cutter. 

Inserted-tooth Facing Cutter—This type of cutter, generally known as a Face Mill, 
is a cylindrical body with slots on its periphery. Blades of various cutting materials, as 
high-speed steel, Stellite, or blades tipped with cemented carbide, are inserted in the slots. 
The teeth of the facing cutter are ground to cut both on the circumferential surface and 
on the side, as in the Side Mill. These cutters are adapted to be attached directly to the 
end of the spindle, or to a stub arbor. 

Face Mills are used to face large surfaces, and are very efficient in the removal of 
metal. 

The Heavy Duty Face Mill is made with a stronger body, and thicker and fewer blades 
than the light duty type. It generally is used 
re C->} ates for roughing cuts. 

\ Hy) HHI) The Light Duty Face Mill has a lighter 
|| body and a larger number of teeth than the 
Ya ! heavy duty type, and is used mostly for finish- 
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Hy) i / i 

iy i 
AL? | 

— 


inserted blades, tipped with cemented carbide, 


i} ing cuts. Face mills with high-speed steel 
WH or with stellite blades, are used almost exclu- 
LL 


F jb Mt he sively for milling cast iron and non-ferrous 
Ye, 1 Qae 1 1 . 
@ if oN eae HAUS Stamens > materials. They have more teeth and usually 
ra Ne . Chamfer or Rounding Optional are run from two to three times faster than 
441M face mills with high-speed steel blades. 
Fira. 11 The inserted tooth milling cutter is most 


; economical and useful when cutters of large 
dimensions are required, although they are obtainable also in diameters as low as 3 in. 
Almost all types of milling cutters may be made with inserted teeth. Their use is becom- 


Table 7.—Dimensions of Shell End Mills. (See Fig. 11) 


SN 
Size | _ Hole Driving Slot ; Counterbore 
or |Width,) Diam., 4, in, | Depth, B,in. | Width, C,i in, | Radia An 
Diam.| 7, A pth, B,in. | Width, C,in.| Depth, Z, in. | Radius,| Diam., Diam., gular 
D, in. ; 3 R, F, G, ee 
rE Max. Min. Max. | Min. | Max. | Min. | Max. | Min. | in. in, in. fa 
my eg. 
are 0.5005 | 0.5000 41/64 5/g }0.262 |0.258 | 11/ga | 5 1 11 5 
T1/g|)11/g} .5005 | .5000 | 41/64} 5/g} .262 | .258 | 11/64 oe ea aye ee 0 
13/4 | 11/4 7505 7500 49/64 8/4 | .324 | .320 | 13/64 | 3/16 1/39 15/16 7/8 0 
2 13/g| .7505 | .7500 | 49/g4| 3/4] .324 | .320 | 18/g4 | 3/16 | 1/39 | 15/36] 7/ 0 
21/4} 11/2 | 1.0005 | 1.0000 | 49/64 | 3/4} .387 | .383 | 15/g4 | 7/39 | 1/39 | 11/4 1 a/4 0 
21/2 | 1 5/g | 1.0005 | 1.0000 49/54 3/4 | .387 | .383 | 15/g4 | 7/39 1/32 | 1 3/g 1 3/ : 0 
23/4 | 15/g] 1 0005 1.0000 | 49/64 | 3/4} .387 | .383 | 15/64 | 7/32 | 1/39 | 1 W/o 1 2/16 5 
1 8/4 | 1.2505 | 1.2500 | 49/g4| 8/4] .512 | .508 | 19/g4 | 9/39 | 1/39 | 121/39] 11/2 | 5 
31/9 | 17/g| 1.2505 | 1.2500 49/64 3/4] .512 | .508 | 19/g4 | 9/39 V39 | 111/16 | 11/2 5 
21/4 | 1.5005 | 1.5000 } 1 1/gq | 1 .637 | .633 | 25/e4 | 3/g | Wig | 24/39 |17/s| 5 
41/9 | 21/4} 1.5005 | 1.5000 | 11/g4 | 1 637 | 633 | 25/64 | 8/3 | 3/16 |21/1e |17/¢| 10 
$i/ z Ay rete ee 11/64 | 1 -637 | .633 | 25/64 | 8/g Vig | 29/1g | 17/8 10 
; 2 /4| 2. -0000 | 1 1/64 -762 | .758 | 29/64 | 7/16 | 1/16. | 218/16 | 21/2 10 


21/4 | 2.0005 | 2.0000 | 3 1/64 .762 | .758 | 29/g4 | 7/1g | 1/16 | 218/1g| 21/2 | 15 
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ing more and more common, even in small diameter cutters, particularly with cemented’ 
carbides. 

DIRECTION OF ROTATION.—A cutter is right-hand if it rotates counter-clockwise, 
and left-hand if it rotates clockwise, when viewed from the front end as mounted on the 
spindle. 

MATERIAL FOR MILLING CUTTERS.—Four classes of materials commonly 
used for milling cutters are: Carbon steel; high-speed steel; Stellite; cemented carbide. 

High-speed Steel Cutters predominate, although carbon steel is used to some extent 
for screw slotting and slitting cutters and other light duty work. Practically all heavy- 
duty plain milling cutters are made of high-speed steel. For most classes of work, high- 
speed steel cutters can be run from 2 to 21/2 times as fast as carbon steel cutters. 

Stellite is employed generally in the form of inserted blades in face mills for use on 
east iron. The life of Stellite cutters is generally longer than that of similar high-speed. 
steel cutters and the permissible cutting speed higher. 

Cemented Carbide.—Inserted-blade face milling cutters, tipped with various types: 
of cemented carbides, are (1937) replacing other types of cutters for use on cast iron. 
Cutting speeds normally employed are from 2 to 3 times as high as those used with high- 
speed steel cutters, and a considerable improvement in finish usually is obtained. Because 
of the extreme hardness of these carbides, a smaller allowance for finish is permissible, 
thus further increasing production and reducing costs. 

NUMBER OF TEETH.—No standard rule exists for the number of teeth in milling 
cutters. Modern cutters (1937) generally are of the “‘ coarse tooth” type, the spacing 
offered commercially by cutter manufacturers having been found satisfactory for most 
purposes. 

The coarse tooth cutter provides a great chip space between successive teeth, which 
permits a free flow of the chip and prevents clogging of the teeth. The efficiency of the 
modern coarse tooth cutter is considerably higher than that of the old style fine tooth 
cutter. See A. L. DeLeeuw, Milling Cutters and their Efficiency, Trans. A.S.M.E., 
Xxxiii, p. 245, 1911, also J. A. Hall and B. P. Graves, Effect of Variation in Design of 
Milling Cutters on Power Requirements and Capacity, Trans. A.S.M.E., Ixv, p. 165, 1923. 


Table 8.—Dimensions of Concave Milling Cutters. (See Fig. 12) 


Diameter of Circle, | Diam, |2%° ;| Diameter of Hole, 

C, in. ing (EES: O A, in. 

. Cutter, 

Cutter, T+ 
C F Nom- + 

Nom-| Max. | Min. | 2 |o0.010,|4 Max. | Min: 
inal in. =a inal 
1/g | 0.1280 | 0.1240| 2 1/4 | 7/g| 0.876 | 0.875 
3/1g| .1905] .1865} 2 3/8 7/3| .876 .875 
1/4 | .2530| .2490| 2 7/16 | 7/g| -876| .875 


5/yg| .3155| .3115| 21/4 | 9/16 | 7/8 .876 875 
3/8 .3780 | .3740| 21/4 | 5/g 7/3 | .876 875 
7/16 | .4405| .4365) 21/4 | 3/4 7/3) .876 .875 
1/g 5040 | .4980| 21/4 | 138/16] 7/g| .876 .875 
5/g .6290 | .6230| 2 3/4 |I | 1.001 -000 
3/4 .7540 | .7480/ 3 1 3/6 |I 1.001 .000 
7/8 .8790| .8730| 31/4 |13/g {I 1.001 .000 
1 1.0050 | .9980} 31/4 {19/16 {I 1.001 .000 ¥ra. 12 


Table 9.—Dimensions of Convex Milling Cutters. (See Fig. 13) 


Diameter of Di Diameter of 
Cirele- C, alk Nominal Hole, A, 
= Cutter, |) Thick- Be 
N D, |B | Nome = 
om- A , é ; ' 
al Max, | Min. ae in. rae Max. in 


1/g |0.1270/0.1230| 2 1/g | 7/g | 0.876 | 0.875 
3/16 | .1895| .1855| 2 3/16 | 7/g| .876| .875 
1/4 | .2520| .2480| 2 4 | /g| .876| .875 
5/ig| .3145| .3105| 21/4 | 5/16 | 7/g| .876| .875 
3/g | .3770| .3740| 21/4 | 3/8 | 7/g| .876| .875 
T/16| .4395| .4355| 21/4 | 7/16 | 7/s| -876| .875 
Ya | .5030| .4970} 21/4 | 1/2 | 7/g| .876| .875 


5/g | .6280| .6220] 23/4 | 5/3 | 1 1.001 | 1.000 
3/4 | .7530| .7470| 3 apealil 1.001 | 1.000 
7/3 | .8780| .8720| 31/4 | 7/3 |1 1.001 | 1.000 Fia. 13 
I 1.0040] .9960} 31/4 | 1 1 1.001 | 1.000 
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Table 10.—Cutting Speed of Milling Cutters on Various Materials 


High-speed Cemented 


Stellite 


Material Steel Carbide 
Feet per Minute 

Cast iron, 160 B® . 0.6.0 ccc cence cc scivnscssccssnsere 70-80 130-180 200-350 
eile 01) lh 35 de eae Price oe er Wie Ol 60-70 100-140 100-250 
Mla LGtrOnee sates oe aie sisistsc.ale mvc « ale olemteia'd cous ovo) sic 75-95 95-110 To cee sonst 
RODD UATE EBtedl > co tetas oe tates vittis Cee cettele wills nielel oie F5=O5 0 | Re stares oe | geen enenetotetate 
HO SORSONMI NG Cal Merely aic/s Pelee wlerne ct a arena SeoteNatovaretes ZE=80" 1 PR rete ra eatetretete 
FTA HAE rateel sou sic la(cletalcicts a elawie)atetalnte s oiche gietetelets ee 60=70. ol SERIES ee oe 
Tooletedls annealed. ..3ciirieie 2 sila elelelele al? veel tiele/===)1> O= 55.) ull coteia. crshevaneecull beteversearn ete 
eG weCAT DOM Stee) LOLMITG opa-cjasais o18) ol olel caste: elniels\-<(o'm aiptelrlaie ia 7 5 — DF on «| eee wiaeys Copeln teal lNie © canetene ENE 
Tough alloysteel forging... 2.20 .02cnre+sesnendese- 60-75 oth sriRaemmes Mise mame 
(Verlag anit Piet nen ise Eerie Naren seco oeOmar 652556 coded samuntia teen eens 
Saclay Gene OC Or Ge GU OC ITIOOIG eC Ln aaa neon - 200-500 500-700 500-1000 
STONE Ta O eu Paeade sats wit ate se cin dicialeere's s'ieie\s0 s\eleia's 200-350 350-500 500-1000 
BPON ZEN FLU re eee ee aaa ies aime tel eraaa nalts dem ae 75-95 150=250°" |) “2 tae 
NP eiayiieind chert east Oevictatae: Sits, Aetna aearevaboleha Oleekadete.s Suen 800-2500 1000-4000 1000-4000 


*B = Approximate Brinell hardness number. TR = Rockwell B scale. 


3. USE OF MILLING CUTTERS 


CUTTING SPEED.—Because of the countless variations in conditions encountered 
in milling practice, fixed rules for cutting speeds are impossible. The most effective 
speeds are governed by the structure and hardness of the part to be machined, the amount 
of metal to be removed, the type of cutting material, etc. In general, cutting speed is 
selected to give the best compromise between maximum production and maximum life 
of the cutter. The values given in Table 10 are conservative and represent average 
practice on production jobs. 

The cutting speed for finishing milling often is 40% to 80% higher than the roughing 
speed. 

FEED RATE.—The rate of production in milling depends directly on the rate at which 
the work passes the cutter, but the selection of the proper feed rate for milling a given 
work piece involves several factors, among them being the limitations of machine, cutter, 
work piece, and fixture; the finish desired, etc. 

Estimates of feed rates usually are based on the assumption of a certain value for the 
feed per tooth. This is multiplied by the number of tooth passages per minute, as 
determined from the desired cutting speed and tooth spacing, to obtain the feed rate in 
inches per minute. This then must be checked with the above limitations. 

In practice the feed per tooth is made as large as possible, consistent with these limi- 
tations and the permissible tooth load. Table 11 gives average values of permissible 
feed per tooth for various combinations of cutting material and work material. These 
values must be reduced when using cutters, or work, of a relatively fragile nature. 

DIAMETER OF CUTTER usually is determined by the limitations of the work piece, 
either in regard to the size of the surface to be milled, or interference with adjacent 


Table 11.—Permissible Feed per Tooth of Milling Cutters 


Feed per tooth, in. 


Material being out High-speed Face Mill Face Mill 

Steel with Tipped with 
Cutter Stellite Blades | Tungsten Carbide 

Cant tron, 160 BF iyi » . is ealwtatere weet 0.018 0.014 0.012 

Cs WAN als Sedans: RM nS er ute 015 AOTZ 010 

Mialieable rotors. «i. anus. sinrenterele ater O12 .008 

(O20: Bil Bh ekeel ck ee, ee 1016 a te 

POS 0: 8A ateelist se... cuiees.< 4st Aevetite .014 

3145S 5A..Bi, BECEL 5 as.c1 ape rstotene eters sie everetens 008 

TNoobieteel, annedledincs: 26 cae vs ot sic ci ee .010 

Low carbon steel forging............... 016 

Tough alloy steel forging............... .010 

Bteal castings sas:s.0s bee ive chewed sh os 015 mie 

Yellow brasss\ccceksc ee seer .020 .018 (012 

Bronse,40 Rie acco ees ora .018 016 “012 

Bronse 75. 'Ri Tite aie sues ersten reseetereanretorayn re .016 014 .010 

Alumintim .)..:.0.. s0 Bes suntan cree ere epee .020 .020 .018 


*B = Approximate Brinell Hardness Number. t R = Rockwell B Scale. 
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portions of work or fixture. In the case of cutters of small diameters, the limitation fre- 
quently is the size of the arbor required to support it properly. 

CLEARANCE ANGLE (Relief).—The sole function of clearance or relief of the flank 
surface, is to prevent undue interference between it and the surface of the work. Where 
the direction of the motion of the flank surface, relative to the work, is parallel to the 
finished surface (as in the case of a shaper tool or planer tool) the clearance angle need be 
only sufficient to allow for the slight expansion of fragments of the built-up edge which 
escape with the work piece as the latter passes under the tool. Any clearance greater 
than the minimum amount required increases the likelihood of chatter, and reduces the 
life of the tool. 

In the case of a peripheral cutting edge of a milling cutter, the direction of motion of 
the tooth relative to the direction of the feed varies with the position of the tooth in its 
arc of contact with the work piece. In up-milling, the motion of the tooth is parallel to 
the feed at the instant of engagement, and inclined thereto when leaving the work. 
Throughout its contact with the work piece, there is an increasing component of the feed 
tending to cause interference with the flank surface, and thus an additional clearance 
must be provided. 

The additional clearance angle necessitated by the feed component depends on the 
diameter of the cutter, D, the feed per revolution, F,, and the depth of cut d. Its value 


may be computed from 180(2F eA) 
ya eae ee eee ee 
a2 ben} SMEs aie sae OL 


where @ is given in degrees, and D, F; and d are in inches. 

The minimum permissible clearance angle also is affected by the width of the flank 
(or land) back of the cutting edge. This should be kept to a small value, usually not 
greater than 1/39 in., in order that the true clearance at the cutting edge may be as small as 
possible. As shown in Fig. 14, a secondary 
clearance angle beyond this land usually is 


provided to avoid interference, and to 
reduce the amount of material which must 
be removed when regrinding the cutter. 
The values of clearance angles commonly 
used range from 3 to 5 deg. for steel, to about 
10 deg. for aluminum. ‘ 

RAKE ANGLE of a milling cutter (see 
Fig. 14) is defined as the angle by which 
the face of the tooth is displaced back of 
the radial line drawn from the center of 


"— Secondary Clearance 


Primary Clearance 


rotation to the cutting edge. Efficiency of ke 
metal removal increases with increase in the Ya 
rake angle. Consequently, the latter should Fia. 14 


be as large as possible consistent with 
strength. In practice, rake angles ranging from 10 to 15 deg. commonly are used. 

CUTTING FLUIDS, consisting generally of oils or emulsions, are used to protect the 
cutter, and improve the quality of the finish. They have three main functions: 

1. Cooling.—A large amount of heat is generated in metal cutting, particularly with 
strong ductile materials such as steel, where a flow type chip is produced. Heating of 
the tool point causes a reduction in resistance to abrasion, thus hastening dullness or wear. 
Heating of the material also may impair the finish by increasing the size of the built-up 
edge. For efficient cooling, a cutting fluid should have a high specific heat coefficient. 

2. Lubrication.—By lubrication of the tool face, resistance to chip flow is reduced, 
thus reducing the size of the built-up edge and improving the finish, and also reducing 
the total force on the tool. This will increase the tool life. For efficient lubrication, the 
cutting fluid should have a low surface tension with respect to the tool and work material, 
and a high film strength to withstand the high specific pressures encountered. 

3. Flushing of Chips.—The cutting fluid should be supplied in sufficient quantities to 
flush the chips away from the cutter and work, thus reducing the likelihood of marring 
the finished surface. ; } 

Composition.—Emulsions consisting of soluble oils and water are used widely in 
milling, because of their effectiveness as coolants, and the ease with which they may be 
used in large quantities for flushing away the chips. For milling of tough alloy steel 
forgings, however, heavy cutting oils often are used, the composition varying with the 
nature of the work and the finish required. Special compounded oils, such as sulphurized 
oils or chlorinated oils, are being used to an increasing extent because of their value as 


extreme pressure lubricants. 
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COMPARISON OF UP-MILLING AND DOWN-MILLING.—At various times 
during the past 50 years down-milling (or milling with the feed) has been advocated for 
particular classes of work, in view of certain advantages inherent in this method. In 
recent years this method has been used with special types of feed systems, designed to 
prevent an overrunning of the milling machine table due to the action of the cutter on the 
work. 

When using thin metal slitting cutters the likelihood of producing crooked slots is less 
when cutting down than when cutting up. In milling the flutes in twist drills, and other 
similar operations, a longer tool life and more desirable finish has been obtained when 
milling down, and the holding of the work piece during the milling operation is greatly 
simplified. On the other hand, when milling a low carbon steel or other ductile material, 
the finish is much inferior than with the conventional up-milling method. The greatest 
practical objection to the down-milling method for heavy milling work is the danger of 
a serious accident if the work piece or fixture should be insecurely fastened to the table. 

From the standpoint of power required there is little to choose between the two methods 
of milling. Careful tests have shown in most cases that there is very little difference 
between the power actually used by the cutter when removing chips either by up-milling 
or down-milling. 

POWER REQUIRED FOR MILLING is a function of many factors, including the 
cutting speed, the feed, the material being cut, the rake angle, the sharpness of the cutter, 
the depth of cut, the smoothness of the face of the teeth, the type of cutting fluid used, etc. 

An empirical formula which can be used for a rough determination of the power 
required in milling is 

Hp; =| KFWidDelais cides mee eee ed 


where Hp. = horsepower actually used in cutting; F = feedrate,in.permin.; W = width 
of cut, in.; D = depth of cut, in.; K = a constant which is different for different mate- 
rials; values are given in Table 12. 

In order to obtain the total actual power required to perform a milling operation in 
any given type of milling machine, it is necessary to add to the result of calculation by 
formula [2], the idle power required to drive the machine. Idle power varies in relation 
to the type of milling machine used. However, it generally is found that the idle power 
is approximately constant within the range of loads encountered in ordinary milling 
machine operation. For more exact determination of the power involved in milling, the 
following formula can be used: 

Hp. = GwytDb. . 0) 4.4.00 SANS AAR a4 
where Hp. = actual horsepower used in cutting; W = depth of cut, in.; f = feed per 
tooth, in.; D = depth of cut, in.; C = a constant. 

Constants C and exponents a and b are determined by experiment. They vary with 
the material being cut, the type of cutter used, the nature of the cut and with up-milling 
or down-milling. O. W. Boston and C. E. Kraus (Trans. A.S.M.E., RP-56—-1, 1934) 
discuss the results of tests with a single point tool and of a great number of commercial 
tests on milling. They present values of C, a and 6 for three steels, viz. S.A.E. 1020, 
S.A.E. 1112 and S.A.E. 3250, and also a free-cutting leaded brass of analysis Cu, 0.62; 
Zn, 0.34; Pb, 0.03. Cuts were made both in a groove and on a land, with cutters whose 
helix angles ranged from 0 to 40 deg., and whose rake angles ranged from 0 to 15 deg. 
The range of the values of the exponents and constants was as given in Table 13. 

The following summarizes the variation of the exponents a and 6 and the constant C. 


With down-milling, Cin most cases is lower than with up-milling. In general, C for a 25-deg. 
rake angle is about 55% of its value for a 0-deg. rake angle, and varies but little for the greater 


Table 12.—Values of Constant K 


Material K Material K 
Clank ion time past Cots © ¢ 0.5 Auloy .Steoll.,:..cniebh samen tenn 
Malisable tromesie Rocca thes »-« 0.8 2 vais Care ee ne coe ae 
til ebedl so cat cde oats. 2.2," Reganinurd.,< a5 foe eee 0.25 to 0.35 


High carbon steel............ 2 eto 2.0 


a 


Table 13.—Values of Exponents and Constants in Horsepower Formula 


A 


In Groove On Land 
a 6 Ci a b C 
1020 Bteclvcsan.. 0.70-0.79 | 0.87-1.07 | 5450-20,200 | 0.65-0.74 | 0.83-0.94 | 4130-9 
MD Srey tse sys 0.71-0.82 | 0.82-0.95 | 5270-12,780 | 0.68-0.78 | 0.82-0.90 | 3710— A 
3250 -....+.| 0,680.77 | 0.86-0.98 | 6780-18,450 | 0.67-0.84 | 0.85-0.93 | 5280-13,360 
Brass...........| 0.80-0.91 | 0.8%1,07 | 3115-9540 | 0.77-0.89 | 0 86-0.97 | 2365- 4.785 
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angles of rake. The value of C remains practically constant with all helix or side rake angles up 
to 30 deg., with a sharp increase at 40 deg., due probably to excessive metallic distortion of the chip. 

The feed exponent a remains practically constant as the rake angle increases, although a slight 
decrease is apparent for land cutting. It also remains practically constant as the helix increases, 
except that for extreme values of helix in groove cutting the value of a is high. 


The depth exponent d decreases slightly with high rake angles, and increases slightly for high 


helix awa when milling in a groove. The exponent remains practically constant when milling 
is on a land. 


TYPICAL MILLING JOBS. SPEEDS. FEEDS.—The following are representa- 
tive examples of good commercial practice: 

Automotive Practice——1. Rough mill cylinder blocks, top and bottom, manifold, 
bearing cap slots, and valve cover pads, using Stellite tools: Cutting speed, 110 ft. per 
min.; feed, 10.5 in. per min.; depth of cut, 1/g in.; production, 13.6 pieces per hr.; pieces 
per grind, 200. 

2. Mill clutch housing on cylinder blocks, using cemented carbide tools: Cutting 
speed, 250 ft. per min.; feed, 12 1/2 in. per min.; depth of cut, 1/39 in.; production, 60 
pieces per hr.; pieces per grind, 6720. 

3. Finish-mill rear end of cylinder blocks, using cemented carbide tools: Cutting speed 
250 ft. per min.; feed, 16 in. per min.; depth of cut, 0.015 in.; production, 44 pieces per 
hr.; pieces per grind, 3168. 

4. Mill mounting pads of master cylinder body, using Stellite cutters: Cutting speed, 
140 ft. per min.; feed, 11 1/4 in. per min.; depth of cut, 1/gin.; production, 130 pieces 
per hr. 

5. Mill bosses on shock absorber body, using Stellite cutters: Cutting speed, 128 ft. per 
min.; feed, 25 in. per min.; depth of cut, 3/16 in. 

Table 14 gives data concerning the milling operations on a 12-cylinder automobile 
motor block. 

General Practice.—1l. Bottle mold halves; mill parting faces and tongue, using 
tungsten carbide and high-speed steel cutters: Material, cast iron; cutting speed, tungsten 
carbide cutters, 170 ft. per min.; high-speed steel cutters, 53 ft. per min.; feed rate, 
tungsten carbide cutters, 97/g in. per min.; high-speed steel cutters, 3 5/g in.; depth of 
cut, 1/16 in. 

2. Roller-spider; mill three cams using high-speed form cutter: Material, steel forging; 
cutting speed, 78 ft. per min.; feed variable, average, 5 1/2 in. per min.; depth of cut, 1/1 in.; 
time per piece, 1.22 min.; production, 42 pieces per hour. 

3. Transmission case; mill face, using high-speed steel cutters: Material, cast iron; 
cutting speed, 60 ft. per min.; feed, 5 in. per min.; production, 8 pieces per hr. 

4. Compressor cylinder; Material, S.A.E.1112 steel; high-speed steel slotting cutter: 
cutting speed, 64 ft. per min.; feed, 5 3/g in. per min.; depth of cut, 0.025 in.; production, 
229 pieces per hour. 

5. Master cylinder body; mill mounting pads, using Stellite face mill cutter: Material, 
east iron; cutting speed, 140 ft. per min.; table feed, 11 1/4 in. per min.; production, 130 
pieces per hour. 

6. Block plunger feed trip; mill slot and angle using a gang of high-speed steel cutters: 
Material, S.A.E. 1112 steel; cutting speed, 65 ft. per min.; feed rate, 2.4 in. per min.; 
depth of cut, 11/2 in.; production, 12 pieces per hr. 

7. Fork; mill inside and outside of fork; mill radius and end, form-mill other radius 
and end. Material, steel casting; 1st and 2nd operation: Use gang of four high-speed 
steel cutters; cutting speed, 55 ft. per min.; feed rate, 5 3/g in. per min.; depth of cut, 
1/g in. 8rd operation: Use high-speed steel form cutter; cutting speed, 50 ft. per min.; 
feed rate, 3 in. per min.; depth of cut, 1/g in.; production, 6 pieces per hr. 

8. Bracket; mill bottom and inside edges using high-speed steel face mill cutter and 
high-speed steel end mill: Material, cast iron; cutting speed, roughing, 80 ft. per min.; 
finishing, 120 ft. per min.; feed rate, roughing, 11 3/4 in. per min.; finishing, 9 1/4 in. per 
min.; depth of cut, 3/1g in.; production, 2 pieces per hr. 


4. MILLING MACHINES 


CLASSIFICATION AND USES.—The types and sizes of milling machines are num- 
erous and their designs merge into one another. It is, therefore, difficult to classify them. 
The following classification is based on general appearance or design. ; 

1. Knee and Column Type is so called because the spindle is fixed in the column or 
main body, and the platen or table is capable of adjustment longitudinally, transversely, 
and vertically. Machines of this type are of rather universal application and generally 
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are selected for that class of production milling which involves relatively small parts, 
manufactured in limited quantities, with frequent set-ups. They also are used in tool 
room work and in jobbing shops. 

These machines can be equipped with fixtures and multi-spindle attachments to permit 
their use as production units. Such procedure pays in many shops, where eertain jobs 
are manufactured in sufficient quantities to justify a knee and column type machine for 
high production, with the idea that it easily can be stripped of its high-production elements 
and put back on regular run of work. 

Knee and column machines are subdivided as follows: 


a. Plain Horizontal, with spindle located horizontally. 

b. Universal, equipped with a swiveling table, for the cutting of helical grooves. 

c. Vertical, with the spindle located vertically. 

d. Automatic, which combines the advantages of the bed type and the knee and 
column type millers. 


2. Hand Millers usually are small machines of the knee and column type, in which 
the feeding movement of the table is controlled’ by hand. They are used in the manu- 
facture of comparatively small quantities of light parts. Hand millers are subdivided 
as follows: a. Floor type. 6. Bench type. The latter are used for the machining 
operations of very light work. 

3. Fixed Bed Type machines are intended for use in the manufacture of parts in large 
quantities, and for this reason they are more rigidly built and simpler than the knee and 
column type millers. These machines are built on the plan of standard unit construction, 
which permits the make-up, from standard and complementary units, of a great variety 
of spindle combinations and feed cycles to meet the specific requirements of manufacture 
of a given product. See Figs. 15 to 22. 

Fixed bed machines often are called semi-automatic, because, with proper fixtures, 


Table 14.— Milling Operations Performed on Cylinder Blocks and Heads of a 
Twelve-cylinder Motor 


Cylinder Blocks 


Cut- F 
Pieces Cutters ting | Feed, ee com 
Operation per R.p.m.|Speed,| in. per|_,P® a 
Hour Diam ft, per] min. Tooth, moved, 
No Type ioe | Material vate in. in. 
> | Inserted-blade Tungsten 
Mill oil-pan face, 2d taco malls {6 ¥21 Carkide | 107 | 183 [19 [0.0089] 1/5 
Rlouorupearing! 316) 2) |. —_____.. —— ee ee 
F E ted-blade c /3 to 
caps (Fig. 15) a. andenell 63/4| J-Stellite | 64 | 113 | 10 — |0.0098) “7 
Rough-mill cylin- Inserted-blade Tungsten 3 
der head seats : face mills q Carbide ut 204 | 1238/4 /0.0058) 17g 
i ee OS eg ee es 
f nserted-blade ungs 1 
igen WV rsco mills, | > 72 | Carbide. | 1°> | 223° | 128/410:0802) -A/e 
Finish-mill cylin- Inserted-blade Tungsten 5/1e10.0064| 1 
der head seats = cutters : Carbide iy 2040} 4e/16\0-00 /32 
andmilltopand| 18 |——-/———————— ae 
water-jacket pad 2 Inserted-blade 4 Tungsten 189 199 | 145/y60.0076| 1/g 
(Fig. 17) cutters Carbide 
Mill cylinder block Inserted-blade 7 it 31 146 7 0.0057| 1/ 
ends (Fig. 18) 13 me face mills 18 J-Stellite 8 
Straddle-mill main a 
bearing’ sides! 52 | 6|Halside-mills| 6 |Peheveed 49 | 77| 5 |0.0085| 17g 


steel 


(Fig. 19) 
Cylinder Heads 


Mill cylinder head Inserted-blade Tungsten 3/ 
bottom (Fig. 20) 24 ha face mill 7 Carbide 82 
Mill manifold, Inserted-blade 41 Stellite Vg 
valve cover face 14 a shell end-mill /2 
and hold-down Inserted-blade ’ V/ 
bosses (Fig. 21) hae pao y(n 0 Stellite 8 
2 Solid shell end-' 4 Stellite 1/g 
Mill ends and seal ay ee mills 


High-speed 


pad (Fig. 22) 
steel 


1 | Shell end-mill} 21/4 
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the work may be clamped and the machine started through a definite automatic cycle, 
such as rapid advance of work to cutter, cutting feed, rapid return to the starting position, 
and stop. These machines are subdivided as follows: a. Plain (single spindle); 
b. Duplex; c. Multiple spindle; rail; bridge; special types. 

4. Rotary and Drum Type Millers are provided with fixtures and are used for mass 
production work in which the cutting is continuous, with no idle time. The parts are 
loaded on one side of the machine, pass first the roughing, and then the finishing cutters, 
and return to the loading position, where they are replaced. Drum type machines 
derive their name from the fact that the parts to be milled are mounted on a drum-like 
fixture which rotates continuously. 

5. Planetary Milling Machines are used to mill plain or formed internal surfaces. 
The cutter is inserted in the bore to be milled and, while rotating, is fed to depth radially, 
makes a single sweeping cut about the bore, and is withdrawn first radially, then axially. 

6. Thread Milling Machines are designed to cut threads and worms. In these 
operations milling cutters are used rather than single-point cutting tools. 

7. Die-sinking and Profiling Machines are designed to reproduce accurately forms 
and contours from a master by means of a tracer, contact with which maintains the master 
form throughout the operation, thus controlling the relative position of work and cutter. 
These machines are subdivided into: 

a. Hand controlled, in which the tracer is guided by hand over the master form. 

b. Automatic, where the tracer, once the cycle is started, follows automatically the 
master form without requiring the assistance of the operator. 

MILLING MACHINE ATTACHMENTS.—The range of work that a milling machine 
ean do is greatly increased by the use of attachments. An almost endless variety of 
attachments has been devised for special requirements. Many of these attachments, 
however, have become standard equipment units of the milling machine. Among these 
the most important are the following: 1. Universal dividing head. 2. Index head. 
3. Heavy vertical milling attachment. 4. Circular milling attachment. 5. Universal 
spiral milling attachment. 6. Slotting attachment. 7. Rack milling attachment. 
8. Standard index base. 9, Cam milling attachment. 10. Toolmaker’s vise. 


DRILLS AND DRILLING* 


1. DRILLING PRACTICE 


CONSTANT FOR FINDING SPEEDS OF DRILLS. (See Table 1.)—For finding 
the speed in feet when the number of revolutions is given, or the number of revolutions, 
when the speed in feet is given. 

Constant = 12 + (size of drill X 3.1416). 
Number of revolutions = Constant X speed in feet. 
Speed in feet = Number of revolutions + constant. 


Table 1.—Constants for Drill Speeds 


Size of Size of Size of Con- Size of Size of 
Drill, in. Drill, in. | stant | Drill,in. | stant | Drill,in, | stant Drill, in. | stant 
1/3 1 3/g 2.78 2 5/g 1.45) 
3/16 17/16 2.66 2 11/16 1.42 
V4 1 Vo 2°55 23/4 og. 
5/16 1 9/16 2.44 2 18/16 1.36 
3/3 1 5/g 2.35 27/8 Uses) 
7/16 111/16 2.26 2 15/16 1.30 
1/2 13/4 2.18 3 eves 
9/16 1 18/46 Zia | 1,25 
5/g 17/8 2.04 122 
11/16 115/16 1.97 1.18 


DRILL SPEEDS.—The correct speed of drill will vary with the composition and hard- 
ness of the material, type of machine used, depth of hole, lubricant, and other conditions. 
The speed and feed to be used for any particular job is largely a matter of judgment and 
trial. The Cleveland Twist Drill Co. recommends the speeds given in Table 2 as a basis 


for good practice with high-speed steel drills. Speed of carbon steel drills should be from 
40 to 50% of the speed of high-speed steel drills. 


* Staff contribution. 
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While an occasional drill will withstand for days a cutting speed of 150 ft. per minute, 
in either cast iron or steel (the latter under a lubricant), it rarely is expedient to drive 
any but very small ones faster than 100 ft. per min. Operating drills at an excessive 
speed usually is expensive, and it is more economical to err in the other direction. Table 3 
gives the speeds and feeds recommended by the Cincinnati-Bickford Tool Co. as repre- 
sentative of good commercial drilling practice. The table is based on cutting speeds of 
100 ft. per min. in cast iron, 80 ft. per min. in medium steel, and 40 to 60 ft. per min. in 
unusually hard steel. 

DRILL FEEDS.—The rate at which a drill may be advanced per revolution depends 
on the toughness of the material to be drilled, the ability of the machine to resist thrust 
without forfeiture of alignment and upon the knowledge that is exercised in the grinding 
of the drill—the size of its included angle, the width of its chisel point, and the keenness 
and evenness of its cutting edges, all being deciding factors. Were it not for the weakening 
effect upon the drill it could be said that the stiffer the machine, the less the included 
angle, the narrower the chisel point, the smaller the degree of the spiral, the greater the 
uniformity of the cutting lips and the more efficacious the lubricant in minimizing the 
frictional resistance of the chips, the coarser becomes the feed it is permissible to use. 
But, inasmuch as the durability of the drill must not be impaired, the advantage obtain- 
able through the application of these axioms has its limitations. 

The size of the drill and the material drilled govern, in practice, the feed used. A 
general rule is a feed of 0.001 to 0.002 in. per revolution for drills smaller than 1/g in., 
0.002 to 0.004 in. per revolution for drills 1/g to 1/4 in., 0.004 to 0.007 in. per revolution for 
drills 1/4 to 1/2 in., 0.007 to 0.015 in. per revolution for drills 1/2 to 1 in., and 0.015 to 


Table 2.—Drill Speeds for Various Materials 


2 Speed, F Speed, 
Material ft. 8 min. Material ft. per min. 
Mild machinery steel, 0.2—0.3 carbon. 80=170) [fallesble iron: .3..'. oc oss acces wee 80-— 90 
e Steel 0. 4-0.5: carbon... se. ss ovine ss 70— 80 | Ordinary brass and bronze.......... 200-300 
"Fool ateel. U2: Carbon. «5. dese. sees 50— 60 | High tensile bronze..............-. 70-150 
MIGCCILOLOMILS. 5 crux. tsi crafty (cera 'e vee oot enotols DO. 60.1 Monell metals, << rye. are cre. ct5s0/alejeieiw stele «ls 40— 50 
PUL ALOE Ie cheeereNG one: s, ss./ete 6,6 eeleiece% 50—- 70 } Slate, marble and stone............. 15- 25 
Staintess ALES .o.51. ste bh sae o cure es 30— 40 | Aluminum and its alloys............ 200-300 
Bolt cast Ion... 4 .< scte sales sew C 100-150 | Magnesium and its alloys........... 250-400 
Hard chilled cast iron..........:.... 7O—-TOO MT Bakelite. oi ciciew.cle e's <00c%s) soa sua ieue!s 100-150 
AWG ore | ae st er ee SAL eens 300-400 
Table 3.—Drilling Feeds for Cast Iron and Steel 
(Cincinnati-Bickford Tool Co., Cincinnati) 
Cast Iron, Average Quality Medium Steel Unusually Tough Steel 
Drill Feed Feed Feed 
pase; R.p.m.| In. per In. per |R.p.m.| In. per In. per R.p.m. In. per In. per 
oi rev. min. rev. min. rev. min. 
3/76 | 2000 |0.004—.006 8-12 1600 |0.003—.008) 4 3/4-13 800—1000|0.002—.004}» 2-4 
1/4 | 1500 | .008-.012) 12-16 1200 | .006—-.012 7-14 600-900 | .004—-.008 3-6 
3/g | 1000 | .012-.020) 12-20 800 | .008-.012 6-9 400-600 | .006-. 008} 2 1/5-5 
1/2 750 | .015—.025} 11-19 600 | .010-.015 6-9 300-460 | .008-.010 2-4 1/2 
5/g 600 | .015—.025 9-15 500 | .010-.015 5-8 220-360 | .008-.010 2-3 I/g 
3/4 500 | .018—-.030 9-15 400 | .010—.020 4-7 200-300 | .010—.012)] 1 3/4-3 1/2 
7/8 440 | .018-.030 8-13 350 | .010—.020 3-7 180-260 | .010—.012) 1 3/4-3 1/4 
1 380 | .018-.930 7-11 300 | .010—.020 3-6 150-225 | .010—.015} 1 1/2-3 
1 1/g | 340 | .020—-.030 7-11 270 | .015—.020 4-5 1/q | 140-200 | .012—.020) 1 1/9-4 
1 1/4 300 | .020—.030 6-9 240 | .015—.020) 3 1/9-5 120-180 | .012—.020) 1 1/9-3 1/2 
1 3/g 275 | .020—.030)5 1/9-8 220 | .015—.020 3—4 1/q | 110-165 | .012—.020) 1 1/43 1/4 
1 Vo 250 | .020—.035 5-8 200 | .015—.020 3-4 100-150 | .012—.020) 1 1/4-3 
1 5/g 235 | .020—.035 5-8 185 | .015—.020) 2 38/4-3 3/4 95-140 | .012-.020 et 3/4 
1 3/4 220 | .020-.035/4 1/o-7 1/2] 170 | .015—.020} 2 1/9-3 1/2 90-130 | .012-.020 1-2 V2 
1 7/g 205 | .020-.035 4-7 160 | .015—.020) 2 1/2-3 80-120 | .012—.020 1-2 1/4 
2 190 | .020-.035 4-7 150 | .015—.020) 2 1/4-3 75-114 | .012—.020 ; 1-2 1/4 
2 1/8 180 | .025—.040)4 3/4-7 140 | .020—.030) 2 3/4-4 70-108 | .012—.020) 38/4-2 
2 I/4 170 | .025—.040)4 3/4-7 130 | .020—.030) 21/94 65-102 | .012-.020} 3/4-2 
2 3/8 165 | .025-.040 4-61/g| 120 | .020-.035| 21/2-4 60-95 .012—,020 ues ‘ 
2 Io 155 | .025-.050|3 3/4-7 1/o| 115 | .020—.035} 2 1/4-4 60-90 .012—.020 tar 24 
2 5/8 145 | .030-.050 4-71/g| 110 | .020—.035] 21/4-3 3/4 | 55-85 .012—.020 ae | 3/4 
2 3/4 140 | .030-.050/4 1/2-7 108 | .020—.035 2-3 3/4 55-80 .012-,020 ee va 
2 7/8 130 | .030—.050|3 3/4-6 1/4} 104 | .020—.035 2-3 V9 52-77 .012-. 020) oe v2 
3 125 | .030—.050)3 3/46 1/4} 100} .020-.035} 2-3 Vo 50-75 -012-.020| 3/4-1 1/9 
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0.025 in. per revolution for drills larger than 1 in. These figures apply to medium steel. 
Alloy steel and hard steel usually require lighter feeds than the foregoing while cast iron, 
brass and aluminum may be drilled with heavier feeds. See Table 3. ; 

DRILLING LUBRICANTS.—To obtain the maximum performance from drills oper- 
ating in any material except cast iron, a copious supply of cutting lubricant at the cutting 
edges isnecessary. Cast iron should be drilled dry, or witha Jet of compressed air directed 
into the hole to act as a cooling medium.* The following lubricants are recommended by 
the Cleveland Twist Drill Co. for cutting other materials, the preference being in the 
order given: : 

Hard and Refractory Steel—Turpentine, kerosene, and soluble oil. 

Soft Steel— Lard oil, soluble oil. 

Wrought Iron.—Lard oil, soluble oil. 

Malleable Iron.—Soluble oil. 

Brass.—Paraffin oil, or dry. 

Aluminum and Soft Alloys.—Kerosene, soluble oil. 

See also Boston and Oxford’s experiments on cutting fluids, p. 21-51. 

PROPORTIONS OF TWIST DRILLS.—Table 4 shows the dimensions of twist drills 
as given by standard B 5.0-1936 of the A.S.A. Fig. 1 illustrates nomenclature adopted 
by the A.S.A. in the same standard for twist drills. This standard covers only straight 
shank drills. The standards of various manufacturers differ in regard to taper shank 
drills. For dimensions of the various drill tapers in common use, see pp. 12-17 to 12-23. 
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Fie. 1. Standard Straight Shank Twist Drill 


For maximum efficiency it is essential that the point of the drill be properly ground. 
For iron and steel, experience indicates that a lip angle of 108 deg., 7.e., each lip making 
an angle of 59 deg. with the axis of the drill, gives the most efficient performance. The 
best lip clearance angle seems to be 12 deg. at the periphery of the drill, increasing gradu- 
ally as the center of the drill is approached. ‘The chisel-edge angle should be approxi- 
mately 135 deg. Insufficient lip clearance angle at the center of the drill is the principal 
cause of drills splitting in the web. It also is essential that the cutting edges be of equal 
length. 

TWIST DRILL AND STEEL WIRE GAGES.—Three standards of gages for twist 
drills and steel wire are in use—the Manufacturers’ Standard, used by the Morse Twist 
Drill Co., Brown & Sharpe, and other manufacturers, the Stubs gage, and that of the 
Standard Tool Co. The Stubs and Manufacturers’ gages are given in the table on page 
6-25. The Standard Tool Co. gage agrees with the Manufacturers’ gage for sizes from 
Nos. 1 to 60, inclusive, and with the Stubs gage for sizes from Nos. 61 to 80. In addition 
it has additional 1/2 sizes interpolated at Nos. 60 1/2, 68 1/2, 69 1/2, 71 1/2, 73 1/2, 74 1/9, 
78 1/9, and 79 1/9. 

DRILL GRINDING.—Improper performance of drills, drill breakage and excessive 
power required for drilling usually can be traced to improper grinding of the drill. Cor- 
rect grinding of drills by hand is almost impossible, and machine grinding will pay for 
het ain eee. See hs ea ie gir ae NS Se EE eee 


..* Boston and Oxford’s experiments indicate that a cutting fluid will improve performance in 
drilling cast iron. See p, 21-51. 
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itself even in the smallest of machine shops. It is essential not only that the lips be 
ground at the proper angle, but also that they be of equal length and that clearance should 
be properly ground. The web of the drill should be thinned down as the drill is worn 
away in order to provide the proper thickness of web and the correct angle and thickness 
of the chisel point. Drill grinding and point thinning machines are made by Wri. Sellers 
& Co., Philadelphia. 

POWER REQUIRED TO DRIVE DRILLS.—The Cincinnati-Bickford Tool Co. gives 
the following formulas for the horsepower required for drilling cast iron and steel with 
high-speed steel drills. In these formulas D = diam. of drill, in.; F = feed, in. per revo- 
lution; N = rev. per min. 

Cast iron beh es A OVA bo 6 6 eg a no (BU 
Mild steel Hips =. 0), 98:2 hi Ngee ese eee CANE. ee, eo 


These formulas are based on the use of properly-ground drills, and on the use of a 
soda-water coolant when drilling steel. Under other conditions the horsepower will 
considerably exceed the values given by the formulas. 

Table 5 gives the results of tests made by the American Tool Works Co., Cincinnati, 


Table 4.—Standard Sizes of Straight Shank Twist Drills 
A.S.A. Std, B5.0-1936. See Fig. 1 


Regular Series| Long Series Regular Series| Long Series 
3 Pre PBA ae ieee ee 
ze | ® So) jee le > |e |e |3 
ao 8 oO S a os oa AI : oo. Se, 
za [es Hid boa | os | 3. Pales|os] es 
ics ie = 3 = 3 lated Bie || ee || Eh 
Se Wot (eg) ade tad rate ifs Sel Wate Gigees 
0.0156 | 7/g 37/g | 25/g | 61/g | 33/4 
0180 15/16 SH ||| RUA Gmerer rol laa oa 
0200 | I 4 OPA ratte chaise arate 
0225 | 11/g 4l/g | 31/g | 61/2 | 45/16 
0240 | 1 3/16 A hot eB Wi oimilie terere ell'aars austo 
0260 | 1 5/16 z 2U/16 El 5/8 4 AT on [PSA ee ote evs siete 
0280 | 1 5/16 y 2 11/16} 1 5/g Z Ao \eS' AY Gian | Rane, «tel lee castete 
-0295 | 1 3/8 - 23/4 | 15/8 2 41/2 | 31/g | 61/2 | 45/16 
.0312 | 1 I/2 23/4 | 15/g : fe LEED T/.gom cl aseastece Weueeree te 
0330 | 11/2 F 3 13/4 A eel 2) Ri All tetssste ol ioavciaete 
-0350 | 11/2 d 2 18/36} 1 3/4 ; 43/4 | 33/g | 63/4 | 41/2 
0370 | 11/2 UV. |W EXCH ERS IE Dek eal 4 oe 
.0390 | 1 1/: * 2 13/46 ‘ Aro Amal 3) S/R ile neta cre tls reveiore 
.0410 | I oh 5 2 13/16 5 43/4 33/g | 63/4 | 41/2 
0430 | 111/16 : 2 13/16 ; Ge NOS Ib sdcodlbaeane 
0453 | 111/16 é 31/g i Cee) AER oats oll Sapper 
.0469 | 1 ah ° 2 15/16 5 35/g |7 411/16 
0492 | 111/16 : a ARR IRR ITSES 
0512 | 13 Soa |lSre.ayete ni areroh ove: s 
0331 | 13/4 SEE 3 bea) wail adil 
0550 | 1 13/16 : ae bs cddel goo 
0571 | 1:18 Sees aliecieee 
.0591 | 1 we : 3 5/16 | 21/8 . 5/4 |37/g | 71/4 | 415/16 
.0610 | 1 18/16 33/g | 21/8 Bye “|| BUGS oor Geel lo cod 
0615 | 21 ; 3 5/16 | 21/3 ; Bile PENG IAT |e ete abeell Reset 
.0629 | I eae 2 33/g | 21/8 5 51/4 | 37/3 | 71/4 | 415/16 
0650 | 1 13/36 37/16 | 21/4 a Dist A We aad Bales ated cirou|iedevelevane 
.0670 | 115/16 A 31M/g | 21/4 : 55/g | 41/g | 75/8 | 51/8 
0700 | 1 15/16 i 31g | 21/4 2 6 SOY || CERN om ceullss se 
.0730 | 2 . 3 9/16 | 21/4 : 55/g | 41/g | 75/g | 51/8 
1 35, 23/3 cS PROS A RU ie Ieee i oir 6 
s78t Th ; 3 the 23/g 55/g | 41/g |75/g | 51/g 
“0810 | 21/s , 3 11/36| 23/g ; 55/g | 41/3 | 75/3 | 51/g 
0827 | 23/16 P 3 5/g : 61/g | 47/16; 81/g | 57/16 
“0860 | 23/16 z 37/8 6'/g | 47/16 | 8Vs | 57/16 
“03890 | 21/4 : 3 15/16 : 61/g | 47/16 | 81/g | 57/16 
33 / : 61/g | 47/16 | 8/8 | 57/16 
0906 | 21/4 : /4 el ee 
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Table 5.—Power Required to Drive Drills 


American Tool Works Co., Cincinnati 


A Cutting | Feed Pene- Cutting | Feed Pene- 
Drill Speed, per tration | Horse- Speed, per tration Horse- 
Diam.,| R.p.m. | ft, per | Rev., | per Min-| power R.p.m.! ft per | Rev., | per Min-| power 
ae min. in. ute, in. min. in, ute, in. 
Drilling Cast Iron Drilling Cast Steel 

3/4 550 108 0.016 8.800 | 101/2 380 75 0.029 11.020 | 121/9 

3/4 550 108 .022 12.100 | 11 1/2 380 75 .022 8.360 | 11 

8/4 550 108 .029 15.950 | 121/2 380 75 .016 6.080 7 

3/4 550 108 .040 22.000 V3 Wirt ceus,«|'b.00 No eretall avers) o <.ots 0) leap renege eee 
1 550 144 .022 12.100 |} 11 1/2 280 73 .022 6.160 81/9 
1 550 144 .029 15.950 | 121/2 280 73 .029 8.120 | 12 
1 550 144 .040 C2 O00, he Lg. Neccder sien lia ct note &-gashatsue st bavesel beers «ees eee 
11/4 380 125 .022 7.600 91/2 240 79 .022 5.280 | 10 1/2 
11/4 380 125 .029 11.020 | 10 1/2 240 79 .029 6.960 | 121/2 
11/4 380 125 .040 15.200 | 13 240 79 .040 9.600 | 1811/2 
11/2 280 110 022 6.160 8 1/g 192 75: .022 4.224 | 14 
11/9 280 110 .029 8.120 | 10 192 75 .029 5.568 | 171/g 
11/2 280 110 .040 11.200 | 121/2 192 75 .040 7.680 | 23 
2 240 125 022 5.280 | 10 133 70 .022 2.926 | 101/9 
2 240 125 .029 6.960 | 11 1/2 133 70 .629 3.857 | 14 
2 240 125 .040 9.600 | 14 133 70 .040 5.320 | 181/> 
21/9 227 148 022 4.994 | 16 116 76 .022 2.552 | 141/g 
21/2 227 148 029 6.583 | 18/9 116 76 ,029 3.364 | 20 
21/2 227 148 .040 9.080 | 22 116 76 .040 4.640 | 28 
3 158 124 .022 3.476 | 14 99 78 .016 1.584 | 151/g 
3 158 124 .029 4.582 | 16 99 78 .022 2.178 | 21 
3 158 124 .040 6.320 | 20 99 78 .029 2.8%dao27 


on drilling cast iron and steel, using a plain radial drill with a 6-ft. arm. The American 
Tool Works Co. comments on these tests as follows: 


The tabulated cutting speeds for cast iron are in most instances somewhat higher than would 
be recommended for present day high-speed steel drills. In most cases, especially when drilling 
through scale, the use of cutting speeds above 100 ft. to 110 ft. per min. are excessive, and necessi- 
tate frequent regrinding of the drill. However, when drilling finished surfaces in the better grades 
of iron, cutting speeds up to 150 ft. per min. often are practicable. 

For drilling the average run of commercial cast steel, we have found that cutting speeds in excess 
of 80 ft. per min. quickly dull the cutting edge of the tool, especially if the material has hard spots. 
For this class of material, cutting speeds for 70 ft. to 80 ft. per min. will cover average conditions. 


2. EXPERIMENTS ON DRILLING 


FORCES ACTING ON TWIST DRILLS.—An extensive series of experiments on the 
forces acting on twist drills of high-speed steel when operating on cast iron and steel is 
reported by Dempster Smith and A. Poliakoff, in Proc. Inst. M. E., 1909. Abstracted in 


Am. Mach., May, 1909. Approximate equations derived from the first set of experiments 
are as follows: 


Torque, lb.-ft., T = (1800 ¢ + 9)d? for medium cast iron 2 Lae Mite eel 
2’ = (8200 t 4; 20)d?) for meadiom steal’ 4» snyes a cece [4] 
End thrust, lb. P = 115,000 t — 200 for medium cast iron ~ Pach) wie) eeol 
P = 160,000 (d — 0.5)t — 1000 for medium steel . . . . . [6] 


d = diam., t = feed per revolution of drill, both in inches. The steel was of medium 
hardness, 0.29 C, 0.625 Mn. 


_ Asecond series of experiments with soft cast iron of combined C., 0.2: graphitic C., 2.9; 
Si, 1.41; Mn, 0.68; 8, 0.035; P, 1.48, and medium steel of C, 0.31; Si, 0.07; Mn, 0.50; 
8, 0.018; P, 0.033; tensile strength, 72,600 lb. per sq. in., gave results from which were 
derived the following approximate equations: 

Torque, lb.-ft., 7’ = 740 d':8¢°7, or 10 d? + 100 (14 d? + 3) for castiron . . . [7] 
T = 1640 d!-8¢ °-7, or 28 d2(1 + 100 2) for medium steel Let wes 
End thrust, Ib., P = 35,500 d®-7 ¢°-75, or 200d + 10,000 ¢forcastiron. . . eo ke) 
P = 35,500 d-7¢ 8, or 750 d + 1000 t(75 d + 50) for medium steel, [10] 
and for different sizes of drill the equations given in Table 6. 
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The tests were made without lubricants. When lubricants were used in drilling steel 
the average torque varied from 72%, with 1/490 in. feed, to 92%, with 1/35 in. feed, of that 
obtained when operating dry. The thrust for soft, medium and hard steel is 26%, 37% 
and 12%, respectively, less than when operating dry, no marked difference being found, 
as in the torque, with different feeds. The horsepower varies as 1°? and as d9-8 for a given 
drill and speed. The torque and horsepower when drilling medium steel is about 2.1 
times that required for cast iron with the same drill speed and feed. The horsepower per 
cu. in. of metal removed is inversely proportional to d°-? 19-8, and is independent of the 
revolutions. 

While the chisel point of the drill scarcely affects the torque it is accountable for 
about 20% of the thrust. Tests made with a preliminary hole drilled before the main 
drill was used to enlarge the hole showed that the work required to drill a hole where 
only one drill is used is greater than that required to drill the hole in two operations, with 
drills of different diameter. 


Table 6.—Equations for Various Sizes of Drill 


dere oh ein Ue 1) te 


eee a ate EE pl aaa ae er teres Leena ed OE ES Ps ee 
Drill 3/4 i 11/o 

Cast iron T Seo GatOG ae oct 5+ 1,100¢ 10-91. 750'¢ Zo 3, 7007 

WaSeILOH E =. Fens cst gv ences 125+ 82,000¢ 200 + 89,000¢ 350 + 103,000¢ 

eee ere cicraie eerste se Sm, cfs See ia=- -3,350t 17.5+ 4,400¢ 40+ 9,000¢ 

UCU, S sce ei Ryan Ieee: 550 + 109,000¢ 750 + 131,000¢ 1,250 + 162,000 ¢ 
Drill 2 21/9 3 

MDRBG NORE ee coins clave ee axe 40+ 5,900¢ 60+ 8,800¢ 90+ 12,900¢ 

SBUITONUP =). <M cece misiea eels 500 + 110,000¢ 600 + 126,000 ¢ 850 + 140,000¢ 

PROG Da wre sciors: oe tera ie erere: aewe-9 75+ 12,500¢ 112.5 + 19,050% 175+ 26,250¢ 

(VG 4 eS Boeeeccoto Oe aa anertS 1,500 + 181,250t 1,725 + 224,375¢ 2,350 + 280,000¢ 


TORQUE AND THRUST IN RELATION TO CUTTING FLUID.—A research to 
determine the performance of cutting fluids in drilling is reported by O. W. Boston and 
C. J. Oxford in Trans. A.S.M.E., RP 55-1, 1933 and RP 58-2, 1936. The former relates to 
drills ranging from 1/9 in. to 1 1/2 in. diameter, and the latter drills from 1/g in. to 1/9 in. 
diameter. The materials on which the research was made were as follows: Chilled cast 
aluminum alloy S.A.E. 33, Brinell hardness No. 70; leaded free-cutting brass, extruded 
and drawn, of analysis Cu, 61.75, Zn, 35.0, Pb, 3.21, Fe, 0.04, Brinell hardness No. 179; 
cast iron containing 3.44 C, 2.62 Si, 0.986 Ni, and 0.478 Mn, Brinell hardness No. 179; 
malleable cast iron containing 2.46 C, 0.26 Mn, 0.163 P, 0.071 S, and 1.00 Si, Brinell 
hardness No. 137; S.A.E. 3150 steel, annealed, Brinell hardness No. 196; 8.A.E. 1020 steel, 
annealed, Brinell hardness No. 131; S.A.E. 1035 steel, annealed, Brinell hardness No. 156; 
carbon tool steel, annealed, Brinell hardness No. 152; S.A.E. 1112 steel, cold drawn, 
Brinell hardness No. 217; The characteristics of the cutting fluids are given in Table 7. 

The characteristics of the drills used in the first series of tests are given in Table 8. 
The smaller drills, from 1/g to 1/2 in. diameter, all had helix angles of 30 deg. and ratios of 
web thickness to diameter of 0.185. Point angle was 120 deg., peripheral-edge angle, 
130 deg., and clearance angle at periphery was 6 deg. 

Torque and Thrust Formulas.—The experiments indicated that the torque required 
for drilling all metals could be expressed by an equation of the form 


nO OTane Woeae, ewer t a) .< se ef lL] 


where T = torque developed by drill, ft.-Ib.; f = feed of drill, in. per revolution; d = diam. 
of drill, in.; C = a constant depending on material drilled, cutting fluid and the drills. 
The values of the exponents m and n vary with the material cut and are given in Table 9. 
Values of C are given in Table 10. 

The research established that the values of exponents m and n were identical for all of 
the steels investigated, and the torque equation for steels, therefore, becomes 


Fey pid eens else tie) ks et EE 


The thrust equation takes two forms depending on the material drilled. For alu- 
minum and brass it takes the form 
i= ieee, een es AP eel 
For steel and iron it takes the form 


Bee KPe (GiB sWiedcc «5 6 «ote oo (14 


K = a constant corresponding to C in the torque equation; w = web 
Values of K are given in Table 10. 


B = thrust, lb. : ) 
thickness, in. Values of p and r are given in Table 9. 
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Table 7.Properties of Cutting Fluids Used in Tests 


Viscosity A.P.LF I 
Percent Compounding at deg. F. Gravity| cific 
No. Composition by Analysis at 60 | Gray- 


130° | 210° | deg. F. | ity t 


Dry OUthime iy eeicsicielsic|), slerelelerst dl) Pos aialnieinedaicten || /axerelmi|ieyeraaczsitet=\evotm | sisisiefoles<)| alae karens 
11/2% by weight of 
borax im water......] ~...«e- Hel Guu) o7o) ¢:> 0 a BI@GraG) qscrie! ocoiiny Pdiaciciad promos 

1 part soluble oil and : 
50 parts water......] -«-.e+s 2.3 soluble oil 

1 part soluble oil and : 
10 parts water...6:0|  scecae 8.37 soluble oil 
(Nomulilard [oil Scorn c-ctoretl ieeials ose! 12.23-13.6 F.F.A.* 
86.4 fat 
shale eatematers 69) | 40512355 uous, 
IWerxecet Ad wT sree etermspesils 104 | 45.5] 23.0 .9159 


eres ee 


errs ae es 


WT Bese 23.7, 0. 9iUti2, 


Light mineral oil...... 
Heavy mineral oil..... 
10% No. 1 lard oil in 

Pn ctiarcae Paraffin 


onan uw 


10.12 lard oil 67 | 41 29.4 | .8794 


o 


Paraffin 4.9 oleic acid 65 |40.5|] 29.2 . 8805 


Sulphurized mineral oil | Asphaltic 4.38 sulphur 67 | 40 21.6 . 9242 
Sulphurized lard oil re ane 
ith 5 ti i 1 : .F.A.* sulphur- 
SHIRE SGP as BO ized 25.4 | .9108 


13.94 fat sulpburized 
* FFA, = free fatty acids. + American Petroleum Institute. { National Petroleum Association. 


Table 8.—Characteristics of Drills Used in Tests 


Drill Web Point ons Clearance atl Actual Feed,* 
Diam., | Thickness, Angle, Angle Periphery, r.p.m. per min. ae 
in. in. deg. deal z deg. 
/g 0.081 121 129 5-20 449 58.8 0.009 
3/4 . 104 121 134 2 300 59.0 012 
1 141 121 136 5 231 60.5 013 
. 180 121 138 Eye | 


213 121 138 59.4 


* Feeds used for drilling aluminum and free cutting brass were double these values, in order to 
obtain torque and thrust values large enough to measure without appreciable error. 


Table 9.—Values of Exponents in Torque and Thrust Formulas for Drills 1/9 to 1 1/s in. 


Al Alloy Leaded Cast Malleable 
Exponent S.A.B, 33 Brass Iron Cast Iron All Steels 
ATV ahairelaters BIS Tare) ots fae 0.83 0.73 0.60 0.66 0.78 
| CRAIG SAM ORT ed 1.9 le? | ey f 1.8 hes 
Wii ake skater ene. traces sas Gl 0.6 0.73 0.75 0.87 
econ tNFee ae Niey Se bee 1.0 ie?! Lae ZAZ 


Table 10.—Values of Constants in Torque and Thrust Formulas 


; Guns Cutting Fluids (See Table 7.) 
Material slant 1 2 3 4 5 6 7 8 9 10 i 
Aluminum Alloy Cc 646] 601; 589} 5531 4821 471/471; +4431 +~«453/+~«=C«495| «463 
8.A.B. 33 K _ | 75,030| 56,910] 53,230] 51,070] 45,970| 51,400] 49,270] 44,380] 45,300] 47,000| 45,270 
C 418} 418] 418} 418} 418/ 418! 418] 418) 418| 418] 418 
Leaded Brass K | 6938| 6636] 6850| 6636] 6636} 6400 + 6850| 6636| 64001 66361 6530 
Cities C 370} 340; 334] 344! 336] 334! 334/324) 306/314] 330 
K__ | 160,000} 146,500] 150,000] 148,000] 153,000| 143,000] 161,000] 144,000] 143,000| 154,000] 158,000 
f C 544) 544 5441 5441 485] +485! +485] —«485| ~—«485| ~«485| ~—=«485 
Malleable Cast I 3 

stab’ ©2S) 808 | _K__|152,000|152,000| 152,000| 152,000| 129,700] 129,700] 129,700| 129,700! 129,700| 129,700 129,700 
Steel, SAB. 3150 | © 2215] 1937] 1995] 2025] 2100| 2124/ 2068/2164 22941 1696) 1779 
‘ K__|912,500/760,500|780,200|773,000|864,700|796,000|810,200|892,200|927,000|673,200|683,000 
Steel, S.A.B. 1020 C | 2186) 1815} 1786} 1758] 1623} 1711] 1670] 1645 1707} 1457| 1457 
_ | _|__K__}906,000|772,000|785,000|785,000|71 1,000|751,000|738,000|738,000|751,000|651,000/651,000 
Steel, S.A. 1035 C 1843} 1622} 1622 1582) 1498] 1560] 1560| 1536} 1536! 1363/1363 
K__|795,000|725,000|702,000|711,000|629,000|651,000|651,000|641,000663,000/651,000|641,000 
Steel, Carbon Tool, | @ 2089} 1848] 1918} 1864/ 1840} 1984] 1938! 19531 1937) 16491 1715 
Annealed K___|933,000}9011,000/927,000|921,000|962,000|942,000|927,000|965,000|902,000|759,000|758,000 
Sted, SAE. 2 | 1222} 1309} 1222} 1222) 12221 1222/ 1222! 1222| 1222| 1162) 1139 
K___|624,000|613,000'580,300|604,700|613,0001613,000!624,0001613,0001613,0001613,000|613,000 


$$$ nod 000"5 80,3001 604,700) 613 000/613, 0001624,009/613,0001613,000/613,000/613,000 
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The research established that the values of exponents p and r were identical for all 

of the steels investigated, and the thrust equation for steels, therefore, becomes 
Bas IPB (d/ 5) inf ay pet2) 1, oe ke {15] 

Tests on Small Drills.—The tests on small drills showed that the torque equation for 
all steels was the same as for large drills, that is, it is identical with the equation [12]. 
The torque equation for other materials with small drills is identical in form with equation 
[11], but the value of exponents m and n vary as follows: 

Al Alloy S.A.E. 33 Leaded Brass Cast Iron Malleable Cast Iron 

m = 0.838 0.838 0.69 0.78 
n= 1.9 1.9 Led 1.8 

The equation for thrust, with small drills, is of the same form as equation [13], the 
exponent r in all cases being 1, with the exception of aluminum alloy, in which case r = 1.2. 
The value of the exponent p for all of the steels is 0.87. Its value for the other materials 
is as follows: 

Al Alloy, S.A.E. 33 Leaded Brass, Cast Iron Malleable Cast Iron 
p= 1.0 0.6 0.73 0.75 


Values for constants C and K in the torque and thrust equations are as follows: 


Al Alloy Leaded Cast Mall. Steel —————— 
S.A.E. Brass Tron Cast DA. S:A. BE: -S:AGE. Carbon S.A.E. 

33 Tron 3150 1020 1035 Tool ine. 
G= 556 512 347 689 1,500 1,740 1,300 1,842 1,000 
K = 90,400 6160 25,800 24,400 104,300 96,000 133,100 108,500 74,100 


The effect of thinning the point of drills was to materially decrease the thrust. Values 
of thrust may be lowered as much as 50% by point thinning. Both torque and thrust 
decrease with an increase of helix angle, both being reduced a total of 26% as helix angle 
is increased from 21° 26’ to 40° 23’. This probably is due to relatively easier escape of 
chips from the flutes. However, the life of the drill with the largest helix angle is consid- 
erably below the life with the smaller helix angle. The influence of web thickness on 
torque and thrust is negligible with feeds up to 0.004 in. For heavier feeds, torque 
increases rapidly, probably because of the decreased cross-sectional areas of the flutes, 
causing increased frictional resistance to the flow of chips. Experiments with drills 1 in. 
diameter, however, show constant torque for drills with different web thicknesses. 

Effect of Cutting Fluids.—The research showed that savings were possible with cutting 
fluids, as compared with dry drilling. Taking the net power output for drilling dry, as 
100%, savings were shown as follows: Aluminum alloy 8.A.E. 33, 90% mineral oil and 10% 
lard oil, 31.7%; leaded brass, none; cast iron, mineral oil, with 5% oleic acid, 17.2%; 
malleable cast iron, lard, mineral, compounded or sulphurized oil, 10.5%; S.A.E. 3150 
steel, sulphurized mineral oil, 23.0%; S.A.E. 1020 steel, sulphurized oil, 33.3%; S.A.E. 
1035 steel, sulphurized lard-mineral oil, 26.0%; carbon tool steel, sulphurized mineral oil, 


~ 21%; 8.A.E. 1112 steel, sulphurized lard-mineral oil, 6.8%. 


Discussing the paper, Alvan Davis, Trans. A.S.M.E. RP 55-1, p. 25, 1933, stated that 
there is no gain in using cutting fluid with free-cutting brass at the speeds used in the 
Boston-Oxford experiments. However, in automatic machine operations, speeds of 
about five times those reported in the paper are used, and a copious supply of light par- 
affin oil is necessary to prevent the drills from burning up. 


PRESSURE WORKING OF METALS 


By H. B. Morse 


1. PLASTIC PROPERTIES OF METAL 


THE PLASTIC WORKING of metal requires the use of powerful machines to change 
the shape, contour or cross-section of the initial shape by force as compared with change 
of shape by the whittling operations of machine tools. The theory involved applies not 
only to mechanical and hydraulic press operations but also to hammer work, rolling opera- 
tions, bench and wire drawing, spinning and shearing. f 

HOT AND COLD OPERATIONS are to be found under almost all of these headings. 
The obvious distinction is whether the metal is to be heated preparatory to working or 
whether it is to be worked at room temperature. Another worth-while distinction is the 


relation of working tempera- 
Modulus of 


Equivalent % Elongation Strain Hardening, ture to the recrystallization 
RR A a at oh ~ a ication temperature, or range of tem- 
40,000 peratures. 
38,000 45 Aluminum Above the Recrystalliza- 
4 tion Range the metal move- 
35,000 ment seems to be largely 
; REY fix inter-crystalline. Any (trans- 
crystalline) slip-plane distor- 
30,000 XH tion through the crystal is 
| 7a 
2 28,750*3S_Aluminum corrected at once by what 
= has been termed spontaneous 
48 16H 2 
25,000 fi he ee annealing, and the crystal 
re uh ‘A eg structure is unstrained upon 
5 of 74 7 | Note: Dots show completion of the operation. 
® 90.000 H/ Soups pe At elevated temperatures the 
see 07H / O-Soft Temper amount of work performed 
fc] = —Sf--F #7 34 H- Quarter Hard on the metal is practically 
15,000 H ' 34H-Halt Hard ts unlimited except by the ca- 
gn A, eet opp pacity of the part to “hold 
fart H-Hard . 
0 Sees the heat.” Working loads 
10,000 ie au increase with speed of work- 
6 v/ ing in the lower speed ranges, 
ra but most production opera- 
5,000 tions seem to be above this 
Y, / perry range and are affected very 
7 elongation) ony hard 2g ‘little by changes of speed. It 
0 should be noted that tin and 
0 2%" “40° 60 75 100 


lead are above their recrystal- 
lization range at normal room 
temperatures and work at 
such temperatures in the same 
way that steel and brass work at elevated temperatures. Zinc is in its hot working 
range at about 300° F. 

COLD WORKING of metals (below their recrystallization temperatures) causes 
cumulative strain-hardening with a progressively increasing yield point, due to slip-plane 
movements to the individual erystal. After severe strain-hardening in one or a series 
of operations the metal must be annealed to restore an unstrained crystal structure before 
further cold working can be undertaken. 

ANNEALING requires sufficient temperature to enable the atoms of the distorted 
structure to gain sufficient kinetic energy to rotate themselves into their normal space lat- 
tice relation, in the formation of new and unstrained crystals. This is recrystallization, and 
occurs at somewhat lower temperatures in the more severely worked metals. The new 
small crystals (or grains) increase in size with increasing temperature or continued applica- 
tion of heat until they reach the desired size. Plasticity improves and yield point be- 
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% Reduction (in diam., area, or thickness) 


Fia. 1. Plastic Range Chart for Four Grades of Aluminum at 
Room Temperature 
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comes lower as grain size increases, but excessive grain size results in dangerous non- 
uniformity. In annealing low carbon steels (0.02 C-0.12 C) it is necessary to heat 
quickly to a point above the germination temperature. Germination is an excessive and 
sudden grain growth occurring at suitable combinations of strain and temperature. A 
non-uniformly strained stamping is likely to include some local area of favorable strain, 
and if germination occurs the local large grains will result in an area of weakness, 

THE PLASTIC RANGE (Sce 
Figs. 1 and 2) for the cold working of 


metals lies between the mitial yield ieee 


200,000 


point in the commercially annealed 190,000 190,000 
state, usually designated as soft tem- 180,000 
. 7 
per, and the severely strain-hardened 
state in which all conveniently ori- — 170,000 


ented slip-planes have been used up 160,000 
so that internal fractures are likely. 
THE PLASTIC CYCLE includes 
strain-hardening by cold working and __. 40,000 
then restoration to the unstrained = 130,000 
state by annealing. This cycle may 
be repeated many times in fabricating & 
the common metals. 110,000 
THE APPLICATION OF STRAIN- 
HARDENING THEORY, Fig. 1, per- 
mits: Adding the effect of a series of 
cold-working operations; judging the, 
need for annealing; finding the yield 
point or resistance developed in an 
operation, for figuring equipment re- 60,000 


150,000 


Modulus of Strain-hardening, Ib. per sq. in. 


Actual Unit Stress, 
3 
Se 
Ss 


is arranged with arrows to show the 

method of using the chart. The plastic : 
range for each metal is indicated by a 30,000 
heavy line and the standard aluminum 
tempers (listed beside Fig. 1) are ip- 
dicated in order by dots. There is 10,000 


20,000 


still a shortage of consistent test data 0 

relative to the plastic range proper- 0 25 50 75 100 
ties of metals, but the selection of ee ee 
tentative values given in Table 1 and Fia. 2. Strain-Hardening Curves 


Figs. 1 and 2, has been made with 
considerable care. 


ExampteE 1.—A reduction of 40% is to be made on 2S Aluminum 1/4, H. On Fig. 1, first draw 
a line from the modulus of elasticity of 25 Aluminum (24,500), to 40% on the base line. Then draw a 
line horizontally from the initial state (1/4 H) across toline 1. Then draw a line vertically upward to a 
point representing completion of the work on the plastic curve. A horizontal line drawn from this point 
back to the unit stress line shows about 16,500 lb. per sq. in. yield point reduction. 

Exampip 2.—Determine the cumulative strain-hardening effect of a series of operations on copper, 
and check approximately whether or not an annealing operation is required. It is assumed that copper 
is received in the soft temper or commertially annealed state and that the operations to be performed, 
involve successive reductions of 40, 30 and 50%. (See Fig. 2.) The construction lines are numbered 
in order, and indicate successive yield points as follows: Before the first operation, about 25,000 Ib. 
per sq. in.; after the first operation, about 42,000 Ib. per sq. in.; after the second operation, about 51,0! )9 
Ib. per sq. in.; after the third operation, about 62,000 lb. per sq. in. The final point is still within the 
plastic range of the material so that an annealing operation has not yet been required, It is obvious 
however that the material is now severely strain-hardened and must be annealed before any further 
working is possible. 


2. EQUIPMENT 


METAL WORKING EQUIPMENT is most easily discussed by comparing several 
groups according to their structural characteristics rather than their applications. This 
particularly is true because applications often overlap. ; | 

THE HAMMER GROUP (See also pp. 19-03 to 19-22) is the oldest, tracing directly to 
the swinging sledge in the hands of the early blacksmith. In each case the principle is essen- 
tially the same; the job absorbs at each blow the whole energy of the hammer head. One, 
several, or many blows may be required to complete the part. As most types of hammers 
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employ a gravity fall, the energy delivered to do work at each stroke is the product of the 
weight of the hammer head multiplied by the distance through which it falls. In some 
cases the velocity of the head is increased mechanically and its energy must be derived 
from its weight and its velocity as it reaches the work. 

Helve Hammers, Steam Hammers and Air Hammers may fall in either of the above 
classes. They usually are used for simple forging and taper drawing operations with 
plain-faced hammer heads and anvils. 

_ Board-lift Drop Hammers are still widely used for forging operations which require 
dies with several developed shapes in them to preform and finish-form the required part. 
The hammer usually is rated by the weight of the head in pounds. 

Belt-lift Hammers and Rope-lift Hammers usually are used for single die work. The 
belt-lift hammers developed for the jewelry trade, had a belt attached to the slide and 
carried up over a constantly revolving drum. Pulling on this belt gave it enough traction 
on the pulley to lift the slide. The rope-lift drop hammers followed a similar principle 
except that the head was very heavy and large in area and was lifted by double ropes 
wrapped two or three times around the drum for better lifting traction when tightened. 

ROTARY SWAGING MACHINES for tapering, pointing and reducing tubes and rods, 
resemble helve hammers in accomplishing their results by many quick blows. The blows 
are delivered, however, by a group of cam-actuated rolls revolving around the work. 

PERCUSSION PRESSES, or power screw presses, are an intermediate development 
between the drop-hammer and power-press. The slide is driven up and down by a large 
steep-pitch screw, traveling up through a fixed nut in the frame to a light fly-wheel on top. 
Friction contact of the fly-wheel rim with a constantly revolving disc on one side drives the 
slide down at increasing velocity until the die comes in contact with the work and all the 
energy of the fly-wheel is absorbed. Then another revolving disc makes contact with the 
other edge of the wheel and lifts the slide. Foot treadle control, similar to that of a drop 
hammer, is used. 

HYDRAULIC PRESSES come after hammers in development, but occupy a rather 


_ different field. Essentially slow-moving machines, due to fluid friction and inertia of long 


columns of liquid and of accumulators, they were limited to hot-forming operations on 
parts heavy enough to hold heat over a considerable time, and to cold operations on 
limited production. Subsequent developments have increased their speed materially at 
the expense of some complication by introducing variable-delivery motorized pumps, 
gravity fill systems and foot valve controls. Fast-acting hydraulic presses are adapted to 
some production metal-working operations, both hot and cold, particularly where it is 
important to limit the working loads. The operations include particularly heavy forging, 
hot extrusion of shells and shapes, heavy bending and cold flattening. 

MECHANICAL POWER PRESSES and such modifications as headers, upsetting 
machines, bulldozers, bending brakes and (boiler) punches, comprise essentially: A sub- 
stantial frame, a reciprocating slide with actuating crank-shaft, a clutch for control and a 
fly-wheel. This fly-wheel is the important distinction from previous types of machines, 


_ in that it permits large energy storage during the idle period of each cycle and practically 


instant delivery of the energy required during the brief working period. Many variations 
of press design are possible in size, shape and position of frame, type of clutch and use of 
gearing. Accessories include knockouts, blank-holding devices and other clamping 
means, and mechanical feeds of many types. 

PRESS POSITION is one of the most important design modifications. The upright 
position is the most common, with the slide descending vertically to perform the work. A 
considerable proportion of the smaller sizes are made inclinable, so that they may be used 
in the upright position or inclined as much as 30 or 40 deg. at will, to facilitate gravity 
discharge of the work. This same consideration is responsible for many specialized and 
single-purpose machines being inclined at greater angles (45, 60, 75 deg.) and an even larger 
group being mounted horizontally. The latter group includes nail machines, forging 
machines, special purpose headers, some redrawing presses, bulldozers, etc. 

OTHER DESIGN FEATURES.—Pressure may be delivered from crank- or eccentric- 
shafts to the work slides; through one central connection (as in single-crank presses), or 
through two connections (double-crank presses), or through four connections at the cor- 
ners of the slide. For extremely short strokes and high pressures, the crank-shaft is 
moved to one side and used to straighten a pair of knuckles or toggles to obtain high 
mechanical advantage. The energy-storing fly-wheel usually is mounted directly on the 
crank-shaft for relatively fast and easy jobs. Gearing is introduced between the fly-wheel 
and the crank-shaft, as the energy demand and stroke increase, to speed up the wheel and 
to keep down the tool operating speed. Single gear reductions, up to about 7 1/9: 1, 
sbtice on small and moderate size presses. The larger presses usually require double 
gearing. Twin driving gears at each end of the crank-shaft, to divide the torsional 
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driving strain, become advisable for extreme strokes (say 2 or 3 times the shaft diameter). 
Positive engagement clutches between the crank-shaft and driving wheel, are widely used 
on the smaller presses which may be turned over by hand for die setting purposes, with 
fair ease. Friction clutches on the back-shaft are preferred on large presses to facilitate 
die setting. $ ‘ 

DRAWING OPERATIONS in power presses require added motions for blank-holding 
purposes. The common single-action presses may be fitted for the easier drawing opera- 
tions by adding spring or rubber pressure attachments or by using pneumatic die cushions 
which give better results and are more convenient. For the more severe draws, shallow 
stretching, and for power economy, double-action presses are used. These have the 
crank-actuated drawing slide or plunger, and around it an outside slide which is forced 
down rigidly to hold the blank, by means of cams in the early models, and now by a 
system of toggle linkages. A further modification known as ‘“triple-action’’ equipment 
permits combined drawing and redrawing at one handling. 

SHEARS.—Squaring shears or ‘‘gate’”’ shears are essentially a single-purpose modifica- 
tion of the gap frame double-crank type of power press, arranged with a pair of shear 
blades, a hold-down to clamp the metal while cutting it and a set of gages to assist in 
locating the cut. Circle-cutting shears, rotary slitting shears and gang slitting machines 
for two or more parallel cuts, all belong to the next group. 

ROLLING ACTION characterizes a large group of metal-working machinery and 
distinguishes it from all of the foregoing reciprocating action machines. Working pres- 
sures in all cases must exceed the yield point of the metal in whatever state received; hot 
or cold, annealed or strain-hardened. In the rolling machines the working pressure is 
localized on a very small area at the point or line of contact between the rolls and the work. 
In most cases, except oscillating forging rolls, the work is progressive and a continuous 
and more or less uniform supply of power must be maintained. 

ROLLING MILLS are used for the initial reduction of a hot mass of cast metal, and 
for subsequent hot and cold operations in the production of plate, sheet, strip and various 
rolled shapes. For shapes (rails, beams, etc.) a series of grooves in the rolls must be 
worked out to develop the desired shape from an initially rectangular section. For light- 
gage cold rolling, small diameter work rolls may be used to reduce the contact area and 
load relative to the reduction per pass. These work rolls should be backed up by larger 
diameter rolls to minimize deflection and maintain uniformity of gage. For large pro- 
duction, trains of several stands of mills in series are used to perform consecutive rolling 
operations at one pass. 

PROGRESSIVE FORGE ROLLING is a modification of shape rolling, to compete 
with large-quantity drop forging. In this process matching impressions of the desired 
forging are cut at intervals in the surfaces of a pair of mill rolls of suitable diameter. The 
forgings are trimmed out of each bar of flash at the mill. Related to this process by ante- 
dating it, oscillating forging rolls with a single pair of impressions have been used par- 
ticularly for suitable shapes in the production of agricultural implements. 

PROGRESSIVE ROLL FORMING MACHINES use several pairs of suitably shaped 
rolls to convert metal from flat strip or coil form to a variety of shapes such as molding, 
channel, lock-seamed tubing, ete. 

SPINNING LATHES are used for surface burnishing, trimming and curling of some 
cooking utensils and for spinning wrinkles out of some taper jobs. They also are used to 
spin flat blanks or plain drawn shells to various shapes on wooden or metal chucks. The 
working area on a spinning operation usually is little more than a point contact against 
the spinning roll or hand tool. 

BEADING, FLANGING, THREAD ROLLING, KNURLING, CURLING, DOUBLE 
SEAMING and other rotary cold-forming operations are performed in a variety of ma- 
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chines from simple parallel-shaft, hand-served types, to multiple-spindle, chute-feed, high- 
speed automatics. ; 

PROFILE DIES, to suit the cross-section of the required product, characterize a group 
of machines including wire blocks, draw benches and hydraulic extrusion presses. 

WIRE DRAWING employs power-driven capstans or drums to pull the wire through 
reducing dies, which have much in common with dies for ironing cartridge case walls and 
other drawn shells. 

DRAW BENCHES employ a capstan, chain and clamp to pull cold strip metal through 
proper die slots to change its shape to that of a molding or other progressively bent job. 
Horizontal hydraulic extrusion presses may be arranged for rather similar work, except 
that they achieve their results by pushing hot material through a suitably shaped die 
opening. 


3. SELECTION OF EQUIPMENT 


FORMULAS for use in the selection of the foregoing equipment to suit particular job 
requirements are given below. They are kept as simple as possible, and necessarily omit 
some more or less intangible factors for which a factor of personal judgment should be 
added in practically all cases. It would be foolish to try to use more complicated for- 
mulas to avoid some small error when the materials to be worked are subject to as wide 
variations in physical properties as is found to be unavoidable. 

HAM MERS.—For data governing the selection of hammers, see pp. 19-03 to 19-22. 

TRIMMING PRESS sizes which have been found suitable for use with drop hammers 
under average conditions are given in Table 2. 


Table 2.—Trimming Press Sizes 
(E. W. Bliss Co., Brooklyn, N. Y.) 


Drop-hammer ram weight, 
Pe sc chevvies oh oie.s/05e sie 


~ Trimming press, shaft 


diameter, IM. .....0.5- 9 
ROLLING OPERATIONS.—The working or contact area between the rolls may be 
taken as: A= AN Ee OX ly ita) erie) tery com =i) SARs Go re ish re {1] 


where f;, fs = respectively thickness of strip entering and leaving the rolls, in.; R = radius 
of roll, in.; w = width of strip, in. 
The working or screw-down pressure then will be 
iS CSO arr ee eee a 
where S = yield point of the metal at that particular stage in the rolling process; refer to 
the strain-hardening curves, Figs. 1 and 2. C = 1.38 may be taken for soft temper and 
relatively heavy gage material up to 3.8 for light-gage and strain-hardened work, to cover 


- both the elastic deformation of the rolls and the pyramiding of the pressure due to constric- 


tion of flow in the working area. For further information also see bulletin entitled Rolling- 
Mill Data for Calculation and Design, issued by S. K. F. Industries, Inc., Philadelphia, Pa. 
BENDING.—The length of strip or bar, L in Fig. 3, to be allowed for making bends, 
when cutting blanks, depends on the inside radius r, the angle of the bend 8, and the thick- 
ness of the metal ¢t. The allowance L is not a true arc at a distance 1/2 ¢ from the die 
radius. A true arc is close enough for calculations, however, if it is taken at a radius of 
(r+ 0.4t). Then by he Oe Be Ae ee re 2 
Total length of blank = X+2i1+Y¥+i22+Z ......... & 
BENDING PRESSURE FOR Y-DIES.—See Fig. 4. Let S = ultimate tensile 
strength of the metal, lb. per sq. in.; L = span of female die, in.; w = width of strip, in.; 
t = thickness of strip, in. Then, bending pressure Pi, in pounds, is 
PEO COS YO) // Lh ewe ee te bcen Sewiea oe) aa [5] 
C = 1.33 when L = 8t; = 1.24 when L = 12t; = 1.2 when ZL = 16¢. If the punch is set 
down hard to squeeze the surface metal and cause balancing strains in order to minimize 
“spring-back,”’ the load will be higher than for bending only. In such a case, the job 
should be considered as coining, and the contact area should be reduced to suit. 
BENDING IN U-DIES.—See Fig. 5. The bending pressure P2 on the punch will be 
Paes a ey rey) ese ee LO) 
and the pressure P3 required on the pad to hold the bottom from bowing will be 
eter Cs eet et oe rardeeel, «rated 17] 


Notation for equations [6] and [7] is the same as for equation [5]. 
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BENDING IN ROLLS.—The screw-down pressure P, in pounds, may be approxi- 
mated from p=WxXAx En X0xt, 227 
where A = deflection, in.; Em = modulus of elasticity; other notation 


as before. 
BLANKING, PIERCING OR SHEARING with flat tools. Pressure 
P,, in pounds, for rectangular work is given by 
Ppa Tet. 8 Qe ee eee 
For round work, the equation becomes 
(Pye OD ROE OS® be ne ek eee ee [10] 
Fic.6. Shear here § = shearing strength of the metal (Table 1); L = total length 
ech agg or periphery of the shearing cut, in.; t = thickness of metal, in. 
BLANKING WITH SHEARED TOOLS.—Pressure required Pe, in pounds, is given 
by PpelPy CHE 2 Or ae 
where p = penetration, percent; s = shear, in. (see Fig. 6); t = thickness of metal, in. 
P, is obtained by equation [10] and values of p may be taken from Table 1. 
WORK IN BLANKING.—Let W, = working energy = (working pressure X work- 
ing distance), usually in inch-tons. Then 
Wo = (kX p X PayQ000 x, «sone =) eed 


Notation is the same asin equation [11]. Sufficient clearance for clean fracture is assumed 
and no allowance is made for friction losses. 

BLANK DIAMETERS FOR DRAWING SHELLS.—Let D = blank diameter, in.; 
d = mean shell diam., in.; h = height of shell, in. Then 


De VEAP Ree ie eta anemia 


Refer also to the wide range given in Table 3. 

LOADS IN LIMIT DRAWS.—The load in a limit draw is the force P, pounds, neces- 
sary to push the bottom out of the shell being drawn. If L = length of perimeter, in.; 
t = thickness of metal, in.; S = ultimate tensile strength of the metal (Table 1), 


PHEXIECS ae ee 
For round work this equation becomes 


P= ed SFOS 8s Re Fee | 
where d = mean diameter of shell, in. 
LOADS IN SHALLOW DRAWS.—The load in a shallow draw (blank diam. = D) is 


P=rxadxt XS K16/a) TF CF 2 sae 


in which notation is the same as for equation [15], and the constant C = 0.3. 
LOADS IN DRAWING RECTANGULAR SHAPES.— 

Paix SX [gar Cy 4 UL 'XUy) be eee oe 
where r = corner radius of rectangular shell, in.; = thickness of metal, in.; S = nominal 
Punch Blankholder ultimate tensile strength of the metal (see Table 1); L = 
total length of the straight sides of the shell, in.; C) = 0.5 
for a very low shell, up to, say, 2 for a shell of a depth of 
five or six times the corner radius r; Co = 0.2 for easy draw 
radius, ample clearance and no holding pressure, or, say, 
0.3 for similar free flow and a normal blank holding 
pressure of about 1/3; P, or a maximum of 1 with the metal 
clamped too tightly to flow. 

LOADS IN STRETCHING or shallow forming opera- 
Z tions, in which the metal is gripped tightly around the 
Fie. 7. Loads in Shallow edge, are determined by 
Stretching P=" Int Se cine aay ee LS 
where P = punch pressure, lb.; L = punch periphery, in.; S. = elastic limit or yield 
point of metal, lb. per sq. in. (see Table 1). a = angle of incidence (see Fig. 7). 


REDUCTIONS PER DRAW.—In drawing round shells, the following figures can be 
used for first reductions: 


Percent reduction in first draw, (D — d)/d...... 30 30 40 45 47.5 
Approx. min. blank thickness, percent 
of its diameter, (¢/D) 
Double-setion yw .aesaren nk cans Sc eee 0.15 0 
Single-action 1 
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The reductions in succeeding operations are as follows: For each succeeding double- 
action operation, a 30% reduction is the common limit. For each succeeding single-action 
operation, a 257% reduction is the normal maximum, although reductions as high as 37% 
have been recorded with heavy metal and two-step dies. Z 

RULE FOR DEPTH OF DRAW FOR RECTANGULAR SHELLS.—In drawing 
rectangular shells, the limit depth per operation is about four to six times the corner 
radius, because of distribution of surplus metal from the corner area into the adjacent 
wall area. 

BLANK-HOLDING PRESSURES.—Rectangular Shells.—For large rectangular work 
the drawing pressure is relatively lower than for round work, but the allowance for blank- 
holding may run as high as 100% of the drawing pressure. 

Shallow Stretching Work.—In stretching shallow shapes the metal must be gripped 
tightly around the edge, and blank-holding pressure may be as high as two or three times 
the relatively low drawing pressure. 

Round Shells.—The pressure required to hold the blank flat while deep drawing round 
work varies from zero in case of relatively thick blanks, up to about 1/3 or 1/2 of the drawing 
pressure. When the blank-holding pressure exceeds 1/3 of the drawing pressure it is 
best to use draw beads to permit the blank-holding pressure to be decreased. ‘Tapered 
or domed shapes must be classed with shallow stretching above. 

BLANK-HOLDING DEVICES.—Mechanical grip on the edges of the blank, as ob- 
tained in toggle and cam presses, is, for practical purposes, positive and non-yielding. It 
is particularly desirable for domed and tapered shallow shapes and for shallow stretching, 
especially where draw beads must be stamped to help grip the metal. 

Rubber bumper pressures may be approximated at 10 lb. per sq. in. of area, per 1% 
of compression. Actually, by test, the pressure rises on a slightly accelerating curve, 
and varies with the composition, temperature and age of the rubber. (See pp. 5-27 to 5-31.) 
Spring pressures may be figured from spring tables elsewhere in this book. (See pp. 10-03 to 
10-22.) More uniform pressures and more convenient control of pressure, are obtained 


-with die cushions. Pneumatic die cushions may be selected on a basis of 100 Ib. per sq. 


in. of piston area, maximum; and hydro-pneumatic cushions for drawing purposes, on a 
basis of about 500 lb. per sq. in. 

REDUCTION PER ANNEAL.—The total percent reduction accomplished between 
annealing operations, whether in one or more operations, should be kept within the 
“percent reduction in area’’ found in tensile tests of the annealed material (Table 1). 

WORK DONE IN DRAWING OPERATIONS.—Let W, = working energy, in.-tons 
= (working pressure X working distance); P = drawing pressure, tons, plus blank-holding 
pressure in cases of spring, rubber or air drawing attachments; h = shell height, in.; 
C = constant = 0.60 to 0.80 to allow for the gradual rise of pressure; Then 


REEL CMS ERS, sa Sei TNO] 


No allowance is made for friction losses. 
SQUEEZING OPERATIONS.—The load P, lb., in squeezing operations is 


PE wA eC wer de Akmete. +, ol xe tis Peas ot ee 20] 


where A = projected area, sq. in., of the surface of a job and flash which is in contact at 
the completion of the squeeze; S = compressive stress, lb. per sq. in. (see Table 1). 
Work Done in Squeezing is 
WaT ele nie See ae oes Ee 2, 21] 


where P = average pressure, tons; 1 = working distance, in. 

In figuring work in squeezing operations the distance the punch travels, from its first 
contact with the slug or blank to bottom of stroke, includes the amount the metal is moved 
and the amount of deflection in the press and tools. The working pressure initially is 
the yield point of the metal times the initial area of contact. It will rise gradually as the 
material strain-hardens and the contact area increases. In the case of closed dies there is 
likely to be a further sharp rise when the die fills, its duration and extent being determined 
by the amount necessary to stretch the press to get over bottom center. The metal 
practically is incompressible. 

UPSETTING RULES.—1. The limit of length of unsupported stock that can be 
gathered or upset in one blow, without injurious buckling, is not more than three times the 
diameter of the bar. 2. Lengths of stock more than three times the diameter of the bar 
can be upset successfully in one blow (in a closed die), provided the diameter of the upset 
made is not more than one and one-half times the diameter of the bar. 3. In an upset 
which requires more than three diameters of stock in length, and in which the diameter 
of the upset is one and one-half times the diameter of the bar, the amount of unsupported 
stock beyond the face of the die must not exceed one diameter of the stock. 
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(Vi — V2) = (S X V2)/B 


Table 3 —Approximate Blank Diameters for Cylindrical Shells 


(E. W. Bliss Co., Brooklyn, N. Y.) 


Height of Shell, inches 
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THERMAL COEFFICIENT OF EXPANSION f, in Table 1, is used to estimate 
changes in lineal dimensions with changes in the temperature. 

Lg =11+ {Ii XfX (T2— 7))} . 

where Ii, Lz = respectively, initial and final lengths, in.; 71, 72 = respectively, initial 

and final temperatures, deg. F. 


Table 3.—Approximate Blank Diameters for Cylindrical Shells—Continued 
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YOUNG’S MODULUS.OF ELASTICITY Em (Table 1) permits computations of the 
elastic elongation e, in inches per inch of length, for any metal under a stress of S lb. 
per sq. in., by means of the equation e = S/Em. 

SPRING-BACK.—Two ways of overcoming spring-back are: 1. Overbend to get the 
required angle. The amount of overbend usually is determined by trial and error. 
2. Hit-home or bottom at the end of the bend to “‘set’’ the metal. In effect, this operation 
is a coining or squeezing operation, and the loads should be figured as such. The squeeze 
sets up compressive stress sufficient to overcome remaining internal tensile stresses. 


4, MACHINE SELECTION 


FACTORS GOVERNING MACHINE SELECTION.—Several factors are involved in 
machine selection. First, obviously, stroke, space for the dies, position and type of frame 
relative to handling and discharge of work, i.e., vertical, inclined or horizontal, straight- 
sided or gap frame. Next, 1, capacity of frame, shaft, gearing (tons pressure) ; 2, fly-wheel 
(energy, to prevent stalling) ; and 3, motor. 

TONNAGE RATINGS vary considerably with details of design and the conservative- 
ness of the builder. Tables 4 and 5 give general values which take into consideration, the 
type of shaft, the stroke, the gearing and the frame, based upon well-developed designs. 

FLY-WHEEL ENERGY.—The fly-wheel must store up and deliver at the proper 
instant, the energy required to maintain the working pressure throughout the working 
distance. In the case of long working strokes the motor may be able to take a material 
portion of this load. Otherwise it just restores energy to the fly-wheel during the balance 
of the cycle by bringing it back to speed. 

Fly-wheel Slowdown is arbitrarily figured up to 10% for continuous running equip- 
ment; up to 20% for intermittent operating conditions; and occasionally up to 40% which 
approaches stalling. The working energy W,, inch-tons, delivered by the average design 
of fly-wheel at 10% slowdown may be taken as 

W.= N?X D;* rx w,/5,250,000,000. Pee. sor (ee 
where = N rev. per min.; Dy = diameter of fly-wheel, in.; Wy = weight of fly-wheel, lb. 
For 20% slowdown multiply W. by 1.9. 


Table 4.—Approximate Capacities of Straight-side, Single-crank Presses 
(E. W. Bliss Co., Brooklyn, N. Y.) 


Sos ba 3 | 4 Pee | 10 | 12 | 14 | 16 | 18 | 20 | 22 
shart | Type x Approximate Capacity in Tons 
Pe Fant Bot- At Mid-stroke 
| Single Es Pee) crt (arte 604 arena toed | rons el oss aga oS colle o/lac peo 
11/2 | Single | 63/4 Me 07 Bal gee (ig. (oo. (coer a] | aici oo RAS ey oresol nace 
2 Single 12 | 71a] 51a | 4a Jor. c [ecw cede ween [eee e ede ce ecto ne ee[e reese re ectocece 
21/| Bingle| 19 | 14 | UW | Bie | PRcgesfeemccdeeoeelecw on |amen |: anes esnae mee 
3 Single a2 20 15 12 9 BE Lh. sveteve:|ieve acto | hecess.e hey stenclet] scaueten <i texekoteral tneemereaty 
3 1/g | Single 44 |311/9| 23 1/2 19 16 VAS |) BT Bo We cnc iaSerc cis [ievoverere dle arcell etepeterellatatetars 
4 Single 58 | 44 36 30 24 18 13 DiI, Socom cil be -aterers f ho erenate! Petre: stierelitetenrene 
43/e | Bingle | 74 |. 60. | 50 | 40. (e354 r26) 19 PASI sci ces heel ae 
5 Single 93) || 73 64 56 47 35 28 22) TS n TAS lk sieves cxeureheteratete 
6 Single: |) W3a snes 108 94 80 60 48 39 30 27! Ngo 
7 Bingle | 190 |aw<cs}eenins’ 135 122 98 78 69 36 OU Wenn 
8 Sinzle) | 255 || hererets lls shove seni tere oneal 174 | 147 117 98 55 45 37 
8 Pita), 255) Ws cicre, ally ev aintel Pe we wernt Or Gas 225 196 162 95 85 
9 Singles ||p545 | athe |e -ewalere 265 245 | 205 163 135 75 63 
9 Twink a45" lon ce PRE da ee ay oer ea lio cic 274 227 135 | 120 
10 Single 440) | cgsules oxipere eter 340 | 282 | 227 185 lit | 105 
10 TD eaTY A AAO 5 sie |e ekete crrel tariote re oll lene eestor 354 | 310 185 | 166 
11 Single | S45 fishes e-<!| saree cteilion erent 450 | 376 | 300 252 159 | 145 
11 ol Dye te ele me Y, -2 S| cee Peta eC KIC (seri [oe ons 450 410 250 | 225 
12 Simgle: | OO5t levers: sells. are w silts eter ol emecelene 485 | 390 320 190 | 170 
12 TP rity FN OGD: Vatete re Ne cetetecece lis) 8. nusinises outs keel telecine 550 510 325 | 285 
13 Binwle |) 290 a tetcsrs) tse etevcell'«. or wierd rene iet 595 | 500 415 220 | 195 
13 Oot MM gO al ces al ee ee iets cal lcro-c Coljouatute 605 427 | 376 
Single érefenetsl RR oitine f & likes te cartel | ene 280 | 250 
Moh eed PAU st islet otic | eackecrsnl recon (Se ecu sl\e os DOs 510 | 465 


Norn.—The above tonnage or pressure ratings are entirely independent of work or energy ratings. 
A long stroke press, if loaded to maximum pressure capacity through its maximum working stroke, will 
undoubtedly require additional fly-wheel and motor capacity. 
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Table 5.—Approximate Capacities of Straight-side, Double-crank Presses 
(E. W. Bliss Co., Brooklyn, N. Y.) 


EE 
Stroke of Press, 


3 | 4 | 5 6 8 | 10 12 | 14 | 16 | 18 | 20 | 22 
a ee es 2 lee 
Approximate Capacity in Tons 


At Mid-stroke 


Ai6ise eve leo caiiele/\\e ara: s\-alersieiele 


13. RR eStore coerce oer, Sean 
FOE Oey ret ie oe lk eral Ne LS 
BGP a9 eal, Migeeee Wee, 


135 | 122| 102} 76 '| 66) 54 


Single Brereierillameete, =fieterehoiss 740 | 621 | 498 | 415 | 355 | 315 | 285 | 250 | 235 
Twin |1150 |.....)....--Jeee eee fees ede ees 800 | 700 | 630 | 520 | 470 | 430 | 385 
Single (T4008 (oes Ll See a 900 |) 770!) 610 || 50) |) 425°) 380) 1350 |°310) |) 275 
RENEE ONES OU eye erokel Porstecieiei| o ate erall thestiewsl ote ok 


Nors.—The above tonnage or pressure ratings are entirely independent of work or energy ratings. 
A long stroke press, if loaded to maximum pressure capacity through its maximum working stroke, will 
undoubtedly require additional fly-wheel and motor capacity. 


MOTOR REQUIREMENTS.—Motor sizes specified for punch presses usually are 
blanket recommendations to cover-the wide range of work which may be put in the all- 
purpose press. They frequently are high for blanking, forging or coining operations, and 
low for deep drawing operations. In checking, the following approximations may be used: 

Epa sO ROOM Xa cia ets) nets Bema S | 
where Hp. = horsepower of motor; W. = working energy, inch-tons; n = number strokes 
per minute. Equation [25] holds good in cases where the fly-wheel has ample energy to 
meet the total requirements. Otherwise a check should be made with equation [26] and 
the higher value used in selecting the motor. 

Hp il82 xe er Wee On & yr eto 126] 
in which (W-; — Wes) is the difference between the job requirements and the available 
fly-wheel energy. 6 is the working portion of the cycle in degrees. 

In equation [25] the motor may use the entire cycle to build up fly-wheel energy. In 
equation [26] it is selected to carry a portion of the working load. The motor lags some at 
the beginning of the demand, but then builds up to something over its rating to compen- 
sate. An allowance always must be made for friction losses and starting inertia losses, 
though these are small compared with average working loads. 

Punch press motors must be capable of taking a slowdown up to about 10% on con- 
tinuous running jobs, and up to about 20% (and higher on some jobs) for intermittently 
operating presses. Squirrel-cage motors are suitable for most work, but high-slip motors 
often are required on deep draws. Instantaneous peak loads may amount to 100% 
overload. 


5. LUBRICANTS FOR WORKING METALS 


OIL.—Many jobs may be done dry but better results and longer life of dies are obtain- 
able by the use of lubricants. Oil lends itself to automatic lubrication by spray, drip, 
hollow punches, and wiper, and is often good for more than one operation. Usually an 
ordinary mineral oil is satisfactory. 

As drawing conditions become more severe, a compounded oil of, say, 15% lard oil and 
5% of wool fat in a mineral oil base is about as efficient as pure lard oil, and much less 
expensive. Occasionally, an unusually heavy job is considered to required heavy, crude 
oils which are very sticky and messy. 
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Electrical lamination steel often is lubricated with paraffin applied warm to the sheets. 
A mixture of paraffin oil and kerosene applied sparingly, to evaporate 1n the process, also 
9 ATER SOLUBLE LUBRICANTS.—Oil lubricants are common, but ordinarily have 
to be cleaned off before annealing to prevent the oil burning into the steel. Again, they 
must be carefully cleaned off prior to soldering or to applying many finishes. | For such 
reasons, water-soluble lubricants are widely used. These include soap solutions, flour, 
sulphunated oils, tale, amorphous chalk, zinc oxides, etc., in various mixtures which are 
more or less stable. : f 

Fully automatic roll feed presses frequently are fitted with drip valves and felt rolls 
or wipers to spread the lubricant. Sometimes the drawing punches are drilled to carry 
oil or other lubricants to the work. 


ABRASIVE PROCESSES 


References.—Am. Mach. Grinding Book; Grits and Grinds, Norton Co.; Points about Grinding 
Wheels and Their Selection, Brown & Sharpe Mfg. Co.; Treatise on Tool Room Grinding, Carbo- 
rundum Co.; Table of Causes of Grinding Wheel Accidents, Independence Inspection Bureau; 
Safety Code for Use, Care and Protection of Abrasive Wheels, Am. Standards Assoc.; Operation of 
Grinding Wheels in Machine Grinding, Geo, I. Alden, Trans. A.S.M.E., xxxvi, p. 451, 1914. 


1. ABRASIVE WHEELS 


SELECTION OF ABRASIVE WHEELS.—The essential features governing the selec- 
tion of a grinding wheel are: Grain, grade, bond, and structure, and the conditions of grind- 
ing that cause them to vary; methods of balancing and mounting; truing and dressing; 
effect on grain and grade of machine vibration and are of contact; relation of work speed 
and wheel speed on production and finish; safeguards and dust removal systems. 

Grinding wheels are made of abrasive grains of various sizes held together by a binder 
called the bond. Two types of manufactured abrasives and five types of bond are used. 
A few wheels are made of natural abrasive, as emery or corundum. 

ABRASIVES.—The manufactured abrasives may be generally classified as aluminum 
oxide abrasives and silicon carbide abrasives. Both are products of the electric furnace, 
and are sold under various trade names, as Alundum, Aloxite, Borolon, Carborundum, 
Crystolon, etc. 

A typical aluminum oxide abrasive is Alundum made by the Norton Co. by fusing 
bauxite in the electric furnace. Crystolon is a typical silicon carbide abrasive, made by 
the Norton Co., is produced by the electric furnace reaction of pure silica and coke. The 
aluminum oxide abrasives generally are used for grinding hard, tough and strong materi- 
als, are used for heavy duty work, such as snagging steel castings, and for cylindrical 
grinding on all but the hardest steels. Silicon carbide abrasives are hard and sharp, but 
not as tough as the aluminum oxide abrasives. They are used for snagging iron and brass 
castings, and for grinding materials of hard, dense grain structures. They also can be 
used to grind cemented carbide tools. 

GRAIN SIZE.—Abrasive grains are designated by numbers corresponding to the num- 
ber of meshes per lineal inch of the screen through which they are graded. Standard 
grain sizes are 8, 10, 12, 14, 16, 20, 24, 30, 36, 46, 60, 70, 80, 90, 100, 120, 150, 180, 220, 
and 240. The fine flours are classified hydraulically to the sizes 280, 320, 400, 500, and 600. 

BOND.—Five types of bond are used in grinding wheels, as follows: 1. Vitrified bond, 
consisting of a clay mixture, subjected to a sufficiently high temperature to fuse to a 
molten glass condition. Vitrified wheels are strong, and can be used for very heavy work, 
and for the rapid removal of material. 2. Silicate bond, consisting of a mixture of silicate 
of soda and minerals, which at comparatively low temperatures form a hard cement. 
Silicate bond releases the grain more readily than does vitrified bond. Wheels with silicate 
bond are used on work where the heat generated by grinding must be kept at a minimum, 
as edge tools. 3. Shellac bond, comprising organic materials which melt at low tempera-~ 
tures, but attain a permanent set at slightly higher temperatures. Shellac bond wheels 
will impart high finishes to such work as cam-shafts and steel mill rolls. They are used 
for light cuts and for gumming and sharpening saws, and for cut-off wheels. 4. Rubber 
bond consists of rubber mixed with certain minerals in definite proportions, which on vul- 
canization, produces the desired hardness and toughness. Rubber bond wheels are used 
for high-speed grinding, and for rapid stock removal. Cut-off wheels with rubber bond 
can be made thin enough to reduce to a minimum the stock lost in making a cut. 5. Syn- 


a, 


x 


CPOE She SIR Gye EWR 


v 


b é 
NS 


w 
e 
> 
. 
, 
a 


as en oe | 
7 


rll, Seg 


4 


« al 


ABRASIVE WHEELS 21-67 


thetic resin bond, as resinoid. Wheels with this type of bond are used for high-speed 
work in foundries and billet shops. They will operate at 9500 surface feot per minute in 
Swing frame grinders for snagging castings and removing scale from billets. Cut-off 
wheels with resinoid bond will operate at 16,000 surface feet per minute. 

GRADE is a term denoting the hardness or strength of a grinding wheel. It does not 
express the hardness of the abrasive itself. Hardness of abrasive grain and the grade of 
the wheel are quite different. A grinding wheel may be made of a very hard abrasive 
and still be a soft wheel. A wheel is hard when the retentive powers of the bond are great. 
If grains of abrasive easily are broken out of the bond, the wheel is soft. A wheel is of the 
proper grade when the cutting grains automatically are replaced when dulled. Wheels that 
are too hard will glaze and must be resharpened by dressing. The points of the dresser 
break out and break off the cutting grains by percussion. 

While the ideal way to measure grade is to grind:on each wheel, the best known prac- 
ticable method is to measure the resistance offered by the wheel to the penetration of a 
steel cutting tool. Under a uniform pressure the tool will penetrate deeper into a softer 
wheel than a hard one. The resistance against turning the tool is less in a softer wheel 
thaninahardone. Grades are designated so that there is a gradual change in the grading 
from the extremely hard wheel to the extremely soft one. The practice of the various 
grinding wheel manufacturers in grading differs. 

Most manufacturers use a letter following the grain symbol to designate the grade of 
the wheel. Unfortunately these letters and their relation to each other do not always 
mean the same thing. In the Carborundum Co. scale of grades the letters at the begin- 
ning of the alphabet indicate the hardest grades and those at the end of the alphabet the 
softest. Norton Co. and most of the other manufacturers use the alphabet scale in the 
reverse order, while a few manufacturers use special code arrangements of the letters. 

For rubber, synthetic resin and shellac bonded wheels, the grade is sometimes desig- 
nated by letters, sometimes by numbers. Norton Co. formerly used numbers but now 
uses letters to unify the system with that used for vitrified and silicate wheels. Carbo- 


~ Tundum Co. uses numbers from 1 to 8, No. 1 being the hardest and No. 8 the softest, 


while many others use the number system in the reverse order. 

STRUCTURE designates the spacing of the abrasive grains in the wheel. The same 
total volume of voids in two different wheels may be made up of a relatively small num- 
ber of voids of large volume, or of a large number of small volume. The cutting action 
of the two wheels will be different; although they may be of the same grain and grade. 
In general, wheels with the wider grain spacing will have longer life than those with close 
grain spacing. 

Structure is denoted by numbers. The system of numbers used by the Norton Co. 
assigns the numbers 0, 1, 2, 3 to close spacings; the numbers 4, 5, 6 to medium spacings, 
and the numbers 7, 8, 9, 10, 11 and 12 to the wide spacings. 


Table 1:—Grinding Wheel Symbol Components 


Abrasive Grain Grade Structure Bond 
ig- : : 1 : Desig- "s Desig- 
Kind hn Character | Designation] Spacing lai Kind ni 
OFilazs ae 
Alundum Blank Very soft | EH, F,G Close { 3 Vitrified Blank 
38 Alundum 38 See Soft H,I,J, K |Medium| 4, 5, 6 | ‘‘B”’ Vitrified B 
7, 8,9 
para- Be eA eee 
19 Alundum 19 graph Medium | L,M,N,O]| Wide 10, 11, | Silicate Ss 
“ Grain . 12 hance - 
15 Alundum 15 size”’ Hard Te (B)h ce) he esinoi 
35 Alundum 35 p. 21-66 | Very hard | T, U, W, Z Bupha 
37 Shellac 
soe ye “V" Shellac Vv 


WHEEL MARKING.—Grinding wheels are marked with a symbol that completely 
describes and identifies the wheel. The practice of the several manufacturers varies. 
The system used by the Norton Co. is given below. 

The symbol consists of numerals and letters, which, by their position, indicate a particular 
characteristic of the wheel as follows: 


Position No......<5; 1 2 3 4, 5 
Represents......... Abrasive Grain Grade Structure Bond 
EOIN PLE sacpeyevs.cucescs.s 38 46 K 5 B 


i i : dum abrasive, 46 
lete symbol is 3846—K5B, which represents a wheel of 388 brand Alun F 
ape Soe structure 5, vitrified bond B. The significance of the various numbers and let- 


ters used in the symbols is given in Table 1. 
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DIAMOND WHEELS.— Wheels in which the abrasive surface is formed of diamond 
dust are used extensively for the grinding and lapping of cemented carbide tools and 
inserts, and for cutting up cemented carbide shapes. These wheels are made in a variety 
of sizes and shapes for use on the several types of tool and cutter grinders. In the smaller 
sizes, up to, say, 1 3/16 in. diameter by 1/4 in. face, they are made solid; in the larger sizes, 
up to, say, 12 in. diameter, they are made with a relatively thin section of diamond on 
the periphery or other working surface. The sizes of abrasive used are Nos. 100, 220, and 
320. For grinding, No. 100 abrasive should be used. No. 220 grain is used in wheels for 
lapping operations to produce keen cutting edges, and the No. 320 grain wheel is used to 
lap highly finished surfaces and to produce microscopically keen cutting edges. 

The usual tool grinding speeds are satisfactory for diamond wheels. Water is a sat- 
isfactory coolant, if the flow can be maintained constant. In the absence of a cooling 
system, the surface should be lubricated freely with light machine oil. Cooling with oil 
or water will prolong the life of the wheel. 


2. FACTORS AFFECTING GRINDING WHEEL SELECTION 


Selection of a grinding wheel for a given operation involves consideration of the more 
or less fixed conditions into which the wheel must fit, and also of the factors that may be 
modified to suit the fixed conditions. 

FIXED CONDITIONS. 1. Material to be Ground.—The physical properties of the 
material to be ground govern the type of abrasive to be used. Materials of high tensile 
strength, from hard, tough alloy steels to the tougher varieties of bronze, some of the 
aluminum alloys, and materials that are neither brittle nor easily penetrated, require 
aluminum oxide wheels. Different degrees of hardness, toughness and ductility in metals 
are handled by aluminum oxides of varying degrees of temper. See Tables 6 and 7. 

Materials of low tensile strength, and which are penetrated easily, as soft brasses and 
bronzes, cast and chilled iron, aluminum, copper, marble, stone, glass, wood, leather, etc., 
should be ground with silicon carbide wheels. 

In general, hard, dense materials require a relatively soft wheel. A large number of 
cutting points is necessary in the wheel, since the penetration of each point is slight. 
These points may be obtained by the use of a fine-grain wheel or a dense structure, if the 
use of fine grain is inadvisable. Exceptionally hard materials, as tungsten carbides, are 
best ground with open grain wheels. Soft, tough and ductile materials require an open 
grain wheel. 

2. Amount of Material to be Removed.—For relatively large stock reduction, coarse 
grain wheels with open structure should be used, particularly for off-hand snagging of 
castings. Where finish is of importance, a closer structure should be used. Finish 
depends largely on grain size, except in machine grinding. Here, proper truing facilities 
enable a fine finish to be obtained with coarse grain wheels. 

3. Area of Contact.—Proper grain size, grade and structure depend on the area of 
contact between wheel and work, because of the relation between area of contact 
and unit working pressure. Cylindrical grinding is an example of high unit pressure 
and small area of contact. Such conditions call for a wheel of fine grain, closely spaced 
structure to distribute the pressure over a large number of cutting points, none of which 
is subjected to excessive pressure. The grade should be medium hard, to prevent exces- 
sively fast wheel wear, since the forces tending to tear the grains from the wheel are great. 

Surface grinding, with the rim of a cup-shaped wheel in contact with the surface of the 
work, is an example of high total pressure of wheel on the work, but of low unit pressure. 
The wheel characteristics under such conditions would be coarse grain, with widely spaced 
structure, to distribute the pressure per unit of area over a small number of cutting points, 
each receiving sufficient pressure to cut efficiently. The grade should be soft, in order 
that the dull grains may be released promptly, as the forces tending to tear them from the 
wheel are light. ; 

4. Type of Grinding Machine.—The grinding machine usually is already installed, and 
imposes conditions that must be considered in wheel selection. Heavy, rigid machines 
require wheels that are softer and of more open structure than wheels for light, flexible 
machines. Machines that vibrate require finer grain wheels, of harder and denser struc- 
ture, than the wheels for more rigid machines. Feed and speed combinations on precision 
grinding machines will affect the wheel characteristics. Surface grinding machines using 
cup wheels require softer wheels of more open structure than do similar machines using 
straight or disc wheels. 

VARIABLE FACTORS.—A. Wheel Speed.—Too slow a speed wastes abrasive with- 
out corresponding useful work. Excessive speed may result in hard grinding action and 
danger of breakage. It is best to operate a grinding wheel close to the speed recommended 
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by the maker. The grits, grades and structures recommended for given grinding opera- 
tions are based on the recommended speeds. If these speeds cannot be used, the grade 
at least should be changed to meet this changed condition. Table 2 gives the peripheral 
speeds recommended for various classes of work. 

B. Work Speed.—In machine grinding, high work speed tends to wear the wheel faster 
than slow work speed. Wheel wear depends on the ratio of wheel speed to work speed, 
both in surface feet per minute. The higher the ratio, the less work the wheel is required 
to do in a given time, and the wheel wears at a lower rate. A decreased ratio, resulting 
from increased work speed, requires the wheel to do more work in a given time and to 
wear faster. In general, the longer the arc or the larger the area of contact in precision 


Table 2—Recommended Wheel Speeds for Various Classes of Grinding 
Wheel Speed, 


Type of Grinding Surface Feet 
per min. 

Wylindei ca Wein din @ewe ce nba ts Sa. siete el eigeieicias pine Gece caiman 5,500— 6,500 
Cntteriand toon grind ne een on kien Le waret Oekiok cores ee 4,500— 6,000 
PTEMALPR TINE ay rik,. See eters ain Gone ok oe ho ees. 2,000— 6,000 
Snagging, off-hand grinding (vitrified wheels).............ccceeccceceecee 5,000— 6,000 
Snagging (rubber and Resinoid wheels)............ccccecccccccccecceece 7,000— 9,500 
RUIEACOMETINGINE macoctc.oeiee oie etic cto en Ee ek Se Ue RTT ae 4,000— 6,000 
LETS Hh rays Dans ae Oe ie ae Eee A ee ee ae we eae ae 3,500— 4,500 
LOMO LACV ONCUESrSe a oregeca tana ehon eres oee sooner cers een MO ee 2,100— 5,000* 
WSK Haye) [Pra ete Lbevmas 9S. MRS Bs ieee ee ee es Pee Aa ea 5,000— 6,000 
CU CAT Na ES Sean Re eee COC ean ne nn mee ear eee 4,000— 5,000 
Rubber, shellac and Resinoid cutting-off wheel..............0cceeceeeeee 9,000—16,000* 


* Higher speed recommended only if bearings, protection devices and machine rigidity are adequate. 


Table 3.—Revolutions per Minute for Various Surface Speeds 
Surface Speeds, Feet per Minute 
eter, 1,000] 2,000] 3,000} 4,000] 5,000] 6,000] 7,000] 8,000] 9,000| 10,000| 12,000| 14,000| 16,000 
a. Revolutions per Minute 
3,820| 7,639) 11,459] 15,279| 19,099) 22,918] 26,738] 30,558] 34,377] 38,196] 45,836] 53,474] 61,116 


1,910) 3,820) 5,730) 7,639) 9,549) 11,459} 13,369] 15,279} 17,188) 19,098) 22,918] 26,737) 30,558 
1,273) 2,546} 3,820} 5,093 an 7,639) 8,913) 10,186} 11,459) 12,732) 15,278) 17,826] 20,372 


955] 1,910) 2,865) 3,820) 4,77% 5,729) 6,684) 7,639} 8,595) 9,549) 11,459! 13,368) 15,278 
764] 1,528) 2,292) 3,056) 3,820) 4,584) 5,347] 6,111] 6,876} 7,640) 9,168} 10,696] 12,224 
637| 1,273) 1,910} 2,546} 3,183} 3,820} 4,456} 5,093} 5,729] 6,366} 7,639) 8,913) 10,186 


546] 1,091} 1,637) 2,183) 2,728) 3,274] 3,820] 4,365) 4,911) 5,456} 6,548) 7,640) 8,732 
477| 955) 1,432] 1,910] 2,387) 2,865) 3,342) 3,820} 4,297) 4,775) 5,729| 6,685) 7,640 
10 382) 764) 1,146) 1,528) 1,910) 2,292) 2,674) 3,056} 3,438) 3,820) 4,584) 5,348) 6,112 
12 318} 637 955) 1,273] 1,591] 1,910} 2,228] 2,546] 2,864) 3,183) 3,820) 4,456) 5,092 
14 273) 546 818} 1,091) 1,364) 1,637) 1,910) 2,183) 2,455) 2,728) 3,274) 3,820) 4,366 
16 239| 477 716 955} 1,194] 1,432] 1,671] 1,910) 2,149} 2,387) 2,865) 3,342) 3,820 
18 212) 424 637 849} 1,061] 1,273] 1,485) 1,698) 1,910} 2,122) 2,546) 2,970) 3,396 
20 191} 382 573 764 955} 1,146] 1,337) 1,528) 1,719} 1,910} 2,292) 2,674) 3,056 
22 174) 347 521 694 868] 1,042) 1,215) 1,389) 1,562) 1,736} 2,084} 2,430) 2,776 


24 159} 318 477 637 796 955| 1,114] 1,273) 1,433) 1,591} 1,910) 2,228) 2,546 
1,782] 2,036 


30 H27| 255 382 509 637 764 891} 1,018] 1,146) 1,274) 1,528 
36 106} 212 318 424 530 637 743 849 954) 1,061} 1,273) 1,484] 1,698 


Table 4.—Circumferences in Feet of Grinding Wheels for Given Diameter in Inches 


ON ANA WH— 


Diam., ee 

ae : ft. 
1 0.262 3 6. 49 12.828 61 15.970 
2 524 3. 6. 50 13.090 62 16.232 
S) 785 3 dk 51 13,352 63 16.493 
4 1.047 4. 7h EY) 13.613 64 Lon755 
5 1.309 4. ihe 53 13.875 65 17.017 
6 e57il 4. y fe 54 14, 137 66 17.279 
7 1,833 4. 8. 55 14,499 67 17.541 
8 2.094 5 8. 56 14.661 68 17,802 
9 27356 Bs 8. 57 14,923 69 18.064 
10 2.618 52 8. 58 15.184 70 18.326 
11 2.880 6. 9. 59 15.446 71 18.588 
12 3.142 6. OF 60 15.708 72 18.850 
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grinding operations, the faster should be the work speed, in order to have the wheel cut 


properly. 


or the method of applying the work influences grade selection. 
wheel is forced, the harder should be the wheel for abrasive economy. 
exists in semi-automatic and high-production precision grinding. 


In off-hand grinding, the rate at which the work is forced against the wheel 


The harder the grinding 
This relation also 


C. Condition of Grinding Machine.—The grinding wheel cannot work to good advan- 


tage on a machine in poor repair or improperly set up. 
must be made in the selection of the wheel grade. 
much harder wheels than do normal conditions. 


If conditions are bad, allowances 
Spindles loose in the bearings require 
Insecure or shaky foundations necessi- 


tate hard grades to overcome the tendency of the wheel to wear rapidly, cutting qualities 


being sacrificed thereby. 


D. Skill of Workmen.—Grinding costs on off 


-hand grinding may vary 100% on some 


work with the same kind of machine in the same factory due to the difference in the 
method of applying the work to the wheel, and to the variation of skill and knowledge of 


the different workmen. 


grinding castings by his methods of handling the machine. 
Table 6 gives the type, grain and grade of wheel recom- 


are summarized in Table 5. 
mended for various classes of grinding. 


Table 5.—Factors Influencing the Selection of Abrasive Wheels. 


Even in machine grinding, the operator can vary the results in 


The foregoing considerations 


(Norton Co.) 


Material Ground, Result Desired, or 


Selection 5 a 
of Influential Factors Kind of Wheel Condition To Be Met 
Carbon, alloy or high-speed steel; annealed 
Alundum malleable iron; wrought iron; tough 
Physical Properties of brouses; tungsten, ete: 
Abrasive Material Geoaed Gray iron; chilled iron; brass; soft 
Gryetalou bronze; aluminum; copper; marble; 
y granite; pearl; rubber; leather; very 
hard alloys as tungsten-carbide, etc. 
ee to | Coarse grain Fast removal of stock 
Grain Finish Desired Fine grain Fine finish 
Physical Properties of Coarse grain Soft, ductile materials 
Material to be Ground | Fine grain Dense, hard or brittle material 
Physical Properties of Hard Wheel Soft material 
Material to be Ground | Soft Wheel Hard material 
ican ph Clorkock, ena! Itenn eas ee Hardness increases as area of contact 
decreases 
Wheel Eoecd Herd Wheel Low wheel speed 
Soft Wheel High wheel speed 
Grade Widsk. Gpeed Hard Wheel High work speed 
Soft Wheel Low work speed 
Condition of Grinding Hard Wheel Machine in poor condition 
Machine Soft Wheel Machine in good condition 
Harder Wheels Unskilled operator; piece work 
Skill of Operator Softer Wheels Skilled operator; day work; economical 
— ee | production eee 
Physical Propertios of Wide Spacing Soft, tough, ductile materials 
Material to be Ground | Close Spacing Hard, brittle materials (except cemented 
carbides) 
Finish Desired Wide ee Medium or coarse finish 
Rieuohure Close Spacing Fine finish 
Wide Spacing Snagging; operations with flexible applica- 
tion of pressure; surfacing 
Nature of Operation Medium Spacing Cylindrical, centerless, tool and cutter 
grinding 
Close Spacing Heavy pressures tending to deform wheel 
Vitrified For general use; rapid removal of stock 
‘ ‘ Silicate Solid wheels over 36 in. diameter 
Wheel Dimensions S . : Mia aS Ss. SS 
Synthetic Resin z ° 
Shellac Thin cutting-off wheels; wheels subject to 
Rubber deflection 
ry 7S _————————— eee rv EO OOO 
ae Vitrified Wheel speeds up to 6500 surface ft. per min. 


O ti 
perating Speed Sy allac 


Rubber 


Shellac 


Finish Desired Rubber 


Synthetic Resin 


Synthetic Resin 


Wheel speeds above 6500 surface ft. per min. 


High finish where high production is not a 
factor 


Silicate 


To replace sandstone on cutlery, etc. 


Table 6.—Grinding Wheel Recommendations 
Based on the Norton Co. system of wheel marking. See p. 21-67. 
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o o ‘3 o 
c f > pid 2 y 
Work, Material or Operation ‘3 ey le! 2 2 Work, Material or Operation 5 @ |g 2 yi 
5 £ & q “S a 
=/6|s|a|é ab iélale 
Aluminum Cams,hardened steel 
@ylindrical Sass s)s'--eo6s 37 SONG. 8: see.. Rowphing. 6s sckicesisonie oon ce 60| L | 5 |BE 
Surfacing (cups or cylin- Rinishini ere «.certo atic 60); L| 1)R 
GU QRe AS uapeCe oe 38 24 | K} 8 |B /CamRollers, hardened steel 
Surfacing (straight wheels).| 38 46) H|] 8 /B @ylindrivall?... cece noes dee 38 60} N| 6 |BE 
Paternal. Aes ec 56 hea 37 a) 4 fee Sd Sa oes ae dnternalse) ho EA cias 38 60) AE ie cae 
Snagging (low speed)...... 37 24 Or | HOHE... Cam Shaft Bearings 
rs (high speed).....]..... 30 | O°} 4-|T2 Gyhindrigal Se. piecagdlsenick 46|N| 5 |BE 
Gurbting-Olt 5 . hearst as rte c foctetons 24| S | 8 |T2 |Carbon 
Axles, Automobile and Rail- Soft, cutting-off.......... 37 16|R| OR 
way Hard, round, centerless... .| 37 SOWMEN ESO Era ate 
WERTERERS: oi sacs «oe sce [eioes 46 | M! 5 |BE “round, cutting-off ..| 37 46) R| 6 |7T2 
Cylindrical sare serct< o<t listens = 46 | L | 5 | BE “plate, stripping. .... 37 30)/O:), 6) (L2 
Balls, Steel Metallic, cutting-off....... 37 460) On| oni? 
Soft, large, rough... ....0.|/e0... Aor) ZA FO eee MULTAN © Ath cleware tec 37 Sed Voi laseen 
aan ramall, rough... 2s24-|-<= =. CO 2 8 lca Cast Iron 
“large, semi-finish.....]..... CO 2 Oe |e ee Genterless: se cectiaan seen 37 46.) Eee. 
“small, semi-finish....]..... 180 | Z4/10 |..... Cuttingcoii! <2. Jeccacce: 37 36) RB 8 r2 
Hard, large, final finish....| 37 | 320 |F-X] 9AJ..... Cylindrtoaller.. sesccose7 37 BLN dle lise Goce 
“small, final finish...| 37 | XF |] ZA} 11 |..... Unternaliy.¢ seece eens 37 AGNI Bisy.ceic ie creeete 
Ball Bearings Surfacing (cups and cylin- 
Surfacing cups and cones, GErsy See xee ste 37 TOE Flore ae 
ROM Be bir mess 46|/G]....18 * (straight wheels).| 37 SON Tee Bae i. 
4 cups and cones, : 37 esi tsi (ES Wea 
; te ae 33 | 80| F|....[s | Ssageine Cow speed). {| 7 30| R| 7 |B 
* O.D. cups, rough and finish}. .... 80 | M| 5 | BE ss (low speed port- 
Outer Taceyi.soc fe cuiedstef'- <0 80 iP R16 (RR ADC} tee arenas 37 TOMS Su lee we 
Rnrier FAC@s cs oe. vcs werandls.s 5s P20 1B 2" R Ks (high speed)... .| 37 en fi 4 Wanna 
Enternal Dore oo. secession. OOH) ME A ke: Chain Links, Annealed 
Billets, Cleaning Malleable Iron and 
High-carbon and _ high Steel 
speed steels Snagging (low speed).....]..... 20; Q| 8 |B 
High speed swing frames.|.... . 14] Q| 4 |T2H me (high speed).....]..... 165) Po 4r2 
Low speed swing frames.|.... . 16: 1'O" |, 5: 1B ‘Chilled Iron 
Flexible shaft... 5.2. ....]52 00% 20' OQ) || 5: |B Snagging (high speed)..... 37 Keel) Gy] 2 Vawpaet 
Stainless and alloy steels. . ff (low speed)...... 37 LORS Ble es. 
High speed swing frames.|..... 12} S | 4 |T2H} Surfacing (cups and cylin- A ; * 
3 15 4/58 6 ers ek. tele. 3 24 8 
Low speed swing frames {| 7 4|R/7/B “ —~ Gtraight wheels)| 37 | 36/1 | 8 |..... 
Wlexibleishaft...5...<..54-.++ 20} R| 7 |B {Chisels, Woodworking 
Bits, Auger Surfacing (cups and cylin- 
Grinding throats... .......|...5- 3b || 0! LR ders) ek ohrebee iene < 461508) 3. (iL 
Rint 2h SeReSBeneno sonore 70 R || 0 RK Edging (cups and cylinders)|... . . 60| M| 7 /B 
Brass Sharpening so. cies iesek selectors 46| M} 5 | BE 
Centerless 37 SON NG WEST Meese. Chromium Plating 
Cylinditical 7. Sav cieccecs 37 BE OV SOc a2., Good commercial finish. ..] 38 60} L | 5 |BE 
TRAST dos Cena EOE RA 37 36 | J GIA erase. Excellent commercial finish.|... . . SONS 5) 
Surfacing (cups and cylin- FShhdayiabalsol ve wh neice emagonalecec 500 | I 9 1L 
gd) Beane miners 37 ZOO Be yeas. Connecting Rods 
Snagging (slow speed)..... 37 245 PG ulrOmlln ae... Internal .).3 5 - tants - prey) 38 (US. Weesalienpee 
u (high speed)..... 37 20 OM 2-02 Surfacing (cups and cylin- 
Gntting-o8 Os .cc: bs haces [sans B30) War TS Gers)! snore seek 38 24 3 8 'B 
Broaches, sharpening ..... 38 46 | K| 5 |BE |Copper — 
Bronze, soft, See Brass Tubes (cylindrical). ......| 37 10) J 5 1G 
Bronze, hard Cylindricsle ye steccer scacies cere 60); L| 4 |L 
@enterless %5 5.0 eis see.e o's 37 SOM Puke Do bce. Surfacing (cups and cylin- 
” (Undine bit ls Ggeercooboodd epic 46| K | 5 | BE Mrs Recaeteete son 37 14) 1 YAM lacs Nts 
” fet nal es s5 oes sna. 38 | 60| J | 5 |BE | Cutting-off, wet dowspeed) 37 | 36/ P| 0 |R 
2 SHUyaatt 46s pooopogeen son |aseoO 20; Q| 8 |B ¢ (low speed)... .| 37 24; R|] 0 ]R 
(GT Ace Jonna soeonbpoleador BOM WH <7 TS Crank-shafts y 
g Bushings, hardened steel Airplane Moder ctrelais avout 38 60; K| 5 |BE 
- M@ylincricalls. cereyeletsl-!ele)+\«||\- = 17° 60} L | 5 | BE Diesel. . de cisisiecweeeccieel scien 46|/ L | 5 |BE 
Patetialsei acts skeisrecsieress 38 60 | K | 5 | BE Automotive 
Centerless (rough)........]....- 60/2 | M| 5 |BE Snagging (slow speed).. |..... 20; 0 | 5 |B 
i. (imiS BD) ep reyeoreterell! sess 1200}; N| OIR (high speed)...|..... 20 PP ole4 T2L 


See footnotes at end of table, 


Pa Cees ee they 


Table continned on following page. 
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Table 6.—Grinding Wheel Recommendations—Continued 


°° g E 5 
S pass fs . a Pes 
Work, Material or Operation % : g 3 z Work, Material or Operation a 3 z= S 
2\|5|s|4| 2 [5 |S |a| 
- Pins, Bear- Malleable Iron, Annealed 
Snes eye i Snagging (slow speed).....|..... 16| R| 7 
Rough, heavy side removal.|..... 36 | R.| 5 ee (high speed).....]..... 16| Q| 4 
“ Jight side removal.}..... 46 | Q| 5 |A  |Malleable Iron, Unan- 
Rimiahi te ots ccsiansiste stale hoe 50 |b. Onl 25 _nealed 
Cylinders, Cast Iron, In- Snagging (slow speed)..... 37 16) Toieo 
Gernale cs ersieeie 37 yal ips s Oy OM aa A re (high speed)..... 37 16) Q| 4 
Dies Monel Metal 
Forging, cleaning......-.-|----- 66! RAR a wtarcstee Cutting-off A gia vais oie eis Seer (nae 560 P e5 
Threading, chamfering....|...-- 80} Q| 5 |B Snagging een alaraiace ist assemtel spicier 24) Q] 5 
Drawing, cleaning........]----- 60| L | 5 | BE GylindFical.n.... 0. ccc.cescfees oe 46) L| 5 
“ Surfacing (cups and Nitralloy 
cylinders). ....... 38 24} J | 8 ce Before nitriding..........|- a : = : baiwaaseie 
«(straight wheels).| 38 46) 1 | 8/B wee G37) 100 | EA eeeeecrs 
Drills ee Ne pee a oe nitriding.......... { 38 60| H| 8 
Cutting-off (high speed)...}..... ipe 
ee (low speed)....]..-.. 60 | P| 7-) 12 Gast cot internal { 37 14: aes: 
Gy lindri¢al. coyucsis an ciacteielaeee 50| N| 5 |BE . anal 37 16; S| 4 
Centerless (soft) through Soft steel, cutting-off......]..... 36|S 1] 8 
fede ctarlabsaceinisen heucee 60} M/ 5 | BE oop Come tniternal oct ..| scene 20 ||| “Ps [eeaslereans 
te (hard) in feed..}..... 80} Nip. Sap B Pistons 
Pluting, small...) 2224 <0) eiee = 46) R| O|}R Aluminum, cylindrical..... 37 36h Ded 
HATO Pa accuicie cteta ccsreiflesstarate 46} P| 5 | BE “ centerless...... 37 46.) oT ied 
Off-hand sharpening, small.|..... 60| N| 5 | BE Tegrinding..... 37 46| K] 5 
S ce large Cast-iron, cylindrical...... 37 36 | K| 7 
(Wet) eAe.ziccinve ac feces 36| P| 5 | BE oe centerless.......| 37 46|/J | 6 
Precision sharpening..... 38 46| M| 5 | BE “eg regrinding...... 37 46| K| 5 
POI GAINING Ss). ciersiete e chal pare sie 60 | N| 5 |BE jPiston Pins 
Forgings Centerless, roughing.......]..... 60 | M!/ 5 
Centerlesd) 25 scree ostacsoreliotetetess 60 | M| 5 |BE . semi-finishing. .|..... 80 | M| 5 
Cylindrical: <csheate. stetseae ales 46| M| 5 |BE _ finishing. ...... 37 | 320| N| 8 
Snagging (high speed).....|..... 16 | P | 4 | T2L]Piston Rings, Cast-iron, 
(low speed)......]..... 20). QO. S28 Semi-steel 
Gages Surfacing, rough (cylin- 
Plug, cylindrical.......... 38 80| K | 5 | BE Ce) Mee aee Maremore 38 30| H| 8 
Thread = (straight wheels)|..... 50} Tes 
Threading, coarse pitch.| 38 120) )e Ke tsec lees Internal, snagging........ 37 36°] UR eeeelenees 
bes medium pitch} 38 | 220 | K |....]..... Plows 
Ye fine)pitch...| 38 |) 220:)) Mil altnees Steel, surfacing...........]..... 20} Q| 5 
Gears, hardened steel se fitting h..ceecoek teers 24 Raye 
Form precision grinding. ..| 38 60| K| 5 | BE “edging, jointing.....|..... 16:,}) Siifeccree} oases 
Generative precision grind- Chilled iron, all opera- 
INGE cca aneminnn ls 38 60 | J 5 | BE tions, Wotsena «scl ote 20) | Ried: 
Internal 38 46} L | 5 | BE 5 iron, all opera- 
ae ia Nw be 46| L | 5 | BE tions, Cry sccses cl tree] 20 |) NES 
Surfacing (cups and cylin- Pulleys 
Gewsyoaeen cn hacer 38 30) der See Cast-iron, cylindrical...... 37 30/}J | 8 
bs (straight wheels).| 38 46| J | 5 | BE |Reamers 
Glass, Tubing Backing-off.. cre eaten 38 460 KS 
Cutting-off (low speed), Gylindrioaly se. cc. senna 38 46 | M]| 5 
EOE arethiacteateceee 37 90; K| O|R Hluting ¥.s.cceo cent ce 38 46) L/ 5 
Gylindrical, 5 ....a<s'e:s/siecste 37 36.}\, Diy || Gal eerras Roller Bearings 
NIGER IE aac. sfelvie + sca arereteeere 37 60. |) FEO" oer Cups, centerless, O.D......}..... 80} L| 7 
NICKINE RS cucteetass somes 37 | 180] S aslo SS. Unternals.cacx ae crete rabies 70), Nie 
Hammers, Claw Rollers, centerless, rough- 
Grinding between claws...|/..... 46 OR WON LR: INE, Sereelenidere adenine al amen 80} 0} 7 
ecole grinding. vccthnceseslncty ov 24.10 jp 5.a\B Mg centerless, finish- 
Knives, Machine IE sic aocitaeee metals meee SO Ra 
Chipper and barker......./..... 36 | K | 5 | BE |Rolls 
Moulding, off-hand sharp- Brass or copper 
OHING on qucrhysrreens as lic iets « 36| N| 5 | BE Cylindrical, roughing... .| 37 46|L| 3 
Machine, sharpening......|..... 36 | J 5 | BE bs finishing....| 37. | 100} I | 9 
Veneer, sharpening........ 19 36 1d |S Cast-iron 
Machine Shop Cylindrical, roughing. . .| 37 30) Ki 5 
General off-hand grinding.|..... 300 PAlesal-BE s finishing... .| 37 801 J 17 


See footnotes at end of table. 
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Table 6.—Grinding Wheel Recommendations—Continued 


* 
o 
Work, Material or Operation g 
5 
Soe 
Rolls—Continued 
Chilled iron 37 
Machine, roughing.... { 37 
% finishing...... 37 
Hard rubber 
Cylindrical, rough and 
MIMD sk ei iectepicislete ns 37 
Soft rubber 
Cylindrical, rough....... 37 
finish. 5).,<,, 37 
Steel, hardened 38 
Cylindrical........... { 38 
“polishing. ..... 37 
Rubber 
Soft, cylindrical.......... 37 
Hard, cutting-off ......... 37 
“ eylindrical......... 37 
Saws 
Band, gumming........ { er 
Circular, gumming........]..... 
Metal-cutting, gumming..}..... 


Scissors and Shears 
Cast-iron, surfacing blades | 37 
Steel, surfacing blades.....}..... 
grinding flash from 


pointing and shaping.|..... 
grinding neck.......]..... 
strike cutting edges. 
Shear Blades 


Spline Shafts 
@enterless'2 50.2 sare sce cee| ese 
Gybinaricaly, acters ciersioiaiows |! eare'e\ 
Surfacing splines..........]...-- 
Springs 
Leaf, grinding eyes.......|..--- 
‘3 chamfering EN ac clove rellle Joie 
Coil, squaring ends, small..}..... 
poem large’s.| toe ac 
Steel Castings 
Low carbon 
Swing frame (lowspeed).|..... 
“(high speed) 
Floor stand (low speed). .|....- 
a “« (high speed).}..... 


Manganese 
Snagging (low speed 
swing frame) .......|...-- 
(high speed swing 
ADAM) ) delete iste ols 


StANC eels 26 <ilees 

oe (high speed floor 
SEAUO)eelece’s siereteesss 

Steel, hardened 

Genterlesss jo jens c+ - «cic 38 
Cylindrically ... <ici0-<0- 2 06 38 
Surfacing (cups and cylin- 
(ler) c:-toraseyess steers 38 


See footnotes at end of table. 
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= Work, Material or Operation 
a 
Steel, soft 
L Centerless. ...5.2.6000% 0 
T2 Cylindrical ei aecs eden 
L Surfacing (cups and cylin- 
ders) won. Seer aoe 
Ss (straight wheels) 
Internalan sums geese 
er ee Cutting-off, dry.......... 
72 ae. Deege WOUee orractrsen 
12 Steel, high-speed 
Centerless RGratR eins Nae ess 
BE G@ylindricals2.0).0gcone 
BE Surfacing (cups and cylin- 
L ders) San ehaiertes s 
a (straight wheels). 
L Oiltting-off} cape acesn eons 
T2 Teshernal eee tes saosin 
T2 Snagging, annealed bil- 
BE letseca ec neaciias et 
T * unannealed bil- 
BE LURE | Sees er aie 
ae ¢ Steel, stainless 
Cetiberless 5) /cs15)010.s<.0) <0) 
ye et Cylindrical wscicee saci ve 
V MUTTa Cl gh ede ve slsiciee cr 
Cutting-off.............. 
ee Snagging, billets (high 
ase °h Speed A Wotler, bslsien 
18 billets (low 
ieee ee Speed )aemitarsalssereiers 
Stellite 


B Cylindricallenecactacecice: 
B Off-hand (tools).......... 
B Surfacing (cups and cylin- 

ers) eertctevestste cio dsc 


BE st (straight wheels) 

BE Cutting-off (low speed)... . 

BE Tool and cutter.......... 
Taps 

B Squaring ends........... 

be Grinding relief........... 

B Fluting, small taps....... 

se large taps....... 

Mhread ng fac cee asd vsele nccln'e 


Shanks (cylindrical)...... 
B_ |Tools, Lathe and Planer, 


T2H Carbon and High- 
B speed Steel 
T2L] Light off-hand roughing... 
eS fin SHIN gs ey, 
Heavy, off-hand......... 
B AUtOMAatic cir stevetie sae 
Fixture grinding.......... 
72H | Tubes, steel 
Centerléssiancarassirreorate!s 
B Cutting-off, thin wall..... 


“heavy wall.... 
T2L |Tungsten- and Tantalum- 


carbide 

BE Off-hand roughing........ 
BE «“ ‘semi-finishing.. .. 

COME TIRISI TIC ere sietetelrs 
B Fixture grinding (semi-off- 
BE and) sep jscteghssrs=(s 
GE “grinding (semi-fin- 
T2 ishieat ate sare: 


[Abrasive a! 
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Table 6.—Grinding Wheel Recommendations—Continued 


* = 5 
= 4 5 + : : = © 2 — 
Work, Material or Operation 3 le s = Work, Material or Operation g 3 x-| 3 3 
2|6|é|4| 8 2/6 |é|4/ 4 
Tungsten- and Tantalum- Tungsten Rods 
Sad Corineed (Cutting-olf seenpeaso- lees 150 | R| 7 |RID 
Ae Centerless tcc. 4-0 doses 37 60 0 i 9) eee 
Burioce nadine 37t| 80| H| 7 |..... Valves, Automobile 
Rough tungsten......{/ 372} go} T | 7 [0.. Sais eee ke AL Oe 80 |'0 | 6 |BE 
Finish tungsten........ 37 OO Wee | od. fis. ee Stems... weet ce cee es eeeelecees 46|N/ 5 |BE 
Rough tantalum....... STEW OO. ih oda ikecet ete “  cutting-off . ceeeeeeafecees 30 | W| 7 | T3 
Finish tantalum........ 37F | 100 G th 7 teow “« centerless grind.....|..... 60} O | 5 |BE 
Wet, rodwh.i..sss0. sce STE Ib GOCIeE, Padus le eece Valve Seat Inserts 
Cs ch ait hada Oger eee 37E) 100 | 5 y halleres 4 Cast-iron, roughing....... 37 46 OM ees 
Form grinding......... STE OO WE Wd leak Alloy steel, roughing...... 38 60 | N| 6 |BE 
Sharp angles......... 37 | 280 | I Elorek Stellite, roughing......... 38 80 | I | 8 |BE 
Backing-off............ S72) Oth ob ale de tee cee All seats, finishing........ 37 -| 150. |) tye BAG 
Milling cutters (cups).| 37£ | 80] H | 7 |..... Valve Tappets 
‘Conterless.-s.-0 2n1-sintes S7E WS 80 lt El ta da Peeeae (acme acc cce os..nie tases 38 60; L | 5 |BE 
Milling cutters (straight Centerless: 0. sci 22..qees ols onee 80 | P| 7 |BE 
wheels): g.4.cscases STEN GO PS hd. alae te Cylinducald > 2.;. & Bes elsese 46| M| 5 |BE 
Cylindrical, rough...... STE 60.) tee, lee a. Worms, grinding threads. .| 38 36| L | 5 | BE 
$8 finish... ....<- STEN LOO Res od) terre Wrought iron, snagging...|..... 16 | Rice 
Internally sees cael cns S7E ib a-46. 0 in fy Oe feceits 
Lapping (loose grain).....|..... 2808 Vaccine os becects 
“solid wheel, coarse..|..... TOOT oc ce haestste 
key oe *  medium]..... L205 ie aevciltaix cea ls ese ct 
Sees ANG. ot ees 3209 lc colanntbesreak 
* A blank space in the abrasive column signifies that the abrasive is alundum. 
+ A blank space in the bond column signifies vitrified bond. 
t Green crystolon. § Boron carbide. §| Diamond resinoid. 
Table 7—Wheel Recommendations for Portable Grinding Equipment * 
High- Slow- 
Material speed speed Material speed speed 
Grinder Grinder Grinder Grinder 
Aluminum Castings... 30-N4T-2° Steel Castings (low 20_U0RE P 
a Ai 24 
Brass and Bronze..... 3724-Q2T-2° Manganese Steel 16-Q2T- S 
Castings......... 20-Q2T-2% 24-Q¢ 
Gray Iron Casting... .} 3716-S2T-2° - 
Forgings.....0c0.0+ +. 20-Q2T-24 Stainless Steel...... 20-U0R 24-Q¢ 
Malleable Castings { 20-Q2T-2 Q 
(amnealed)......... 16-Q2T-2° Welds, Straight 20-U0R? - 
natu Cet Wheels.......... { R4T-2H*)| 24 
a 
(unannealed)....... 3716-R2T-2 Welds, Cup Wheels. oe Ae HK; 


* For significance of the wheel symbols, see p. 21-67. 
@ Alundum resinoid, © Crystolon vitrified. ¢ Crystolon resinoid, @ Alundum vitrified. 


e Alundum rubber. 

GRINDING WITH PORTABLE EQUIPMENT.—Portable grinders have come into 
wide use in foundries and steel mills for snagging, cleaning and smoothing of castings and 
billets, and in industries such as steel furniture and automobile body, and in tool rooms 
and die shops where they are used as production tools. The wheels used generally are 
smaller than those used in stationary or swing frame grinders, and are driven at higher 
speeds by electric motor or air turbine. The grain, grade and other properties also are 
different in portable equipment. Table 7 gives typical examples of wheel recommenda- 
tions made by the Norton Co. for portable equipment. 

The following recommendations * are made for wheels for use in portable equipment 
in the tool room and die shop: 

Internal Grinding.—For hardened or high-speed steels, 3846—J, aluminum oxide, vitri- 
ate pe steels, 3846-K aluminum oxide, vitrified; cast iron, 3736-H silicon carbide, 
vitrified. 

Surfacing.—Tool and die steels, 3846-K5B, aluminum oxide, vitrified. 

General Purpose Grinding.—Tool and die steels, 3846-L5B aluminum oxide, vitrified. 

Off-hand Grinding.—Dies, metal patterns and molds, from 36 to 60 grain size, grade 
P to R, aluminum oxide, vitrified, or 30-Q4T-2 aluminum oxide, resinoid; steel castings 


* For significance of the wheel symbols, see p, 21-67, 
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and forgings, 36-P5B aluminum oxide, vitrified; grinding keyways, slotting or cutting off 
small stock with wheels 1/1 to 1/g in. thick, 60-P8T-2 aluminum oxide, resinoid. 

WHEELS FOR SURFACE GRINDING.—Vertical-spindle surface grinders and 
face grinders use wheels of the cup form, the grinding surface being the edge of the rim 
of the wheel. Built-up sectional wheels frequently are used in place of solid cup wheels 
both for surface grinders and for disc grinders. 

The Bridgeport Safety Emery Wheel Company, Bridgeport, Conn., makes a wheel 
consisting of segments mounted in a steel chuck. The segments can be moved outwards 
from the face of the chuck to compensate for wear. Number of segments ranges from 8, 
in a 16-in. wheel, to 18 in a 42-in. wheel. The depth of the segments is 8 in. in all cases, 
and practically this whole depth can be worn away in the use of the wheel. 

Another form of dise or cup wheel is the Besly wheel, which consists of a ring or seg- 
ments of abrasive, cemented to a thin ribbed steel back, through which studs project for 
attaching it to the adaptor or face plate of the grinding machine. This type of wheel also 
permits 100% of the abrasive material to be used. 

The Norton Co. recommends for surfacing the various grades and types of disc wheels 
shown in Table 8. 

ALLOWANCE FOR GRINDING.—The amount of material allowed for removal 
by grinding varies with the character of the work and the type of machine. In cylindrical 
grinding it may range from 0.020 to 0.025 in. In internal grinding, allowances have 
ranged, depending on the class of work, from 0.006 to 0.008 in. and from 0.012 to 0.017 in. 

GRINDING TOLERANCES have decreased with improvement in grinding machines 
and in grinding wheels. On cylindrical grinding tolerances in diameter of — 0.0000 to 
+ 0.0005 in. are possible of attainment, and in out of roundness and in taper, tolerances of 
0.000 05 have been specified. Tolerances smailer than these fall within the fields of lap- 
ping and honing. 

INTERNAL GRINDING OF SMALL AND MEDIUM SIZE HOLES.—C. R. Alden 
describes (Trans. A.S.M.E., MSP 51-15, 1929) the grinding of holes as small as 1/16 in. 
diam. An air turbine was used to give a spindle speed of 65,000 r.p.m. The wheel was 
a mounted point, that is, an abrasive tip cemented on a steel shank, substantially less in 
diameter than the tip, which in turn was smaller than the hole to be ground. An impor- 
tant consideration in the internal grinding of small holes is the type of grinding spindle 
and the bearings used. A solid projection type of spindle, in which the wheel is mounted 
on an integral projection of the spindle, was found to be best. The projection should be 
of the largest possible diameter and shortest possible length consistent with the diameter 
of the hole to be ground. This will limit the amount of wheel wear that can be per- 
mitted, since allowance of excessive wheel wear will necessitate a spindle and bearings 


Table 8.—Disc Wheels for Surfacing 


(Recommendations of Norton Co., Worcester, Mass.) 


Material Ground Wheel Type Bond Material Ground Wheel Type Bond 
Aluminum Castings.| 3720 14T-2 | Crystolon | Bakelite | Roller Bearing Roller 
Axe Heads......... 20/1 O5T-2| Alundum | Bakelite (BITS arama avec eek 1980 05 Crystolon |} Vitrified 
Bolt Heads... 46/2 N4T-2| Alundum | Bakelite | Roller Bearing Cages. . 36 035 Alundum | Silicate 
Brass and Bronze Springs (coil), Auto- 

letahrd hee ey anor 3720 M4T-2) Crystolon | Bakelite motive 

Binishi sce). «ee 3760 J8 Crystolon | Vitrified Heavy Wire........ 1916 P5B Alundum | Vitrified 

#12 Tr. Medium Wire...... 30 05B Alundum | Vitrified 
Cast Iron . 1946 O5B Alundum | Vitrified 

Large Discs) .. { S718 O5T-2\\ Grystclon'| Bakelita| OU Wee.---7-- { 1960 M5 ‘| Alundum | Vitrified 

Large Work i 3714 M5 Crystolon | Vitrified Hixtra Heavy 

Small Work { 3724 K4T-2| Crystolon | Bakelite (Railroad Type). . { 12 M4T-2} Alundum Bakelite 

at 3730 M5 Crystolon | Vitrified 1920 O8B Alundum | Vitrified 
Dies (Hardened) Leaf (eye grind)....| 16/2 R7B Alundum | Vitrified 

PRUOUIE Hetero retarsiazerne 1924 I4T-2 | Alundum | Bakelite | Steel Forgings (Hard) 

IBMEISHs . «.caee res = 46 J6T-2 | Alundum | Bakelite} Rough............. 24U5 Alundum | Vitrified 
IDEM ater ee cee 3714 J4T-2 | Crystolon| Bakelite] Finished........... pias ee poe ee 
Glass Plates....... 37120 K9 Crystolon | Vitrified undum | Silicate 

Edges .......... Si OSTL Crmmelen Bakelite | te ce { 30 K5T-2| Alundum | Bakelite 
Malleable Castings .| 24/2 L5T-2 | Alundum | Bakelite | Steel (Soft) 
Piston-pin Ends.... 46 M3T-2! Alundum | Bakelite Roughing® jam s..4 fa. 16 M4T-2) Alundum Bakelite 
Piston Rings Commercial Finish..| 30 O6T-2 | Alundum Bakelite 

Roughing........ 3724 L5T-2 | Crystolon| Bakelite} Fine Finish........ 60 K5T-2 | Alundum Bakelite 

Finishing........ 3760 M6T-2] Crystolon | Bakelite | Stove Castings. ...... 3714 M4T-2] Crystolon Bakelite 
Porcelain......0... 37100 J8T-2 | Crystolon | Bakelite | Tile................. 3746 M5 Crystolon Vitrified 
Refractory Brick. ..} 3716 N5T-2} Crystolon | Bakelite Wrench tends 36 P5T-2 | Alundum | Bakelite 


Rubber (Hard)..... 3760 M5 Crystolon| Bakelite} { 36 L5B Alundum | Vitrified 
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that will lack rigidity. It is recommended that 2-in. wheels for grinding 2-in. holes be 
allowed 1/9 in. reduction of diameter by wheel wear, and that they then be transferred to 
the grinding of 1 1/2-in. holes, with a further allowance of 3/g in. for wheel wear, after 
which they could be used for the grinding of 1 1/3 in. or 1-in. holes. The wheel thus can 
be used up, and at the same time the conditions under which it works will be those of 
maximum efficiency. Fig. 1 shows the spindle speeds recommended for the grinding of 
small holes. A ; : 
GRAIN DEPTH OF CUT.—An analysis of the action of the wheel when in operation 
shows how theoretical considerations bear out the truth of the empirical rules for the use 
of grinding wheels in machine grinding. A paper by Geo. I. Alden (Trans. A.S.M.E., 
xxxvi, p. 451, 1914) gives the 


ne! essential distinction between the 
radial or real depth at which the 

ea wheel cuts and the depth which 
the abrasive grain in the wheel 

gi $5.00 cuts into the material being 
é ground. The latter depth is 
save termed the ‘‘grain depth of cut.” 
é This grain depth of cut is the 


20,000 controlling factor in securing the 
correct working of the wheel. A 
formula is deduced for computing 
the grain depth of cut, the 
0 i, application of the analysis is 
S$ 24 3 73. of ou Re 4% athsAs explained and these conclusions 
: oan reached by Prof. Alden: 1. Other 
Fia. 1. Wheel Speeds for Grinding Small Holes factored), renttining/ eerste 
crease of work speed increases grain depth of cut, and makes a wheel appear softer. 
2. A decrease of wheel speed increases grain depth of cut. 3. Diminishing the diameter 
of the wheel increases the grain depth of cut; increasing the diameter of the wheel decreases 
the grain depth of cut. 4. Decreasing the diameter of work increases the grain depth of 
cut; conversely, increasing the diameter of work decreases the grain depth of cut. <A table 
of arcs of contact of wheel and work for a limited range of diameters is given, also a table 
of values of one of the factors in the formula for grain depth of cut. 

W. H. Chapman (Trans. A.S.M.E., xlii, p. 595, 1920), basing his study on Prof. Alden’s 
paper set forth above, gives a mathematical analysis of the laws involved in cylindrical 
grinding and an analysis for grinding action for both draw-in and traverse cuts, deriving 
formulas and from them drawing practical conclusions as to the best methods to follow 
for maximum grinding efficiency. 

Draw-in Cuts.—For draw-in cuts, the maximum depth of chip, in inches, corresponding 
to Prof. Alden’s grain depth of cut, is given by 


G = (uu/V) (V2f/r), approximately . . . . . . . [1] 


where G = maximum depth of chip, in., » = intervals between grains of wheel in fractions 
of an inch, wu = work speed, ft. per min., V = surface speed of wheel, ft. per min., 
f = depth of cut, in., on work radius, r = radius of work, in. 

The index of the wheel-wearing action, Wi, due to grinding, is 


Wi = (wu/V9) (V2ffr) ww ww. BY 


The actual wheel-wear can be computed by multiplying the value of W, by a constant 
derived by experiment, which may be taken as (1800 X 104). The amount of metal 
removed per minute may be determined by 


P = 2a fw rpm, =, 6) 1 ce 


el 
where P = cu. in. of metal removed per min., w = width of wheel, in., and r.p.m. = speed 
of rotation of the work, other notation as before. 

Table 9 compares wheel-wear and quantity of metal removed at different work speeds 
in a given machine, as calculated from the above formulas. Note that wheel-wear values 
increase rapidly as work speed increases. The value of 0.0166 for work 1 in. diameter at 
53 r.p.m. becomes 0.1040 for work 4 in. diameter at 167 r.p.m, A wheel sufficiently soft 
to cut freely in the first case would wear so fast as to be nearly useless in the second case. 
Where the wheel-wear values are nearly the same, however, the same wheel will act 
properly in both cases, as, for instance, on 1-in. work at 138 r.p.m. and 4-in. work at 72.5 
r.p.m. From Table 9, and by experimental tests with various wheels, certain ranges of 
wheel-wear values may be found to correspond to different grades of suitable grain size 
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and abrasive for the material to be ground, and wheel-wear indices may be computed for 
any set of conditions to enable the proper wheel to be selected. 

Production can be increased with a minimum increase in wheel-wear by an increase in 
the feed, up to the limit of the grain penetration. An example in the paper shows that 
doubling the feed approximately doubled the production but increased the wheel-wear 
only 35%. Doubling the work speed, on the contrary, doubled both production and 
wheel-wear. 

Traverse Cuts.—The index of wheel-wear for traverse cuts is 


We mau Vp OAT at) eV ayn), on aneeiire i.e Al 
where 7' = traverse speed, ft. per min., other notation being as before. The expression 


{u/ (VT? + u*)} is known as the traverse factor. Where T is large with respect to u the 
factor will be appreciably less than unity, but as u increases the reduction in wheel- 
wearing action is less pronounced. A table of wheel-wear values for traverse cuts can be 
made by multiplying the traverse factors determined as above by the wheel-wear value 
for the corresponding work speed and work diameter for draw-in cuts, such as are given 
in Table 9. Table 10 is such a table compiled for the same machine as was Table 9. By 
assigning certain wheels to specified ranges of wheel-wearing action, the proper wheel for 
traverse cuts may be selected from Table 10. The wheel used, however, would be some- 


Table 9.—Comparison between Wheel Wear and Quantity of Metal Removed at Different 
Work Speeds 


Wheel diam., 18 in.; surface speed, 6000 ft. per min.; diametral feed per work revolution 
(automatic feed), 0.001 in.; grain of wheel, 46 Alundum; material ground, mild machinery steel. 


Work Diameters 


Work Speed, 

r.p.m. 1 in. Qin 3 in. 4 in. 
53 Production: * soe. 6.- 0.0835 0.1670 0.2500 0.3340 
Wheel, Weare  cyeccs.0%.2 0166 0236 0290 0334 
72,5 IProducGiort © ore 52 o)c* 5,200. 1140 2280 3420 4560 
Wiheelo Weare anor. -> 0226 0319 0390 0450 
87 Production #3. «024... «. 1370 2740 4110 5480 
Wheel Wear... ec ces os 0273 . 0387 0475 0546 
101 Production; *<..00t cos o 6. 1586 3172 4758 6344 
Wheel Wear......... eer 0316 0448 0540 0635 
138 Production 5 <s.es)05 2160 4320 6480 8640 
IW HBO Wi@AL ous ca.o (aie ave . 0433 0612 0645 0865 
167 ProgucwOnet avec (se ces = 2620 5240 7860 1.0480 
Wiheeliw ears 5 2 ..cisralenie' 0522 0740 0910 0.1040 

*In cu. in. of metal removed per minute, 
Table 10.— Wheel-Wear Values for Traversed Cuts 
(For same conditions as given for Table 9) 
Traverse, Work Lead, Work Diameters 

ft. per min. r.p.m. in. isha 2 in. 3 in. 4 in, 
10,02 53 Za 0.01340 0.02240 02820 . 03280 
Bye} oye .01170 .02080 . 02740 . 03230 
14.00 {| 32.5 a3 "01820 "02450 03775 04390 
53 3.8 .01050 .02005 02685 . 03185 
17,00 fede 2.8 .01650 02900 . 03720 . 04370 
87 PARE .02190 . 03620 . 04620 05390 
53 4.4 00955 01930 .02620 03142 
422 3h7) .01560 02820 . 03675 . 04350 
19.7 87 2.7 “02060 03540 04570 05355 
101 Zed . 02540 04185 05245 . 06260 
53 5.9 . 00763 01695 . 02430 . 03000 
2a 4.4 01290 . 02600 . 03520 04240 
26.9 87 3710) 01760 . 03320 04420 05235 
101 | . 02220 . 03980 05125 06185 
138 Das . 03470 05130 06195 . 08500 
53 7h Sb) . 00660 01545 02290 . 02885 
Wize) ENE) .01140 . 02420 . 03380 04130 
87 4.4 01580 03150 04315 05160 
32.6 101 3.8 -02000 03820 05000 06100 
138 2.8 . 03230 . 05580 06095 08450 

167 4) . 04210 06940 . 08800 
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what softer in the traverse cut for the same index figure, because the actual depth of cut 
does not follow the indicated depth, as shown by the feeding mechanism, as closely for 
traverse work as for draw-in work. The following wheels are found to be satisfactory for 
traverse cuts on mild steel under the assumed conditions: 
Wheel Designation.... 36 or 461 36 or 46J 36 or 46K 36 or 46L 36 or 46M 
Wheel-Wear Values, in 
AL EVD G2 Oat Re oye ac. 5) 0.0250 .0250-.0400 .0400—-.0500 .0500—.0600 . 0600 

Practical Conclusions.—The practical conclusions drawn from the foregoing mathe- 
matical analysis are: The power drive must maintain the speed constant except as changed 
by the operator. The wheel must be in good running balance and in absolute truth, and 
held in position relative to the work within the closest possible limits. The work must be 
accurately held with respect to the wheel and must be uniformly rotated. The relative 
traverse between work and wheel must be uniform. ‘The work must be rigidly supported 
over its entire length and no vibration allowed to occur between centers. Feeding must 
be at a rate such that the feed increment never exceeds the maximum grain penetration. 
Work must be kept at a uniform temperature and local heating prevented. A copious 
supply of grinding compound should be directed to the arc of contact at all times. In 
truing a wheel with a diamond, the cooling medium is vital to accuracy. Never feed a 
diamond over 0.001 in. per traverse. Do not try to use a single wheel for a variety of 
work sizes or materials. 


3. CARE AND USE OF GRINDING WHEELS 


CARE OF GRINDING WHEELS.—Wheels should be examined upon receipt to make 
sure that they have not been damaged in transit or otherwise. Each wheel should be held 
free and clear and tapped lightly with the handle of a screw driver. A wheel in good 
condition will give a clear ringing sound, while the absence of such ringing indicates a 
cracked wheel. Damp wheels or those in which the spaces between the grains are filled 
with sawdust, and also rubber and shellac-bonded wheels, will not ring when tapped. 

Wheels should be stored in dry places of even temperature. Shellac- and rubber- 
bonded wheels, 1/4 in. or less thick, should be laid flat on a straight surface to prevent 
warping. All other wheels should be supported on edge in racks. Before mounting, all 
wheels should be inspected again, as a wheel sometimes may crack merely by falling over 
from an upright position. The same “ring ’’ test should be applied before mounting. 

OPERATING CONDITIONS. Work Rest.—The work rest should be adjusted close 
to the work at all times, the maximum space between wheel and rest being 1/g in. The 
work rest should be of rigid construction and should be securely clamped after each 
adjustment. Adjustments should not be made while the wheel is in motion. Many 
wheel breakages are caused by work being caught between wheel and rest. 

Truth and Balance.—The keeping of wheels true should be the function of especially 
experienced men. An inexperienced man frequently puts a wheel in worse condition than 
before. Wheels should be tested occasionally for balance. If out of balance, and the 
condition cannot be corrected by truing or dressing, the wheel should be removed from 
the machine. Wheels used for wet grinding should not be allowed to stand partly 
immersed in water, as the water absorbed may throw the wheel dangerously out of balance. 

Application of Work.—When starting a wheel, the operator should stand aside until 
the wheel has run at full speed for at least one minute. Where work is applied continu- 
ously to the wheel, the heat generated should not be allowed to increase toa point where 
it will break the wheel. The generation of large amounts of heat may be overcome by a 
change in the grade of the wheel or by the application of a steady stream of water to the 
point of contact. 

Grinding on the side of a straight wheel is prohibited in some places. Some classes of 
work, however, require the use of the side of the wheel for grinding. It is difficult to set 
a fixed rule as to when this practice is permissible, as each case must be considered indi- 
vidually. It should be remembered that thin wheels are not as strong as thicker ones and 
also that coarse wheels and those of softer grades can be broken more easily than the finer 
and harder wheels. If it is necessary continually to use the straight side of a wheel or to 
exert considerable pressure, cup wheels should be used. 

Eye Protection.—Where danger of eye injury exists, operators should be provided with 
goggles. These should be so constructed that the lenses will be held firmly in the frame 
in case of breakage. To protect against fine flying dust, the frame should fit snugly 
around the eyes, following the contour of the face. The type of goggle held in place by 


an elastic head band has been found more satisfactory than those held in place with metal 
temple bows. 
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Shields of plate glass held in a metal frame fastened to the machine just above the point 
on the wheel where the work is done have proved quite satisfactory for certain classes of work. 
; Wheel Mounting.—Wheel flanges should be made in accordance with the dimensions 
in Tables 11, 12,16 and17. The inner flange should be keyed, shrunk or screwed to the 
spindle. The outer flange always should be of exactly the same diameter as the inner 
flange. The hole in the outer flange should be an easy sliding fit on the spindle or arbor. 
All flanges should be relieved or recessed at the center for at least 1 /16 in. in order that the 
flanges may bear at the outer edge only. Flanges of the adapter and sleeve types, 
Table 12, should be recessed so that there is no bearing on the wheel within 1/s in. of the 
hole. All flanges must be true and in balance. 


E LEAN. VEZ Table 11.—Dimensions of Standard Cast-iron Flanges for 
i Pre Grinding Wheels 
[Soe =e alata Oe eee =F A.S.A. Safety Code for Abrasive Wheels, 1935 
B D E B G D E 
Min. Min. 
Min. | Radial Width} Min. | Thick- Min. | Radial Width | Min. | Thick- 
Outside| of Bearing | Thick-| ness of Outside] of Bearing | Thick- | ness of 
Wheel] Diam. | Surface, in. | ness of Flange Wheel Diam. | Surface, in. | ness of | Flange 
Diam. of Flange} at Edge Diam. of Flange | at Edge 
in. |Flanges, at Bore, of Pee Flanges, at Bore, of 
in. in, Recess, in. Min. | Max. in. Recess, 
in. in. 
1 3/8 16 5-1/9 Wp} 1 1/2 5/16 
2 3/4 18 6 W/o} 1 5/8 3/8 
3 1 20 7, 5/g | 11/4 5/8 3/8 
4 11/4 22 71/2 &/g | 11/4 5/8 7/16 
“i 11/2 24 8 3/4 | 11/4 5/8 7/16 
6 2 26 81/2 3/4 | 11/4 5/8 1/2 
8 3 28 10 7/g | 11/2 3/4 1/2 
10 3 1/9 30 10 7/3 | 11/2 3/4 5/8 
12 4 Ps 
14 See ee re OLER io ses sce lesmeriels- cles allie soe oa bers ee es fee area a 


Table 12.—Dimensions of Flanges for Straight-side Grinding Wheels with Holes Larger 
than Machine Arbor 


Fic. 2. Adapter Sleeves Fic. 3. Adapter Sleeves 
A.S.A. Safety Code for Abrasive Wheels, 1935 
All dimensions in inches. 


Adapter Flanges. See Fig. 2 Sleeve Flanges. See Fig. 3 


B D E B D E 
Min. ‘ Min. Wheel | Min. 5 Min. 
piece hee Diam Min. Thickness Wheel Hole | Diam. ee Thickness 
aN eee of | Thickness] at Edge | Pi@™- | Diam.| of ickness! “at Edge 
j Flange at Bore of Recess Flange at Bore | of Recess 
4 6 5/8 3/8 
12 to 14 5 7 5/g 3/g 12 to 14 5 7 Vo as 
6 8 5/38 3/38 = a By -ae D 
4 6 5/8 3/8 5 7 5/8 16 
5 7 5/g 3/8 O 14 6 8 5/3 7/16 
Over 14 6 8 b/s 3/g aay, 8 10 5/3 7/16 
ats 7 9 5/3 3/3 up 10 | 11/2] 5/s 7/16 
8 10 5/8 3/8 12 13 V/s 5/8 7/16 
6 8 3/4 1/2 8 10 3/4 Vp 
were 9 em V2 Over 20] 10 | 1112] 3/4 1/2 
ve 8 10 3/4 Ye to 30 2 | 133° 8 1/9 
to 24 10 12 3/4 1/9 16 | 171/2 3/4 1/2 
12 14 3/4 1/2 
12 14 1/2 3/4 Va 
Over 30 16 17 V2 3/4 /2 
Sean (i? Wa 4 “2 t436-| 18 | 1913/2 | ~ 8/e 1/9 
: 20 21 I 3/4 1/9 
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Compressible washers of blotting paper, rubber or leather should be used between the 
wheel and the flanges to compensate any slight unevenness in the surface of the wheel 
and to insure a uniform bearing around the entire periphery of the flange. Before mount- 
ing, both wheel and flange should be cleaned of foreign particles. The nuts should be 
tightened only enough to hold the wheel firmly. Excessive tightening may damage the 
wheel. 

Other forms of mounting, such as cementing or sulphuring the wheel to iron backs and 
centers, or the clamping of segments to a metal ring are recommended only for special 
purposes and no definite specifications can be given. Mounting wheels with tapered holes 
and tapered arbors demands great care. Any forcing of the wheel necessary to get it in 
position tends to crack its 

OPERATING SPEED.—All types of wheels do not possess equal strength, and conse- 
quently it is not safe to operate them all at equal speeds. As a generalrule, vitrified and 
silicate bonded wheels are classified in one group and the organic bonded wheels (shellac, 
rubber, and Bakelite) in another. Vitrified and silicate wheels are relatively brittle anda 
maximum operating speed of 6500 surface feet per minute has been established for this group. 
Wheels in the softer grades and of coarse grain size should not be operated as fast as this. 
The organic bonded wheels are more elastic and can be operated at higher speeds with 
safety. A maximum operating speed of 9500 surface feet per minute has been established 
for this group, with the exception of thin cutting-off wheels which may be operated up to 
16,000 surface feet per minute under certain conditions. In the organic group as in the 
vitrified and silicate group, the operating speeds for the softer and coarser wheels should 
be lower. 

The manufacturers of grinding wheels know from experience the maximum speeds at 
which the various wheels they produce should be operated. It is the usual custom to show 
this maximum operating speed on tabs accompanying the wheels. It is also customary 
to test all wheels 6 in. and larger in diameter at speeds sufficiently higher to insure a 
reasonable factor of safety. ; 

Table 13 shows the maximum peripheral speed per minute permitted by the A.S.A. 
Safety Code for various types of wheels and bonds. 

FACTOR OF SAFETY.—Since the centrifugal force tending to break a wheel increases 
as the square of the speed, it is, at 9000 surface ft. per min. 2.3 times greater than at 6000 
surface ft. per min., and 3.3 times greater than at 5000 surface ft. per min. These values, 
2.3 and 3.3, are called the established factor of safety for the operating speeds mentioned. 


Established factor of safety = testing speed ? + operating speed.” 
True factor of safety = breaking speed 2? + operating speed.? 


The true factor of safety cannot be calculated unless the breaking speed actually is mea- 
sured. Experience shows the true factor of safety to be, usually, many times greater 
than the established factor. 

The forces tending to break grinding wheels are due to other causes in addition to 
speed of rotation. Among these are: Poor mountings, wheel flanges of unequal diameter, 
unrelieved flanges, expansion from excessive and rapid heating of one periphery, work 
catching between wheel and work rest, improper grinding on side of wheel and excessive 
out-of-truth, or out-of-balance conditions. These conditions are cumulative and increase 
the breaking stresses due to rotation. Since these conditions exist, the established factor 

_ of safety is kept large. If the grinding conditions are correct, the wheel which has been 
subjected to the speed test should not give trouble, as it has been established that it is 


Table 13.—Maximum Permissible Grinding Wheel Speeds 
Vitrified and Silicate Bonds | Organic Bonds 
Soft | Medium | Hard | Soft | Medium | Hard 


Type of Wheel 


Peripheral Speed, ft. per min. 
Straight 
Taper } Wired: sé caosle Vierayaeaee 5500 6000 6500 6500 8000 9,500 
Recessed Cap eettera «kd cvoeaeers Stuterete 5500 6000 6500 6500 8000 9,500 
Cylinder PRRs .«:s nrermtererciar ate 4500 5500 6000 6000 8000 9,500 
Dovetail ; 
Dish and Flaring Cup}.......... 4500 5500 6000 6000 8000 9,500 
Saucer i 
Deep Recessed Cup........--++++- 4500 5000 5500 6000 7500 9,000 
Over T6in. diam,’ |.><.2.s Ie ewetermenl ease weecte testa tee ie eee eee 
Cutting Wheels Boe 
10,000 


Up to 16 in. diam. 


a = = 


... <r ee ee ee eee ee 


; 
| 
3 
d 
“ 
| 
‘3 


GRINDING WHEEL PROTECTION 21-81 


Table 14.—Minimum Sizes of Machine Spindles for Various Diameters and Thicknesses 
of Grinding Wheels 


Diam. of Thickness of Wheel, in. 
Wheel, | 1/4 | 8/8 | 1/2 | 6/3 F8/4 | 1 |N Y/alt Y/olt 8/4] 2 [2 1/4|2 1/9]2 3/4] 3 [34/4] al 4 [41/9] 5 
In. 


Diameter of Spindle, in. 
6 Ye | 1/2 | W/2| 1/2] Wa] 1/2) 5/e| 5/g) 3/4] 8/4) 3/4) 3/4] 3/4) 3/4] 3/4) 3/4fl [tI 
7 1/2 | 1/2 | 1/2 | 1/2 | 5/8} 5/g} 5/8] 3/4) 3/4) 8/4] 3/4) 3/4) 3/4]1 Jt | 1a eet 
8 | 5/s | 5/8 | 5/8 | 5/3 | 5/3) 5/g) 3/4} 3/4] 3/4) 
9 5/8 | 5/g | 5/g | 5/g | 3/4] 3/4) 3/4} 3/4/1 I 
10 3/4 | 3/4 | 3/4 | 8/4] 8/4) 8/4) 3/4) 3/4]1 


i | 1 
| | | 
To JE Ugh U/ayt 17g) t 1/4yt 1/4} 1/4} Yo} 1 
12 3/4 | 3/4 | 3/4 | 8/4 | 8/4)1 | 1 I | 1 1 Yall Wall Wall Walt dyalt yal yet ye 
14 7/8 | 7/8 | 7/g| 7/3 \\ | TU/g}t 1/4) 1 1/4)) 1/4}0 1/4} 1/4} 1/4}1 1/a}1 1/o}1 1/9]1 1/9]1 1/9} 1/2 
16 vee efeeecfeneefees ofl Tat Walt U/4/t 1/4} 1/4}1 14h 1/2}1 1/9}1 1/9}1 1/a}1 1/9}1 8/4}1 8/4}1 3/4]1 8/4 
18 cee efeweefeeeefe eee {LT Wai Wail 1/4} 1 1/2} 1 1/2}1 1/2} 1 1/9} 1 1/2)1 1/2} 1 1/9} 1 3/4} 1 3/4} 3/4]1 7/g|1 7/g 
| all do 18/4 
1 41 3/4 1 38/4 
] 4|1 3/4 2 
2 2 
2 


sufficiently strong to withstand the stress due to ordinary grinding conditions. A thorough 
investigation of a grinding wheel broken in operation usually will show the breakage to 
have been due to faulty operating conditions and not to the wheel itself. 

SIZE OF WHEEL SPINDLE.—The minimum diameter of machine spindles which 
should be used with wheels of various sizes is given in Table 14. Bearing boxes must 
be of sufficient length to provide ample bearing surface. 

GRINDING WHEEL TROUBLES AND REMEDIES.—The following is a summary 
of the common troubles of grinding wheel operation and the remedies therefor: 

Wheel Does Not Cut.—1. If running too fast reduce speed of wheel. 2. Use a softer 


wheel. 3. Use a coarser wheel if finish is unimportant. 4. Be sure that abrasive is correct 


for material being ground. 

Wheel Wears Too Rapidly.—1. If running too slow increase wheel speed. 2. Use 
harder wheel. 3. Use finer wheel. 4. Eliminate vibration in machine. 5. Reduce 
pressure of work on wheel. 

Wheel Does Not Give Good Finish (precision grinding).—1. Dress wheel to a perfect 
cylinder. 2. Put smooth face on wheel with diamond. 3. Eliminate vibration of machine 
spindle. 4. Balance wheel if it is out of balance. 5. Use finer wheel. 6. Use shellac or 
rubber wheel. 

Wheel Loads.—1. Increase speed if below that recommended. 2. Use coarser wheel. 
3. Use softer wheel. 

Wheel Glazes.—1. Reduce speed if above that recommended. 2. Use softer wheel. 
3. Be sure correct abrasive is being used. 

Wheel Burns.—See Wheel Does Not Cut. 

Wheel Does Not Hold Shape.—See Wheel Wears too Rapidly. 


4. PROTECTION DEVICES 


Abrasive wheels should be guarded against breakage by protection hoods, protection 
flanges, protection bands or protection chucks. 

PROTECTION HOODS provide the best protection and should be used wherever 
the work will permit. Few cases will be found where it is not possible to use some sort 
of hood. <A properly designed hood, securely fastened to the base of the machine or floor, 
will retain the parts of a broken wheel and provides as nearly absolute protection to the 
operator as is possible. It is the only device affording protection against small particles 
of a broken wheel. Unless a hood is properly designed, however, it will give a false sense 
of security and thus may be worse than no protection at all. A hood should be strong 
enough to retain the parts of a broken wheel both at normal speed and high overspeed. 

The A.S.A. Safety Code for the protection of abrasive wheels specifies the exposures 
of grinding wheel periphery shown in Figs. 4 to 9 for the various types of grinders. On 
bench and floor stands, exposure shall not exceed 90 deg., except in those cases where the 
nature of the work requires contact with the wheel below the horizontal, in which case 
the exposure shall not exceed 125 deg. See Fig. 5. Exposure in both cases shall begin 
not more than 65 deg. above the horizontal. For top grinding, t.e., where the work is 
ground on the top of the wheel, the exposure shall be as small as practicable, with a 
maximum of 60 deg. Hoods shall be so constructed that the protecting member can be 
adjusted to the constantly decreasing diameter of the wheel by means of an adjustable 
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Fig. 7. Surface Grinders Fig. 8. Swing Frame Fig. 9. Top Grinding 
and Cutting Machines and Portable Grinders 


Fics. 4to 9. Protection Hood Exposures 


tongue or its equivalent so that the angular protection shown in Figs. 4 to 9 will be main- 
tained throughout the life of the wheel, and the maximum distance between the wheel 
periphery and the adjustable member will not exceed 1/4in. See Figs. 10to12. Table 15 
gives the dimensions and material of the sides and peripheral members of hoods as fixed 
by the code. The code also presents drawings and dimensions of protection hoods con- 
structed of structural steel. 

PROTECTION FLANGES.—Tapered flanges when properly designed afford good 
protection and should be used where a hood is impracticable. They are used with tapered 
wheels, z.e., wheels thicker at the hole than at the periphery. It is important that flanges 
be as large as possible and be changed as the wheel wears down close to the edge of the 
flange. Table 16, and Figs. 14 and 15 give dimensions of two satisfactory types of tapered 
flanges for wheels operating at a maximum peripheral speed of 6500 ft. per min. Fig. 16 

(Continued on page 21-84) 
Table 15.—Minimum Dimensions of Peripheral and Side Members of Protection Hoods 
All dimensions in inches. See Fig. 13 


% 3 Grinding Wheel Diameters 
ga 
fae SF! 3t06 | 7to 12 | 13 to 16| 17 to 20 | 21 to 24 | 25to 30 | 31 to 48 
SE ane) in. in. in. in. in. in. in. 
20) a a a eer 
25|4|B a|B 4|B ANB 4 |B 4 |B a |B 
Speeds up to 7000 Peripheral ft. per min. 
2 |WWa | Wa | 3/8 | 5/16| 1/2 | 3/8 | 5/8 | Ve | 7/8 | 5/g {1 3/4 [1 1/q {1 
Cast Iron 4 |5/16| 5/16] 3/g | 5/16} W/o | 8/s | 3/4 | 5/g |1 5/g |11/g | 3/4 |13/g {1 
6 | 3/g | 5/16 | 1/2 | 7/16] 5/8 | Yo I 5/g | V/s | 8/a |i Va | 7/g jit/e {1 ts 
: 2 | M/a | 1/4 | 3/g | 5/16 | 1/2 | 8/8 | 5/8 | We | 3/4 | 8/8 | 7/8 | 8/4 | 7/8 
nlased 4 | 5/36 | 5/16 | 3/g | 5/16] V2 | 3/s | 5/8 | 4/2 | 3/4 | 5/g | 7/g | 3/4 {1 1/8 7/3 
e 6 | 3/g | 5/16] 3/g | 5/16 | 5/g | Vo | 3/4 [5/3 | 7/8 | 5/8 {I 3/4 {11 7, 
4 /8 
Speeds up to 10,000 Peripheral ft. per min. 
2 | Va | Wa | Va | Va | 3/8 | 8/8 | Ve | 7/16| 5/8 | 1/2 | 8/4 | 5/g | 7/g 3/4 
Basti 4 [Va | 44 W/4 | 1/4 | 3/g | 3/g | Ve | 7/168] 5/8 | Vo | 3/4 | 5/g | 3/4 
6 | 8/s | V4 | 8/a | 1/4 | We | 8/8 | 5/3 | 1/o | 8/4 | 5/8 | 7/8 | 8/4 |1 Veg 3/4 
2 |} 1/s | 1/16} 8/16} 1/8 | 8/16} 3/16) Ya | 1/4 | 5/16) 1/4 | 8/8 | 5/ 1 8 
g con 8 16] 1/2 /8 
Saas 4 |¥Vg | Vas | 3/16 | 1/8 | 3/16] 8/16) 3/4 | 1/4 | 5/16} V4 | 3/8 | 5/16] 1/2 3/8 
6 | 8/16 | 1/16} 1/4 | 1/8 | 1/4 | 3/16] 3/3 | 1/4 | 3/8 | Wa | 7/16] 5/16) 5/8 3/38 
2 2 14/8 | 4/16 8/16} 1/8 | Va | 3/16) 5/16) 1/4 | 3/8 | 1/4 | 7/16] 5/16) Ve 3/8 
ai a 4 }V/g | 4/16) Vs | 1/8 | V4 | 3/16) 5/16| 1/4 | 3/8 | 1/4 | 7/16] 5/16] 5/3 | 3/g 
6 | 3/16 | V/16 | 1/4 | V/s | 5/16] 2/16] 3/3 | Wa | 7/16) 2/4 | We | 5/161 18/16 | 7/16 
Cutting-off Wheels. 14,000 Peripheral ft. per min. 
Up 12to 16] 17 to 20 | 21 to 24 | 25to 30 | 32 to 36 
Structural to ee et ae in. in in. 
Steel Ya ANTES Aw Ren eee ee FAS VB A B 
in. {1/g | I/g | _1/g | I/g | 3/16 | 1/g | 8/16 | Vg 3 1/4 | 3/16 
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Fie. 10. Correct Adjustable Fre.11. Correct Movable Hood Fre. 12. Incorrect Movable 

Tongue, Giving Protection for with Opening Small Enough for Hood with Opening Correct for 
Sizes of Wheels Protection with Smallest Wheel Full-sized Wheel but Too Wide 

¢ for Smaller Wheel 


=X Peripheral 
Protecting 
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Removable Fixed 
4f Side-Member Side 
Member 


x SECTION XX 
Fic. 13. Cast Protection Hood 


Fic. 15. Tapered Flange 


: Table 16.—Dimensions of Tapered Protection Flanges for Grinding Wheels, for Peripheral 
a Speeds up to 6500 ft. per min. 
All dimensions in inches 


B (Gy D E F Fy 
3 Min. Min. Min. Diam. | Diam. of | Max. 
Min. | Radial Width of | Thick- |Thickness|Thickness| of Max.| Flat | Diam. 
Wheel Outside Bearing Surface, | ness of | at Edge at Flat Outside | of Flat 
Diam. Diam. Fig. 14 Only Flange | of Recess,| Bevel, Inside | of Flange,| or Hub 
pi at Fig. 14 | Fig. 15 of Fig. 15 of 
Flanges Bore Only Only | Flange Only Wheel 
6 3 3/8 CYA ollie Caaeenersd OM | ae ome 1 
8 4 3/8 Ta me || aechasetens ti, exon l 
10 5 1/2 D4 Woe) aero seserete OW hcictteves 2 
12 6 5/g 5/16 1/2 4 5 41/o 
14 8 5/g 3/g V/9 4 5 41/2 
16 10 5/8 3/g 1/2 4 6 6 
18 12 3/4 1/2 5/g 4 6 6 
20 14 3/4 1/2 5/g 4 7 6 
22 16 3/4 9/16 5/8 4 7 6 
24 18 3/4 9/16 5/8 4 8 6 
26 20 8/4 5/3 5/8 4 8 6 
28 22 7/3 5/g 5/g 4 8 6 
30 24 7/8 3/4 3/4 4 8 6 
1 7/8 fen ete 6 
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Table 17.—Dimensions of Tapered Protection Flanges for Grinding Wheels, for Peripheral 
Speeds of 6500 to 9500 ft. per min. 
All dimensions in inches 


| a 


C io 

Diam. | Thick- 

of ness of B L M N 
Wheel | Wheel 

Max. | Min. Fig. 16. 
D E af K 

16 4 10 11/2 1 3/4 3/4 6 1 1/2 3/4 | 5/16 | 3/8 

18 4 12 2 11/2 7/8 7/8 6 2 7/3 | 3/8 3/8 

20 4 14 a Z 1 7 21/4 7/16 3/8 

24 4 18 4 3 11/4 11/4 8 3 1 1/2 9/16 3/3 

30 4 5 1 1/9 10 4 2 /4 3/3 


and Table 17 give the dimensions of flanges for peripheral speeds from 6500 to 9500 ft. 
per min. Tapered flanges over 10 in. diam. should be made of steel. All other flanges 
may be made of cast iron, or material of equal strength. 

PROTECTION CHUCKS are used with cylinders or ring wheels. Any chuck so 
designed that the jaws can support the wheel up to a point not further distant from the 
grinding edge than 1/4 of the height of the wheel is considered satisfactory. Although 
protection chucks do not furnish absolute protection, the wheels used in them usually are 
run at comparatively low speeds and the danger is not great. 

PROTECTION BANDS for cup, cylinder and sectional ring wheels should be made of 
steel plate or wrought iron, and conform as closely as practical to the periphery of the 
wheel. Ends shall be so riveted, bolted or welded as to leave no projections on the inside 
of the band. Thickness and rivet spacing are as follows (A.S.A. Code, 1935): 


SWihGel chicrisn, 10a apersy sete sl setetarel = ats Under 8 8 to 24 25 to 30 
Thickness of band, in.......... , 1/16 1/g 1/4 
Minadiamy ot tiuetsioerenins atti 3/16 1/4 3/8 
Max. center distance of rivets.... 3/4 1 11/4 


If band is bolted or welded, strength of the connection should at least equal that of the 
above riveting. 


5. GRINDING MACHINES 


TYPES OF GRINDING MACHINES.—Grinding machines may be classified as 
cylindrical, internal, and surface grinders, based on the general character of the work. 
Each of these classes may be further subdivided according to special characteristics 
either of work or machine. The following paragraphs show the types of grinding machines 
most commonly used, together with their fields and limitations. 

External Cylindrical Grinding Machines for general purpose grinding of cylindrical 
surfaces, as shafts, axles, etc., range from 6 to 16 in. swing. Standard sizes are 6 XLS ims 
6 X 30 in.; 10 X 18 in.; 10 X 36 in.; 10 X 48 in.; 10 X 72 in.; 10 X 96 in.; 10 X 120 in.; 
14 X 36in.; 14 X 48in.;14 X 72in.; 14 X 96in.; 14 X 120in.; 14 X 144in.; 16 X 36 in,; 
16 X 48 in.; 16 X 72 in.; 16 X 96 in.; 16 X 120 in.; 16 X 144 in. 

Machines are built with hydraulic, mechanical or hand 
traverse or with all three, of both table and grinding wheel 
head. Grinding wheel and work drives usually are from sepa- 
rate motors through V-belts. For plunge cuts, 7z.e., wheel 
fed perpendicular to work, steady rests and reciprocation of 
the wheel spindle are advisable. Cylinder grinders can be 
built to function automatically or semi-automatically, through 
a complete cycle, producing work ground within predeter- 
mined limits. They also may be fitted with attachments 
for cam, roll or crank-shaft grinding, although for regular 
production of this character, special machines are advisable. 

For grinding faces of shoulders and the adjacent cylindrical 
ae Cunainn ehotaer for surfaces, cylindrical grinders are built with the wheel slide 
set at an angle of 45 deg. to the axis of the work, a 

V-shaped wheel being used. See Fig. 17. 

Roll Grinding Machines are cylindrical grinders of 20, 24, 28, 32 and 36 in. swing by 
96, 120, 144, 168, or 192 in. between centers. These are standard sizes. Special machines 


ie hs as See owes, ss re a eS Co. no eae es... ll eee ee eee oe ee 


GRINDING MACHINES 21-85 


have been built up to 60 in. swing by 26 ft. long between centers. Roll grinding machines 
are built with the work traversing past a grinding wheel in a fixed position, or with the 
wheel traversing past the work. Rolls are crowned or concaved by moving the wheel, 
by appropriate mechanism, away from or toward the roll as the wheel traverses it. 

Cam and Shape Grinding Machines are a special form of cylindrical grinder. In 
these machines, the work is rotated in a swinging member and is moved toward and away 
from the grinding wheel by means of a master cam in contact with a roller. The master 
cam is on the swinging member, the roller being fixed on the machine. Where the cams 
are integral with the cam shaft, they are carried on centers in the machine, one pair being 
in the master cam spindle and the other in a footstock mounted on the swinging member. 
Single cams are mounted in fixtures or on arbors carried by the master cam spindle. For 
high production, as automotive cam shafts, completely automatic machines are used. 
One type is a hydraulically-operated machine that successively grinds each cam to size, 
indexing after each grinding operation. When the last cam is ground, the table reverses, 
returns to the starting position and the work stops rotating. The wheel is trued auto- 
matically by a diamond, and its position changed to compensate for the truing. The 
table then stops in the loading position. This machine, made by the Norton Co., has a 
swing over the rocking bar of 6 in. Length of work between centers is 26, 30, 36 or 42 in. 

Centerless Grinders are a special form of cylindrical grinder. Instead of the work 
being supported on centers, it is supported on a work rest, and held against a regulating 
wheel. See Fig. 18. By setting the regulating wheel at an angle to the grinding wheel, 
the former will act as a feeding device and will 
traverse the work past the grinding wheel. The 
regulating wheel is positively driven and its speed 
determines the rotational speed of the work. The 
centerless grinder operates on a diametral dimen- 
sion instead of on a radial dimension of the work, 
as in grinders where the work is held on centers, and 
therefore under certain conditions it will remove cae 
double the amount of metal in a given time. On “Wheel? 
slender work, much higher grinding pressure can be 
used in the centerless machine, as the work is rigidly 
supported by the work rest and regulating wheel, 
whereas when supported on centers it will tend to Fig. 18. Principle of Centerless Grinder 
spring away from the wheel under heavy pressure. 

Centerless grinders usually are built to take work up to 9 in. diam., and of any length. 

Internal Cylindrical Grinders comprise a reciprocating wheel head carrying a grinding 
wheel on a spindle long enough to reach to the bottom of the hole, and a work head in 
which the work can be rotated while in contact with the wheel, both carried on a suitable 
bed or frame, with provision for adjustment of both wheel and work. The field of the 
internal grinder is the finishing of holes in gears, bushings, bearings, etc., and the finishing 
of the inside surface of cylinders, as automotive cylinders. The cylinder grinder is a 
special form of internal grinder, and in one type the wheel head gives a planetary motion 
to the wheel spindle. H. L. Blood (Trans. A.S.M.E., MSP 54-1, 1932) describes an 
automatic internal grinder which rough grinds, trues the wheel, finish grinds the hole to 
size, runs the wheel out of the hole and brings all parts to the rest position. The range of 
capacity of internal grinders is holes from 1/4 to 24 in. diam. and from 3ito lb: deep. 
Cylinder grinders are built to grind cylinders from 2 3/g to 14 1/9 in. diam. by 11 to 18 in. 
long. Internal grinders are built by the Heald Machine Co., Worcester, Mass. 

Surface Grinders are built in a variety of forms, viz., with reciprocating or rotary 
tables, and with horizontal or vertical spindles. Grinding is done either with the face or 
side of the wheel, cup wheels being used in the latter case. Reciprocating tables usually 
are traversed hydraulically. In certain machines the rotating table can be set at an 
angle to permit grinding of concave or convex surfaces. Both direct motor drive and 
belt drive of grinding wheels are available. The capacity of the usual reciprocating table 
grinders ranges from work 6 X 18 in. to 14 X 60 in. Rotating-table surface grinders are 
built with tables up to 36 in. diam. Work usually is held on the table by magnetic chucks. 

Disc Grinders are a form of surface grinder using abrasive discs mounted ona steel 
backing. The work is ground against the side of the disc. Single-spindle machines, 
with a disc on each end of the spindle, are built to use discs up to 40 in. diam. The work 
is supported on tables, equipped with either hand or power feed. The spindles are driven 
either direct from the motor, or through V-belts. tae 

The Double-spindle Disc Grinder is a machine for grinding two parallel surfaces. 
It comprises, virtually, two single-end disc grinders, mounted on a common base, the 
wheel spindles being in line, with the wheels facing each other. The work, supported by 
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a table, is fed in between the wheels, which are spaced the correct distance apart. Wheel 
spindles are driven direct from the motor or through V-belts. These machines are built 
in various sizes, with discs ranging from 15 to 72 in. diam., and with maximum opening 
between wheels ranging from 20 to 30 in. 

Face Grinders are a form of surface grinder in which the work travels past the side of 
a wheel, carried on a horizontal spindle mounted at right angles to the line of travel of 
the work. The wheel grinds the vertical surface of the work at right angles to the surface 
of the table. The table is traversed hydraulically, and the wheel is driven by silent chain 
or V-belt. Work can be held by bolting to the table or to angle plates or by magnetic 
chucks. These machines are used for surface grinding and for the grinding of machine 
knives, shear blades, etc. Tables range from 22 to 27 in. wide and from 60 to 168 in. long. 

Universal Grinding Machines are cylindrical grinders provided with a swiveling 
table, and swiveling headstocks and swiveling wheel slide. Their field is tool room work 
and manufacturing where a variety of parts in small lots are to be ground. They range 
in size from 12 to 16 in. swing and from 24 to 72 in. between centers. 

Tool and Cutter Grinding Machines are designed primarily for grinding of reamers, 
milling cutters, etc. In their simplest form they comprise a motor-driven grinding 
wheel and a pair of centers upon which the work is mounted, carried on a table that can 
be traversed past the wheel by hand. More elaborate machines comprise a power- 
operated swiveling table, a power-driven headstock to permit the machine to be used for 
cylindrical grinding, and attachments that permit of internal grinding and various forms 
of surface grinding. The capacity of tool grinders ranges usually up to 12 in. diam. 
by 30 to 36 in. between centers. 


Table 18.—Horsepower of Grinding Machine Motors 


ee Wheel Work Speed 
Type of Grinder - |Diam.,| Face, Ft. per 
ie in. in. R.p.m. |R-p-m| sain. 
Coase ak we 5 eters Fore, ares tein 10 be Oe aes Oe SP ees, foo 
Gar’ W heellssctsicartiee serie ais se 44 24 2 3/4 1050 Cele fd ee eS 3 5 
Gonterlessie antic « vibes sis as 4 20 Ae Sk Clie eee mete 
OO GPR Res, < ws ckusmerrtes Y 6-9 24 Cg Mtoe ck wets «ff atdenren ts Sani 
Grank-pin'y.oec se oeietneleias er 17 Po at eee ee eee ees eo 
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SOE a Tea ielxeis Wistelctela lapsietsrar 12 8 1/2 ZOI0 litters eeteetsass 
: 2 3/4- 
Cylinder, 4< sheila sos 8 2252 2 /s-3 5 igh tay eee hee 
Cylindrical. .....--csceces cee 6 20 y at re ee ae 70.28) Eiteeree 
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HORSEPOWER REQUIRED FOR GRINDING will vary directly with the quantity 
of metal removed. R. E. W. Harrison gives (Trans. A.S.M.E., MSP-51-18, 1929) the 
relation between horsepower and metal removal in centerless or controlled center cylin- 
drical grinders as follows: 


Horsepower at grinding wheel spindle....... oF 10 159 920) 25 30 85: 840 
Metal removal capacity, cu. in. permin..... 1/, 1 1 tis 2) 2llo 3 S@2/o 4 

Table 18 shows the size of motors fitted to various types of grinders as built by several 
manufacturers. 

GRINDSTONES are natural sandstones, in which silicon oxide, SiO» comprises the 
abrasive medium. Formerly, widely used for sharpening tools, finishing of cutlery, snag- 
ging of castings, etc., they have largely been displaced by vitrified abrasive wheels and by 
polishing wheels. 

Surface speed of grindstones ranges from 500 to 600 ft. per min. for grinding wood- 
working tools, from 800 to 1000 ft. per min. for metal working tools, and from 1500 to 
3500 ft. per min. for polishing operations. The limiting speed is the strength of the stone, 
which is variable. Wet stones may have only 50% of the strength they possess when dry. 
Also, stones from the same quarry may vary in strength. In general, 3400 ft. per min. 
surface speed should not be exceeded, and 2500 ft. per min. is a safer limit. Revolutions 
per minute corresponding to 3400 and 2500 ft. per min. for various sizes of grindstones 
are as follows: 


IDIYONa gy nTaVe Eee Soa see ree. 36 42 48 54 60 66 72 78 84 90 96 
R.p.m. (2500 ft. per min.).. 265 227 199 177 159 145 133 123 114 106 99 
R.p.m. (8400 ““ “ “ ).. 360 309 270 240 216 197 180 166 154 144 135 


Grindstones should not be mounted on square shafts as has been common practice. 
The wooden wedges driven between the shaft and the stone, will, if driven too tightly, or 
when swollen when wet, tend to start a crack in the corners of the square hole in the stone. 
This crack gradually extends until the stone ruptures. After the stone has been centered 

_ properly on a round shaft, the space between it and the shaft should be filled with lead or 
cement. Large flanges should be used to support the stone, separated from it by pads of 
leather, rubber or paper to compensate for irregularity in the mating surfaces. 

When grindstones are used to produce smooth surfaces in manufacturing operations, 
they frequently are hacked around the circumference in a herringbone pattern with cuts 
about 1 1/4 in. apart to make the stene cut faster. The operation is repeated whenever 
the hacked surfaces are worn smooth. Grindstones never should be allowed to stand in 
water when notin use. They will absorb water which will decrease the strength, and also 
throw the stone out of balance. 


6. LAPPING AND HONING 


LAPPING is used to produce exceedingly smooth and highly accurate surfaces, 
either flat or cylindrical. A lap, usually of cast iron, charged with fine abrasive, is rubbed 
against the surface of the work either by hand or by machine. Since about 1930 a lap 
consisting of fine abrasives bonded together has been used in many instances to replace 
the metal lap charged with loose abrasive. Laps are used with kerosene and lard oil 
lubricants. 

Formerly limited in use to the production of precision surfaces in gages and measuring 
instruments, lapping has since 1930 been generally adopted as a production process in 
many industries, particularly the automotive. In the latter, it is used for the finishing 
of crank-pins, bearings, piston rings, ball-bearing races, valve tappets and other wearing 
parts. Lapping tolerances of 0.000 05 in. in diameter and 0.000 025 in. in straightness and 
roundness are possible of attainment. 

Sydney Player describes (Trans. A.S.M.E. MSP 52-14, 1930) the lapping of plug 
gages 0.875 in. diameter +0.00002 in. Two lapping operations were required. The 
grinding limit was +0.00015 to +0.0003 in. Rough lapping with M-304 American 
Optical emery brought the gages to within 0.000 05 in. of finished size. For finish lapping, 
the laps were hand scraped and worked together with levigated alumina until the surface 
of the laps were mirror finished. The author of this paper also describes lapping, in lap- 
ping machines, of piston-pins to limits of 0.0001 in. for straightness and roundness, the 
production being 500 pins per hour. ; 

; Lapping Machines consist essentially of a pair of laps which may be rotated inde- 
pendently of each other and in opposite directions if desired. The work to be lapped, 
which mav be either cylindrical or flat, is carried in work holders, which positions the work 
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between the two laps, and at the same time moves it between the lap faces with a plane- 
tary motion in a constantly varying line of travel relative to the lap surfaces. B or cylin- 
drical work, the pieces are carried in the work holder at an angle to radial lines. An 
eccentric motion imparted to the work holder which, in conjunction with the non-radial 
position of the work, causes all portions of the surface to come in contact with the laps 
and a true lapped surface is produced. The capacity of lapping machines ranges up to 
3 in. in thickness or diameter by 6 in. long. , 

The centerless lapping machine is similar in its principle of operation and in general 
construction to the centerless grinding machine. The lapping is done by wheels of 
finely divided abrasive suitably bonded. The lapping wheel is driven at a speed of 150, 
195 or 225 r.p.m. Through-feed work from 1/2 to 3 in. diameter and of any length can 
be lapped in the centerless machine. By means of special equipment, work which cannot 
be passed transversely through the machine can be lapped up to 6 in. diameter and 15 in. 
long. 

Manufacturers.—Lapping machines are built by Cincinnati Grinders, Incorporated, Cincin- 
nati, Ohio; Norton Co., Worcester, Mass. 

HONING is a term applied to the lapping of the interior of cylindrical bores. It is 
used for the accurate finishing of automotive cylinders, compressor cylinders, cylinders in 
hydraulic and refrigeration units, bushings, bearings, connecting rods, etc. It consists 
essentially in the passage of a honing stone or stones in an axial direction through the 
bore, the hone being rotated at the same time. Tolerances of 0.0005 to 0.0002 in. are com- 
mercially possible. J. W. Hindes and J. G. Young (Trans. A.S.M.E. MSP 53-13, 1931) 
state that a ratio of about 1 to 3 of reciprocation to rotation speed gives the most satis- 
factory results (65-70 surface ft. per min. reciprocation, 200 ft. per min. rotation). If the 
hone is hard and tends to glaze, this condition can be corrected by increasing the ratio of 
reciprocating to rotating speed. 

The hone usually is a form of expanding segmental wheel, whose surface is formed by 
a series of abrasive stones carried in a holder. Means are provided to expand the stones 
to the wall of the cylinder being ground, and to hold them against it under pressure, while 
the hone is reciprocated and rotated. Wear of the stones is compensated by floating 
cones in the holders which feed the stones outward and maintain them in parallelism. 

J. A. Carlin (Auto. Ind., Dec. 9, 1933) describes a method of honing blind end bores, 
by shifting the center of pressure on the abrasive stones toward the blind end to com- 
pensate for the loss of abrasive effect resulting from inability of the hone to overrun the 
end of the cylinder. J. E. Kline (Iron Age, April 5, 1934) illustrates a fixture used for 
precision finishing by honing connecting rod crank-pin bores. 

Lubricant.—Kerosene is generally used as a coolant and lubricant in honing cast iron 
and other metals. Turpentine gives a freer cutting action on bronze and brass. Water 
is unsatisfactory. 

Manufacturers.—Honing machines are made by Barnes Drill Co., Rockford, Ill, Hutto 
Engineering Co,, Detroit, Micromatic Hone Co., Detroit. 


7. POLISHING AND BUFFING 
Polishing 

Polishing is the removal of metal by means of a flexible wheel coated with abrasive. 
The wheels are made of various materials as described below. The abrasive may be any 
of the many forms of manufactured abrasives or natural emery. It is held to the face of 
the wheel by means of an adhesive, usually glue. 

POLISHING WHEELS.—The earliest form of polishing wheel was a wood dise with 
a strap of leather fastened to its circumference. This form of wheel has practically disap- 
peared. Polishing wheels in common use are made of buff sections (see below) sewed or 
glued together to make a wheel of the desired face, of discs of canvas sewed or glued 
together, or of discs of leather, sheepskin, walrus hide, or similar material. The com- 
press wheel is made of blocks of canvas, leather, sheepskin, paper and other materials, 
compressed to the required density. The field of application and the characteristic of the 
several types of wheel are described below. 

Clothflex Wheels is a general term applied to polishing wheels built of buff sections. 
The density, 7.e., resiliency, of the wheel is determined by the sewing of the buff sections 
and by the extent of the area of the buff that is glued. Buff sections in which the rows of 
concentric or spiral sewing are spaced closely, say 1/4 in. apart, and which are glued to the 
circumference of the buff form the densest clothflex wheel. Wheels of lesser density can 
be made of sections with wider spaced sewing, say from 3/g up to 3/4 in., the glue being 
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stopped between 1 to 4 in. from the periphery of the wheel. A wheel that is not glued to 
its periphery, however, has a tendency to separate at the joints between the buff sections 
and to leave streaks on the surface of the work. Variation in density is best obtained by 
wider spacing of the sewing of the buff sections. The least dense type of clothflex wheel 
is obtained by omitting the glue entirely and holding the buff sections together by several 
rows of hand sewing. 

Clothflex wheels are made both of full disc buffs and sewed piece buffs. Both types 
are made with cloth of different weaves and each type and weave has its special field of 
service. Manufacturers of polishing wheels should be consulted on the selection of the 
grade and construction of wheel that is best adapted to a particular class of work. 

Polishing wheels made of sewed piece buffs are used on plumbing supplies, such ag 
faucets, tubular plumbing goods, and on brass, iron, and copper castings with contoured 
surfaces, and on steel stampings. They may be used on work where the corners are 
rounded and where it is not necessary to maintain sharp edges. They are not adapted to 
work where the edges of openings must be held square or where corners must not be 
rounded over. 

The full-dise polishing wheel, i.e. made of full dise buff sections, is adapted to use on 
automatic machines and to work where perfect wheel balance must be maintained. Any 
desired density of full disc clothflex wheel may be obtained by building it of packed buff 
sections, that is, sections with discs of smaller diameter in between the buff discs. 

Disc Canvas Wheels are made of discs of canvas sewed or glued together either singly 
or in sections of two or three discs. Density can be varied in the same manner as with 
clothflex wheels by variations in sewing and gluing. The disc canvas wheel is adapted to 
heavier and rougher work than the clothflex wheel, and is widely used for polishing auto- 
mobile bumpers, mould boards of plows, harrow discs, etc. It is especially adapted to 
breaking through scale and to removing deep pits or irregularities in the surface of the 
work. The disc canvas wheel often is used for roughing with the coarser abrasive grains, 
finishing being done by a clothflex or a compress wheel coated with finer grain. 

Compress Wheels.—The process of making a compress wheel consists in assembling 
blocks of the wheel material into a ring about 1 1/9 times the final diameter of the wheel. 
The assembled ring then is forced through a hollow cone about 3 ft. long, which compresses 
it radially and circumferentially to the required diameter and discharges it into a cast-iron 
ring which retains it until it is assembled into the completed wheel. Grooves are cut in 
the sides of the ring of compressed material into which are dovetailed the edges of flanged 
steel side plates mounted on a hub. The side plates are riveted together and retain the 
compressed material in form and place. The assembled wheel then is removed from the 
cast-iron retaining ring and turned to final diameter in a lathe. 

Canvas is the material most widely used in compress wheels. Other materials are 
leather, sheepskin, felt, walrus hide and paper. Each material has its specific use and 
produces a different character of surface. Wheel manufacturers should be consulted 
concerning special applications, and also in regard to the density and cushion to be used 


_ for various classes of work. 


The density of a compress wheel can be varied over a wide range by varying the num- 
ber of blocks of material that are assembled into the wheel. The cushion, 7.e. the distance 
that the material projects above the side plates, also can be varied within certain limits. 
Two-inch cushion is the most commonly used, but 3-in. cushion is used where a particu- 
larly yielding wheel is desired, and 1-in. cushion where the wheel is required to be rigid. 

In the compress canvas wheel, seven densities are regularly manufactured ranging from 
super-soft to super-hard. The softer wheels are used for contour work or work where 
the surface may vary more or less from established dimensions and a yielding wheel is 
necessary to adapt itself to the surface. In general, the softer densities are used in the 
cutlery trade, on double-header machines, for finishing large knives and on other work 
where the wheel must flex to cover the surface. Soft wheels should not be used under 
heavy pressure, as the resulting flexure of the fabric will generate sufficient heat to char 
the fabric. 

The medium density compress canvas wheel is a general all-around wheel largely used 
as a finishing wheel on such work as automobile bumper bars, sewing machine parts, hard- 
ware, automobile accessories and similar work. It frequently is made with formed faces 
to fit contoured work. The harder densities of wheels are widely used in the cutlery trade 
for glazing cutlery and table knives. The super-hard density is used for the honing of 
razor blades. The selection of the proper density is highly important, a difference of even 
one-half grade in density often being the cause of success or failure of a wheel on a given 
job. 
The compress leather wheel is used where edges and corners are to be held square and 
where holes are present in the work, These wheels are largely used to polish flat-iron sole 
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plates, both ior roughing and finishing, excepting the final operation which is performed 
with a compress canvas wheel. Compress leather wheels also are used in the cutlery trade 
for the finishing of knife blades. 


Compress walrus and compress sheepskin wheels are used in the cutlery trade, the 


latter wheel giving a fine surface and good color. 

PREPARATION OF POLISHING WHEELS.—Various adhesives have been used to 
hold the abrasive grain on polishing wheels. High-grade hide glue, however, has proven 
the most satisfactory, as it is the only adhesive that seems to possess all the characteristics 
required in a polishing wheel adhesive, 7.e. strength, toughness, flexibility and heat 
resistance. ’ ; 

The wheel, if new, should first be sized with glue, as should old wheels if the abrasive 
head has been completely removed. The sizing solution is one part glue to 12 parts water 
by weight. It should be thoroughly brushed into the surface of the wheel and allowed 
to dry for a period of 24 hours. Narrow-faced disc wheels should be dried between flat 
weighted plates to avoid warping. ‘ 

The abrasive head is applied by thoroughly coating the face of the wheel with a solu- 
tion of glue of the proper density and immediately rolling the wheel with a firm downward 
pressure in a trough filled with abrasive. The length of the trough should be somewhat 
longer than the circumference of the largest wheel to be coated. The practice of using 
short troughs and bumping the wheel into the abrasive while turning it on an arbor cannot 
be recommended. The head thus produced is uneven and tends to throw the wheel out 
of balance. A second coat of abrasive should be applied after an interval of from 20 to 30 
minutes. The wheels should be at a temperature of from 75° to 90° F. when the glue is 
applied. After coating with abrasive they should be dried for not less than 48 hours at a 
temperature not to exceed 75° F. Shorter drying times or higher temperatures will 
shorten the life of the wheel head and increase the cost by the useless expenditure of 
abrasive and the increased labor for setting up. Where a large number of polishing 
wheels are used daily, air conditioning of the drying room will be profitable. The best 
conditions for drying are a temperature range of 70° to 75° F. and relative humidity of 
50 to 55%. 

Preparation of the Glue.—Correct handling of the glue is the most important factor 
in economical polishing. Density of the glue, ¢.e. proportion of water to dry glue should 
be varied in accordance with the size of the grain to be applied. Table 19 shows propor- 
_ tions of water and glue found to be best for the various sizes of abrasive grain. The glue 
should be soaked in cold water from three to four hours, and after all the water is absorbed 
the glue should be melted at a temperature of 150 to 160° F. It then will be at about its 
temperature of maximum strength (134° F.) when the wheel is rolled in the abrasive. Glue 
temperature should not exceed 160° F. since it rapidly loses strength at elevated temper- 
atures. Glue deteriorates in strength also by standing under heat. Therefore, no more 
glue should be mixed and melted at one time than will suffice for about 4 hours work. 
It is advisable to melt glue in thermostatically-controlled electrically-heated glue pots, 
which will maintain the temperature within + 2° F. As glue is highly susceptible to 
deterioration from organic matter, glue pots should be thoroughly cleaned after use, and 
the use of remelted glue absolutely prohibited. Glue brushes should be soaked in a 5% 
solution of carbolic acid when not in use. Only distilled water should be used in the 
preparation of glue. 

WHEEL BALANCE.—AIl polishing wheels should be carefully balanced before use. 
Unbalanced wheels produce poor work, have short life of wheel head and increase the cost 
of production both by reason of the extra effort required to produce good surfaces and the 
lower production resulting from increased fatigue of the operator on hand work. On auto- 
matic machines good work is almost impossible with unbalanced wheels. Balancing is 
performed by mounting the wheels on an arbor and placing them on balancing ways. 
Clothflex and dise canvas wheels are balanced by tacking pieces of lead on the side of the 
wheel. Compress wheels are balanced by inserting lead weights in balancing tubes which 
are built into the wheel. This type of wheel is susceptible to much more accurate balance 
than dise wheels. For high precision work, dynamic balance of wheels is advisable, and 
in some cases imperative. 

APPLICATIONS OF POLISHING WHEELS.—It is impossible to lay down rules 
covering all cases of the application of polishing wheels. The wide range of variables 


Table 19.—Proportions of Glue and Water for Setting Up Polishing Wheels 


DIZ6 OL ADTARIVe: grat een een ae eee 36 46 60 90 120 15079 
Percentage of dry glue... 5 0o0e...nceecsecsuu. 45 40 35 33 30 25 
bb vof water penlb:of/eluesc isms selce ees een Mice 2 1.50 1. 86 2.30 2.50 3.00 
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encountered both in hand lathes and automatic machines, the wide variety of materials 
polished, and the constantly varying character of the work surface, set up conditions that 
are peculiar to the individual job. Wheel speeds that are correct for one set of conditions 
would be highly inefficient under another set of conditions. Wheel pressure that is neces- 
sary for one class of work would ruin another class. Work speed in relation to wheel speed 
must be varied in accordance with the character of the material, the shape of the work 
and the degree of finish desired, particularly with automatic machines. Table 20 gives 
np i” typical polishing jobs that will serve as a guide in the application of polishing 
eels. 


Table 20.—Applications of Polishing Wheels 


Wheel 
Rough- e| See 
Metal Part Operation ing or | Type . Note 
Density N 
0. 
Aluminum....| Radio horn CC | Soft ] 
Brass (cast)...| Bracket CC | Soft 
2 note y CF | 3/3” sewed 2 
J ant External body surface CH sg 3} 
Cast iron..... Sole plate face CL | Med. hard 4 
re el “s par renee oc tes sate 5 
De coisas Cement corner tool | Inside corner Medium 4 
ee Sass ci3 Machine handle. . . Soft 6 
iS Cw aor Base standard Flange and rounded corner 3/'’ sewed 3 
oe Silver. ....... Cc External surface Soft 7 
Stainless steel.| Table knife Superhard 8 
|S) 0) i Auto bow-socket. . Supersoft 9 
Seana tls Pocket knife 4 
a Cecuae ae tS Be 10 
mo nter teres 11 
Msteteeees 6 
aoe ee 6 
White metal. . 12 


* CC = Compress canvas. CF = Clothflex, CL = Compress Leather. CP = Compress 
paper. DC = Disc canvas. . 
t+ See paragraph Polishing Wheel Speeds. 


Nors 1.—Compress canvas is used to avoid streaking the work. The soft density permits the 
work to embed itself in the wheel, which thus covers the irregular contour. ; 

Nore 2.—A clothflex wheel is used because the shape of the work requires sidewise flexibility 
in the wheel. The face of the wheel is formed to the radius of the corner. 

Not 3.—The face of the wheel is formed to fit the outline of the faucet. The clothflex wheel 
is used on account of its flexibility and relative cheapness for a job whose volume is not sufficient 
to warrant the increased expense of a compress wheel. 

Norr 4.——Compress leather or hard compress canvas is used where a square edge must be 
preserved, or where sharp corners are to be polished, or a truly plane surface is to be maintained. 
Such wheels are rigid and yet resilient. 

Norr 5.—The compress canvas wheel will produce a color on the work that cannot be obtained 
by the compress leather wheel. 

Nors 6.—Compress canvas can be formed to the contour of the work and will hold its shape 
indefinitely. The soft density enables the wheel to cover the entire surface to be polished. 

Norn 7.—This wheel operates without abrasive glued to the face. Loose abrasive, slightly 


_moistened with oil, is thrown between the wheel and the work. The wheel is formed to the contour 


of the cup. The operation is known as sand buffing, and compress leather wheels are always used. 
Norz 8.—A superhard wheel is required in order to hold the surface uniformly flat and to avoid 


the formation of waves and ridges. 

Nore 9.—A supersoft wheel will crush sufficiently to conform to the slight irregularities in con- 
tour of the work. This avoids using a second formed wheel to finish the irregular surface. 

Nore 10.—This operation is performed in a double-header machine. The wheels must be soft 
enough and flexible enough to cover the entire blade surface from heel to edge. The soft density 


and deep cushion fulfill these requirements. 

Nore 11.—A dise canvas wheel is best suited to rough work on an irregular surface. 

Nore 12.—An extremely hard wheel is necessary to maintain contour on a narrow edge and to 
prevent rounding of the edges. 

POLISHING WHEEL SPEEDS.—A surface speed of 7500 ft. per min. has commonly 
been used for polishing wheels working on steel, iron or brass, and due to long usage has 
been regarded as the most efficient speed. The figures for surface speed given in Table 20 
are the speeds that actually were used on commercial jobs. Some recent research, how- 
ever, has demonstrated that the commonly accepted surface speed of 7500 ft. per min, is 
not necessarily the most efficient speed. A speed of 6700 ft. per min., polishing medium 
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steel showed an improvement of about 15% from the standpoint both of metal removal © 
and time consumed. Similar results were obtained with a speed of about 7000 ft. when 
polishing cast iron. Investigation has not (1937) been sufficiently detailed to determine 
whether or not these two speeds are the most efficient. It, therefore, is advisable for - 
manufacturers polishing large quantities of metal to conduct experiments to determine the 
most efficient speeds for their particular conditions. 

ABRASIVES.—The type and size of abrasive used on polishing wheels depends on the 
material polished and the finish desired. Turkish emery formerly was used almost exclu- 
sively. It has been displaced by the manufactured abrasives, except as a finishing abra- 
sive where high color is desired. For steel and brass the aluminum oxide abrasives give 
the highest cutting efficiency and longest wheel life. For cast iron, a silicon carbide abra- 
sive should be used. 

The size of abrasive grain to be used depends on the initial character of the surface 
and the finish to be produced. The first wheel should be coated with abrasive that will 
cut down to the bottom of the deepest pits and break through scale. The second wheel 
should be coated with a finer abrasive that will cut out the grain scratches made by the 
coarser wheel. The next wheel should have still finer grain, and so on until the desired 
surface has been produced. The final wheels should be greased with oil or tallow to 
modify the cut, and to produce a more lustrous surface. 

A common sequence of grain sizes for the hand lathe polishing steel is: First wheel, 
No. 60 or 90; second wheel, No. 90 or 120; third wheel, No. 120 or 150. If deep pits are 
present in the work, it may be necessary to use a coarser abrasive on the first wheel, say 
No. 46. It should be remembered, however, that each wheel must remove the grain 
scratches of the preceding wheel and it may be more economical to use a finer wheel for a 
longer time to remove pits, than to spend time removing coarse grain scratches. Highly 
polished steel is finished with a sequence of grain sizes of Nos. 60, 90, 120, 180, and 220. 
All the wheels finer than No. 90 should be oiled or greased. The sequence of grains may 
be extended even farther to produce mirror-like, scratchless surfaces. Rolls for copper 
and brass rolling mills have been finished with a final wheel coated with levigated alumina, 
which is about equivalent to a grain size of No. 640. 

DESCALING.—The scale on castings or forgings imposes a heavy burden on the 
initial polishing wheels, which must break down this scale. Some scales are so hard as to 
absolutely resist the action of the wheel. Such scales should be removed by pickling or 
by one of the electrochemical processes of descaling. For continuous production, descaling 
will soon pay for itself in increased wheel life and decreased number of wheels necessary to 
produce the desired surface. 

Pickling Solutions.—Castings may be pickled in a solution of sulphuric acid, diluted 
with water to a specific gravity of 25 deg. Baumé. Forgings should be pickled in a solu- 
tion of sulphuric acid and water of a specific gravity of 30 deg. Baumé, for from 3 to 12 
hours. After pickling, forgings and castings should be washed with hot water to remove 
the sand and acid. A disadvantage of acid pickling is the tendency to etch pits still 
deeper, thus adding to the work of the polishing wheels. 

Bullard-Dunn Process.—This process, patented by the Bullard Co., Bridgeport, Conn., 
is a simple, rapid and inexpensive electrochemical method of removing scale and oxides 
from the surface of metals. It is particularly adapted to descaling iron and steel, includ- 
ing the stainless steels. The characteristic feature is a continuous, non-porous metal film 
electro-deposited on the work simultaneously with the scale and oxide removal. The film 
prevents damage to the work by protecting it from surface pitting and etching. While it 
can be removed easily and completely, it is usually advantageous to permit it to remain 
on the work. The equipment used is an ordinary electroplating tank, using direct current 
of 6 volts or less. The current density is about 60 amperes per square foot of exposed 
surface. Anodes of whatever metal is desired for the film are used, lead and tin being the 
most common. The film deposited is on the order of 0.000001 in. thick. For large out- 
put, automatic conveyors are used in the tanks; manual operation of tanks is satisfactory 
for smaller outputs. In operation, the film is deposited instantaneously on the removal 
of the scale, and inhibits further action. No allowance, therefore, need be made in basic 
dimensions to compensate for dimensional losses. Scale is completely removed from bot- 


toms of threads, from cracks, crevices and internal surfaces. The removal of scale is 
accomplished rapidly. 


Buffing 


Buffing consists in leveling off minute projections on the surface of metal, and in pro- 
ducing a sheen or luster on the surface so prepared. The first operation is termed cutting 
down and the second coloring. The work is performed with a buffing wheel which is com- 
posed of a number of circular discs of cloth mounted on an arbor and rotated at high 
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speed. Buffs or buffing wheels are made in several forms each of which has its particular 
field of application. 

BUFFING WHEELS.—Buffing wheels are made by assembling on an arbor a sufficient 
number of buff sections to form a wheel of the requisite width of face. The various forms 
of buff that are used are: 1. Full disc buffs, which may be either loose or sewed. 2. Sewed 
piece buffs, which always are sewed. 3. Some form of patented folded buff. 

Buff material usually, but not always, is cotton sheeting, bleached or unbleached. The 


-most widely used grade of sheeting has a warp of 64 threads per inch and a filling of 68 


threads. It commonly is known as 64 X 68 cloth. Another widely used fabric is woven 
84 X 92. Buffs made of this fabric are harder and will stand rougher usage than those 
made of 64 X 68 fabric. They generally are used for the cutting down operation, the 
64 X 68 buff generally being used for coloring. Buffs made of bleached material are 
harder than those of unbleached fabric. ' 

Full Disc Buffs are made of complete discs of the fabric and are assembled in sections, 
usually of 20 plies of fabric. The loose buff is sewed with three or four closely spaced 
rows of sewing around the hole to hold the discs together. The sewed buff in addition 
to the sewing around the center hole is sewed with concentric or spiral rows of sewing, 
spaced at any desired interval, from the center hole to the periphery. The wider the 
spacing of this sewing the more flexible and yielding is the buff. Other forms of sewing 
sometimes are employed, as radial sewing in which the sewing extends on radial lines from 
the center to the periphery; tangent sewing in which the sewing is tangent to a circle of 
about 3-in. diameter, and extends to the periphery of the buff; various forms of geometric 
patterns. While these special buffs have some fields of application, the concentric or 
spirally sewed buff generally is satisfactory for most work. 

The 64 X 68 loose buff is used for coloring soft nickel, brass, and cast iron. When 
sewed it may be used for cutting down copper, soft brass, zinc and similar metals on hand 
lathes. The 84 X 92 buff both in sewed and loose form is used to cut down copper, 
brass, German silver and heavy nickel plate on bumper bars, builders’ hardware, etc. 
For chromium plate, it should be sewed. 

Sewed Piece Buffs.—The sewed piece buff is built up of more or less irregularly shaped 
pieces held between two full discs of fabric and sewed from the center hole to the periphery 
with spiral sewing. ‘The same grades of fabric are used in sewed piece buffs of the better 
grades as in the full disc buffs. Many of the cheaper buffs of this character contain much 
coarser and flimsier fabric. The better grades of sewed piece buffs are built of relatively 
large pieces whose area ranges from 1/9 to 1/4 the area of the full disc. The cheaper grades 
contain smaller pieces which may range down to 5% of the area of the disc. The bufis 
with the large pieces are more durable and are better balanced than those built of small 
pieces, and from an operating cost standpoint, are much more economical than the others. 
It is impossible to determine the size of the pieces used in building a sewed piece buff 
without destroying the buff, and buff users should not be misled by low prices. Where 
sewed piece buffs are purchased in large quantities, it is wise to procure them only from 
manufacturers who have established reputations for quality. The sewed piece buff costs 


“less than the full disc, and for many buffing operations is equally satisfactory. 


Sewed piece buffs are largely used for cutting down cast plumbing goods, brass stamp- 
ings, brass tubular goods, and aluminum castings. 

Folded Buffs.—Folded buffs consist of full discs folded and assembled in various ways 
to form pockets which then are assembled to form a complete circle and are sewed either 
as a loose buff or as a spirally sewed buff. These buffs are used both for cutting down 
and for coloring. Their action is somewhat different from that of the loose or the sewed 
piece buff, in that the edge of the fabric passes across the work at an angle to the plane 
of the buff wheel. Buff marks on the work which are produced by each separate layer of 
fabric in the other types of buff thus are avoided. Another advantage of the folded buff 
is that the pockets tend to trap air, which has a cooling effect on the buff surface. Folded 
buffs are relatively more expensive than any other type, because of the large amount of 
hand labor required in their manufacture. 

BUFF VENTILATION.—Buffs continuously operating under heavy pressure must be 
ventilated in order to dissipate the heat generated. Without adequate ventilation the 
buff may char or even be set afire. Folded buffs have provision for ventilation inherent 
in their construction. Full disc buffs may be ventilated by the process known as packing. 
This consists in assembling one or two discs of smaller diameter than the buff dise between 
each pair of buff discs, or at such intervals as may be necessary, depending upon the 
severity of the work. Sewed piece buffs can be ventilated by inserting a few discs of fabric 
or washers of felt or leather between each section. Packed buffs should be oscillated 
axially in relation to the work in order to avoid distinct streaks at the points where the 


discs or sections are separated by the packing. 
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SPEED OF BUFFS.—The surface speed at which a buff should operate depends on 
the type of metal being buffed. Table 21 shows the speeds commonly used with various 
metals and various grades of buffs. In general, higher speeds are used for cutting down 
than for coloring with the copper bearing metals. | 

Since a buff wears down in use, its peripheral speed constantly decreases. Provision | 
should be made to maintain the peripheral speed fairly constant either by the provision of 
a variable speed drive or by changing the buff to a machine of higher spindle speed for 
each decrease of 2 in. diameter. 

PRESSURE AND HORSEPOWER FOR BUFFING.—The effectiveness of buffing 
depends largely on the pressure of the wheel on the work. Increasing the pressure 
increases the rapidity of cutting, but at the same time increases the liability of cutting 
through the plating on plated articles. Definite rules cannot be given since the pressure 
that safely can be applied depends on the hardness of the plating and its thickness. A 
heavy coat of hard nickel can withstand much greater pressure than a thin coat of soft 
nickel. The horsepower required for buffing is a function of the pressure of the wheel on 
the work. In general, for buffing nickel plate on steel on hand lathes 3 to 5 Hp. at the 
buff is the usual practice. For heavy work, such as automobile bumper bars, hand lathes 
usually are equipped with 10 to 15 Hp. motors. 

Brass requires considerably more horsepower for buffing than does steel or nickel. 
Experiments made by the author indicated that a pressure of 15 lb. per inch of width is 
required for cutting down sheet brass, and 10 lb. per inch of width is required for coloring. 
Table 22 shows the power required for cutting down and coloring sheet brass. The figures 
are based on finishing the brass at a work speed of 18 lineal ft. per min. in an automatic 
machine. 

BUFFING COMPOSITIONS.—The following compositions are adapted to the dif- 
ferent varieties of work: For cutting down brass, bronze and Britannia metal preparatory 
to plating, tripoli; for smooth surfaces on nickel and brass, crocus; for coloring brass, cop- 
per, nickel, bronze, German silver, etc., either in solid or plated metal, White Diamond 
XXX composition; for chased or embossed parts, or for cutting down silver-plated pieces 
which are afterward to be colored with rouge and alcohol, White Diamond XX XX com- 
position is used; for nickel-plated pieces with a high luster, Vienna lime. Where rapid, 
sharp, even cutting is desired, emery cake is used. Chandelier rouge is used to produce 
a deep color on brass and bronze parts. Chromium oxide is used for chromium plated 
articles and stainless steel. 


Polishing and Buffing Machinery 


Hand Lathes.—For irregularly shaped pieces, or where work is performed in relatively 
smali lots, the hand lathe is almost universally used both for polishing and buffing. These 


Table 21.—Buffing Practice for Various Metals 


TA RET TES TTS ATE a 
Cutting Down Coloring 
Buff __Composition _ Meee ee Composition 
Material ; Fo Surface 
. ew- | Speed, | _-. Sew- | Speed, | _. 
Weave ine per Kind * | Grade | Weave pee a Kind * | Grade 
min, min, 
Aluminum..... Shot: : 8500 T X67 64X68 0 7500 WD: i) XOX 
~~ 8000 x X67 2 
Brass (cast). . { Pines at Ont ceraaetie = 2} 64x68] 0 7500 | WD | Xxx 
Bronze (cast) . .| 8492 0 8000 ik X67 | 64x68 0 7500 WD) |exexaxe 
Copper... «she 84x92 0 9000 cl X67 64X68 0 7500 xX 
Chromium..... 84x92 0 8000 10) 0 ee BSG EI ie i Semi line oi 
Monel Metal...| 84x92 0 7500 OA Wa eases 64X68 0 7500 Tete 
INGGKEl, os kav es 0 7500 LD Site awels 64X68 0 7500 L 
‘ice x92 0 8500 COW a Cie ass coll ha Sept acral ee 
Stainless Steel {| i004 Sig. | 8500 | “COM teas, }} 84x92] 0 | 8500 | Co |....... 
White Metal 
(Die cast). ..| Pieced 6000 0 6000 


*C = Crocus. CO = Chromium oxide. L = Lime. T = Tripoli. WD = White diamond. 
Table 22.—Horsepower of Motors Required for Buffing Sheet Brass 


Wheel Pressure Width of Sheet, Inches ; 
per Inch of ee ae ee 4 5 6 7 8 
Face Width : ! ! | ! ee eS 
Horsepower 
10 Ib., for Coloring...... 3 5 71/g| 10 10 15 15 20 20 25 25 30 
15 lb., for Cutting Down. 5 7 1/2 | 10 | 15 20 20 25 30 | 30 | 40 40 50 


se Sy mm, . ee vn a PP ee ee 
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a oe in a wide variety of sizes and styles ranging from a simple cupola jack to large 
ouble-spindle machines driven by independent motors and built with the precision of 
high-grade machine tools. A common type of motor-driven machine is the single spindle 
machine with the motor armature on the spindle. The spindle projects at either end to 
form arbors for the polishing or buffing wheels. Many motor-driven lathes are available 
with the motor mounted in the base, driving the spindle through flat- or V-belt drives. 
These machines have the advantage, in common with the plain belt-driven machine, of the 
possibility of changing spindle speed by changing the driving or driven pulley. The better 
grades of polishing and buffing lathes are built with ball-bearing spindles. 

Points to be considered in the selection of a lathe for polishing and buffing are: Ade- 
quate diameter of spindle between bearings and adequate diameter of wheel arbors; ade- 
quate overhang of wheels beyond the base to permit,the handling of long and irregularly 
shaped pieces without interference with the operator working at the wheel at the other 
end of the spindle; correct height of spindle above the floor, since a few inches difference 
in height will engender fatigue and decrease production;.motor of ample size to handle 
the heaviest work which may come to the lathe. ° 

Lathe arbors commonly have been made 1 in. to 11/4 in. diameter. This is adequate 
for the usual range of buffing jobs, but is too light for many polishing jobs particularly if 
wide, heavy compress wheels are used. Arbors of 1 1/9 in. diameter will prove more satis- 
factory for the general run of polishing, and 1 3/4 in. is better for severe duty like the pol- 
ishing of automobile bumper bars where the wheel is subjected to heavy pressure. 

Motors for the general run of light work should not be less than 5 Hp. For medium 
duty work, motors of 7 1/2 to 10 Hp. will prove satisfactory, while for the heaviest class of 
work, 15 to 20 Hp. motors should be used. It is economy to install more, rather than less, 
horsepower than is actually needed both on polishing and buffing lathes. 

AUTOMATIC AND SEMI-AUTOMATIC MACHINES.—For long runs of similar 
work, automatic or semi-automatic polishing and buffing machines are advisable. They 
are economical of labor, have high capacity and produce uniform work. In one instance, 
automatic equipment reduced the number employed on a given line of work from 31 to 5 
operators, increasing production at the same time. Automatic machines for automobile 
bumpers have been built with an output of upwards of 300 sets of bumpers per hour. 
Automatic machines may be divided generally into three classes, straight-line machines, 
multiple-head machines, and contour machines. 

Straight-line Machines comprise essentially a conveyor on which the work is carried 
in appropriate chucks or holders underneath a series of polishing wheels, successively 
coated with the various sizes of grain necessary to obtain the desired finish. The wheels 
are arranged to float, either on an arm oscillating vertically on a horizontal shaft, or 
between vertical guides. Each wheel is driven by an independent motor, direct-connected 
to the wheel spindle or driving the wheel spindle through V-belts. The conveyor is driven 
by an independent motor. The more common form of conveyor is a belt, although various 
other forms embodying roller chain, or other construction, have been built. The con- 


_yeyor usually is driven through a speed changing device at speeds ranging from 15 to 35 


ft. per min. 

The use of floating wheels permits the straight-line machine to polish and buff work 
that is irregular in contour, for example, automobile bumper bars, which are offset, 7.e. all 
longitudinal elements not in the same straight line. The wheels strike the lowest part of 
the bar as it moves under them and float upwards as the bar moves, following the curve 
of the bar. By the use of wheels of the proper contour the rise of the wheel will bring a 


_different portion of its face into contact with the bar at the offset, thus polishing the entire 


surface. By a study of wheel forms, wheel pressures and work speeds, many irregularly 
shaped forms can be finished in straight-line machines. They are widely used not only 
for automobile bumpers, but for flat-iron sole plates, automobile door hinges, pliers, open- 
end wrenches, typewriter and adding machine parts, washing and ironing machine parts, 
electrical appliances, etc. 

Motor horsepower ranges from 5 Hp. per spindle for light work such as typewriter and 
adding-machine parts, to 20 Hp. on automobile bumpers. Conveyor motor horsepower 
ranges from 2 1/2 on short machines for light work up to 10 or 15 Hp. for 16- or 20-wheel 
bumper machines. ; 

Multiple-head Machines.—Multiple-head machines are used principally for the finish- 


- ing of circular work. In their simplest form they consist of a head carrying two spindles 


on which chucks are mounted to hold the work. The head is indexed by hand to bring 
the work on each spindle in contact with the polishing or buffing wheel. The spindle in 
the working position is rotated by a small motor mounted on the machine. The idle spin- 
dle is unloaded and reloaded during the operating time of the working spindle. Other 


forms of machines have heads carrying from 4 to 6 spindles which automatically are indexed 
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into contact with the polishing or buffing wheels at predetermined intervals. Other 
forms of this type of machine are provided with mechanisms to oscillate the head in a 
direction parallel to the face of the wheel, the work spindle being rotated at the same 
time. This enables long work to be finished with a narrow wheel. Machines of the fore- 
going types usually are built separate from the polishing wheel. In general, they are rela- 
tively light machines which easily can be moved into position alongside of a hand lathe 
and removed when the work is completed or the lathe is needed for other purposes. Larger 
forms, however, have the polishing or buffing wheels incorporated in the machine. 

Other forms of multiple-head machines comprise horizontal tables carrying from 4 to 
6, or even more, work chucks. These are indexed successively under a series of polish- 
ing or buffing wheels. The number of wheels is one or two less than the number of chucks, 
thus providing a station for loading and unloading. The polishing or buffing wheels either are 
integral with the machines or carried on separate stands and driven by individual motors. 
The wheels usually float, as in the straight-line machine. Machines of this type are essen- 
tially high production machines. The use of several polishing wheels, coated with different 
sizes of abrasive from the coarsest to the finest, enables a piece to be finished complete in 
one passage through the machine. These machines are used largely for finishing flat-iron 
sole plates, automobile hub caps, and similar work. 

Contour Machines for polishing or buffing articles of rectangular outline or forms 
not truly circular, are essentially a rotating spindle which carries the work, combined with 
a mechanical movement which causes the work to approach or recede from the wheel in 
conformity with the contour, and which maintains 
uniform contact of the work and wheel at all times. Polishing 
The mechanical movement may be a cam of appro- Wheel 
priate shape or a geared chuck. 

The geared chuck (Fig. 19) consists of a chuck, on 
the back of which is mounted an internal gear, or 
continuous rack A. The pitch line of the rack is 
parallel to the outline B of the surface to be finished. 
The outside edge C of the rack also is parallel to the 
outline B, and bears against a roller D which is mounted 
on the machine frame. A pinion F drives the rack. 
The centers of the polishing or buffing wheel, roller, 
and pinion, should be in the same straight line. The 
rack being held always in the same relative position 
to the wheel by the roller and pinion, rotation of the 
pinion will cause every point of the outline B to come Fie. 19. Geared Chuck 
in contact with the wheel. 

Special Machines have been built for many different purposes including the finishing of 
ice-skate blades, windshield wipers, blank book backs, sewing thimbles, tubing, sheet and 
strip metal, heads of screws and bolts and various forms of cutlery. Some of these 
machines employ polishing wheels in pairs, the work passing between the wheels in order 
to finish two sides at one operation. 

PRINCIPLES FOR POLISHING AND BUFFING MACHINE DESIGN.—The 
following principles should be embodied in polishing machines: 1. Variable Wheel 
Speed. Where a machine is to be used with wheels of a variety of diameters, or where the 
diameter decreases in service, as with a buffing wheel, provision should be made for a 
variable-speed wheel spindle. Wheel speed then may be maintained constant at the most 
efficient point. 2. Variable Work Speed. Provision should be made to vary the speed 
at which the work moves past the wheel. The time required for a wheel to do its work 
varies with different materials, and provision should be made to change the work speed as 
necessary. Work speeds range from 200 ft. per min. with strip zine, to 15 ft. per min. 
with stainless steel. Hardness of material and character of finish desired also influence 
work speed. 3. Variable Wheel Pressure. Excessive pressure of the wheel on the work 
may damage the wheel and work, change the character of the finish, and increase the cost 
of polishing or buffing. Hence, all machines should have provision to regulate wheel 
pressure. 4. Wheel Oscillation in an axial direction is desirable to avoid deep scratches 
and wheel marks. 5. Vibration should be eliminated by adequate foundations, sufficient 
weight in machine bases, shafts of adequate diameter, ample bearings and dynamic 
balance of rotating parts. Machine vibration will spoil finished surfaces and increase 
costs. 6. Work Holding Fixtures of such design as to properly present work to the wheel, 
and to facilitate rapid loading and unloading greatly reduce the cost of machine operation. 

For many data on the design and operation of polishing and buffing machines, see 


seer T. Kent, Fundamentals of Machine Polishing, Trans. A.S.M.E., MSP-53-9, 
931. 


BROACHING * 


THE BROACHING PROCESS.—Broaching is suited for machining holes of any 
shape, and is an economical method for the duplication of parts in quantity. A large 
variety of work may be handled without holding fixtures, and intricate shapes are easily 
held in simple jigs. The accuracy of broaching is comparable to that of milling under 
ideal conditions. , 

BROACH TERMINOLOGY.—Certain terms have come to apply, through common 
usage, to various types of broaching tools. 

Keyway Cutter, or Cutterbar (Fig. 1).—A broach of rectangular section operating in 
a slotted bushing which adapts it to the bore of the piece in which the keyway is to be 
cut. The depth of cut may be regulated by a shim in the work bushing slot below the 
cutterbar. : 

Round Broach (Fig. 2).—A broach for bringing to size a hole which has been drilled, 
bored or cored round before the broaching operation. 

Multiple Spline Broach (Fig. 3).—A broach designed to produce simultaneously two 
or more keyways in one bore. Its common forms are the 6-, 10- and 12-spline broaches 
used on automobile transmission gears. 

Square Broach (Fig. 4).—A broach to produce a square hole, starting from a drilled 
round hole, or a cored square hole. 

Roughing Broach.—A broach designed to remove a large amount of metal and prepare 
the hole for the sizing broach, which brings the hole to size and imparts a smooth finish. 
The roughing broach, not being of such accurate dimensions is cheaper to make and may 
be re-ground when dull. E 

Pull Broach.—A broach operated by applying power to the shank of the tool and 
drawing it through the work. 

Push Broach (Fig. 5).—A broach forced through the work by applying pressure at the 
finishing end. Presses of various types are used for this work. 

BROACH MATERIAL.—Broaches are made of carbon steel of 1.00 to 1.10% carbon, 
high-speed steel, and occasionally of case-hardened machine steel. The latter has a car- 
bon content of about 0.25%. Broaches made from it are case-hardened in a tube packed 
with charred granulated bone, by heating to 1700° F., cooling slowly, reheating to 1450° F., 
and then quenching. They are drawn to a temperature of 375° F. Carbon-vanadium 
steel also is used. It is hardened at from 1350 to 1425° F., and drawn to a temperature 
of about 460° F. 

MATERIALS THAT MAY BE BROACHED.—Cast iron, brass, aluminum and steel 
are readily broached, and many parts made of fiber have been handled satisfactorily. 

Soft ‘‘ stringy ” steels often tear out at the edge of the hole. This can be eliminated 


* Originally contributed by Louis E. Peck. Revised by Robert T. Kent. 
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and the finish improved by heat treating to give a scleroscope hardness of from 25 to 30. 
Harder material causes excessive wear on the broach. q 

PREPARING WORK FOR BROACHING.—The hole in which the broach is to start 
should be drilled or bored. It is possible to broach from a cored hole, but the sand and 
scale soon impair the accuracy of the broach. The face of the work that rests against the 
face-plate of the broaching machine should be finished true with the bore. 

BROACH DESIGN.—Pitch of Teeth.—For best results three teeth usually should 
be in the work at one time, although this varies with the conditions. A formula which 
has been published and which may be used for determining approximately the proper 
tooth pitch for broaches is as follows: 


P = VL X 0.35, 


where P = pitch of tooth, and L = length of work. , 
Depth of cut for each tooth depends largely upon the pull that the smallest section of 
the broach will stand. In general, the minimum cut should be 0.00075 in. and rarely 
should it exceed 0.004 in. per tooth. The rise of the successive teeth depends on the 
material being broached, its hardness and toughness, and the proportions of the broached 
surfaces. For cast iron or brass, it may be double the rise for steel. Tooth rise usually 
is greater for the first few teeth on the broach, the rise diminishing toward the finishing 
end. The last four teeth on the broach or the last 2 in. are made to full cutting size so 
that the cutting teeth may be sharpened several times without 
Letol se reducing the size of the broached hole. 
Other tooth dimensions are as follows (see Fig. 6): D, the total 
Zp depth of tooth depends on the diameter of the broach. It must 
Fic. 6 be calculated for every tool, to provide as much chip room as pos- 
: sible without weakening the tool beyond a reasonable factor of 
safety; r, the radius at the bottom of the tooth should be slightly more than half the 
total depth of the tooth; P should be slightly more than 1/2 D; L = 1/4 in. to 1/g in.; 
C = 11/2 deg. to 3 deg.; R = 8 deg. to 10 deg. 

Push broaches generally are made from 6 to 15 in. long, depending on the character of 
the work. Several may set in sequence in order to produce the desired finish and accu- 
racy. Pull broaches may be made of any length necessary, and usually are designed to 
finish the hole at one pass of the broach. 

Chip Breaking.—In designing round and square broaches, and other types having wide 
cutting surfaces, chip breakers must be provided. On round broaches a staggered nick 
should be used. In broaches of small diameter a large number of nicks will be required 
in each tooth. 

Information Necessary for Design of Broach.—1. Kind of material broach is to cut, 
which limits the cut per tooth and the clearance angle at top of tooth. Rake and clearance 
angles should be identical with those of a lathe tool cutting the same metal. 2. Length 
of work, 7.e., length of surface actually to be broached, which determines the pitch of 
teeth. This dimension represents LZ in the formula previously given. 3. Method of 
preparing the work for broaching, which determines the shank diameter of the broach. 
If the hole is cored, the first cutting teeth should be made very strong and given sufficient 
cut to get beneath the scale. Unless two or more broaches are to be used it is not advisable 

' to start the broach in a cored hole as the hard wear on the tool quickly impairs the accuracy. 
4. Tolerances. The required limits of the hole to be broached, when finished, should be 
carefully considered. It is always best to make the broach to the high limit so as to allow 
maximum wear before the broach is worn undersize. Where work will permit, liberal 
tolerances should be allowed in the broach dimensions, as this will make the tool less 
expensive. 

BROACH SPEEDS AND FEEDS.—Cutting speeds on hydraulic broaching machines 
range from 10 to 42 ft. per min. Return speeds are from two to four times greater. 

TESTING OF BROACH.—The broach should be tested in the material in which it is 
to be used before starting work on a production basis. If there is a tendency to ‘‘ drift ”’ 
or cut oversize on any side, the side from which the broach drifts should be examined for 
dull teeth, and these sharpened with an oil stone. 

CAPACITY OF BROACH.—A broach should be used only in work for which it was 
designed. If the piece to be broached is longer than that for which the broach was 
designed, there will not be sufficient chip clearance. The teeth will fill with chips and 
roughen the surface of the work. If the strain becomes too great, the broach will break. 
If the work is much shorter than the intended capacity of the broach, there will not be 
enough teeth in the work to prevent crawling and cutting oversize. The broach then 
should be changed or redesigned in accordance with the formula given above. 
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: LUBRICATION.—The cutting lubricant is important in broaching operations. There 
is a wide difference of opinion as to the best lubricant for various metals. Those men- 
tioned below have been used successfully. 

For Cast Iron.—Soda and water will improve the finish of broached cast iron, will 
wash chips from the broach teeth, and prevent clogging. 

For Steel.—A soluble oil made as follows is popular and inexpensive: 2 1/4 lb. soda 
ash, 3 gal. mineral lard oil, 50 gal. water. Mix the soda and lard oil together in 10 gal. 
of water, then add 40 gal. of water. Kerosene is frequently added to this mixture if the 
steel is very tough. 

For Aluminum.—In broaching aluminum, turpentine or gasoline are satisfactory. 

The chief use of the lubricant is to cool the broach teeth and wash out chips. The 
pump on the broaching machine or press should deliver a sufficient quantity of lubricant 
to flood the work thoroughly. d 

Square broaches should be operated with one corner uppermost. The cutting lubri- 
eant then flows down and around both sides and does not spatter off, as it would with the 
flat surface on top. Spline broaches should be so slotted that the channel between two of 
the splines will be at the top and conduct the lubricant into the hole with the broach. 

Removing Unfinished Work from Broach.—Should work become stuck on the broach 
during the cut, by the breaking of broach teeth or crowding of chips in the teeth, further 
damage to the broach may be avoided by placing it in a lathe and turning the piece away. 
If the broach has no centers, or it is more convenient, the piece may be sawed through on 
a milling machine or with a hack saw. 

Care of Broaches.—Clean the broaches after using and store them on racks or shelves 
where teeth are in no danger of striking metal objects. Many broaches are ruined by 
dropping on the floor or striking hard objects which chip the teeth. 

* SURFACE BROACHING is a process of machining the surface of work by means 
of a broach of appropriate contour, and producing a finished surface from the rough piece 
in a single operation. The finished surface may be plane, curved or a combination of the 
two. Surface broaching is essentially a high-production operation, and since its inception 
about 1932 has replaced many milling operations, especially in the automotive industry. 
It also is used to replace surface grinding, and to rough and finish gears. 

High-speed steel generally is used for surface broaches, although for certain classes of 
work, broaches with teeth tipped with cemented carbide have been used. Surface 
broaches generally are made in sections, from 6 to 14 in. long. The sections are assem- 
bled in a holder which is mounted on the ram of the broaching machine. Details of tooth 
spacing, chip thickness, clearances, etc., must be determined for each job. Usually some 
experimenting is necessary to ascertain the best form of the broach for production work. 

Surface broaching has been used to machine the bearing surface and parting faces of 
automobile engine connecting rods, automobile steering knuckle faces, slots in speed 
reducing rings, shock absorber arms, certain parts of automobile engine cylinder blocks, 
notches in Stillson wrench and plier faces, slots in castle nuts, wrench openings, and many 
other similar operations. The speed of surface broaching is from 15 to 25 times as fast 
as for milling similar work. Joseph Geschelin, Current Practice in Surface Broaching 
(Trans. A.S.M.E., MSP—56-1, 1934) gives data of a number of surface broaching jobs. 
See Table 1. 


Table 1.—Surface Broaching Operations 
ee, 


Broach 
1000 : 
. : i Cutting 
Work Operation Material eey ri Te oe Compound 


min. | Grind Pieces 


Countershaft.} Form tongue, one end...|1020C.R.S.| 48 30 7.0 | 42 Soluble oil* 
Shifter shaft..| Cut notches and locate 
slot (1 operation, 2 


broaches)............ 1020C.R.S.| 32 30 hel EY Bye) Soluble oi” 
Brake sectors.| Cutting teetht.........] ......-. 24 25 625" 39 47. Sulphurized 
mineral oil 
-|- Cutting, sloted. <ciceaveies 6150 A ; 
Sa ee to : Vanadium| 62 36 8.4] 11.2§] Soluble oil* 
Transmission 
housing....| Shift-rail slot........... Cast iron 61/2 12 70.0 |150 None 
Shifter Fork ; 
Ist operation | Broach slots, both sides. . { 1035 } 46 27 PEATE Soluble sa 
pnd bss Finish pads, cut clearance} ‘ Forging 47 27 2267) 15 Soluble oil 
* 10 to 1 mixture. + 61,010 1/4-in. pieces (stampings) per cut. 


t3 in. on each end in separate machines. § 3 slots in each piece, 
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Millard Romaine (Trans. A.S.M.E., vol. 57, 1935, p. 258) discusses the limitations of 
surface broaching. He shows it to be best adapted to jobs where the stock removal is 
comparatively small (say 1/4 in. maximum) and where this stock is held within fairly close 
limits. A large quantity of stock to be removed necessitates an excessively long broach, 
with a resultant increase in the time per piece. Otherwise, excessive pressure is put on 
the first tooth, causing increased wear and increasing the hazard of breakage. Surface 
broaching has the advantage of high production and low labor cost, but has the disadvan- 
tage of high tool cost as compared with milling. At the present stage of development 
(1937) it is limited to the high-production industries. 

SURFACE BROACHING MACHINES are made both horizontal and vertical, 
single and duplex, and for hydraulic and mechanical operation. One type of vertical 
machine has two broach holder slides that counterbalance each other, one rising while the 
other is descending on the working stroke. Each slide carries a rack meshing with a helical 
pinion driven by a motor. Other types use hydraulic cylinders to actuate the slides. 
In some machines, the hydraulic plunger pushes the broach across the work and in 
others it pulls it. In the duplex machines, work is clamped in fixtures mounted on a 
table that swings the work into the path of the descending broach. The other fixture 
is simultaneously swung away from the ascending broach for unloading and loading. 

The following are data of vertical duplex surface broaching machines as built by the 
Cincinnati Milling Machine Co.: 


Maxsstrokesin esac sect 36 48 42 54 54 66 

Max. broach length, in... 32 44 38 50 50 62 
Broaching force, lb.*.... 5000 5000 10,000 10,000 20,000 20,000 
Max. speed, ft. permin.... 38 38 41.4 41.4 37-2 37.2 
Motor horsepower...... 15 tS 25 25 40 40 
Overall height. ../.2.... Ora ie I 9’ 4” Lies fs 1S*SZ 
Floor space, in.........: 97 X 50° 97 X 50 97 X 55° 97 XK 55 “115 KX 64 115 5¢ 64 


* Force for which tools should be designed. 


Manufacturers.—Surface broaching machines are built by American Broack and Machine Co., 
Ann Arbor, Mich.; Cincinnati Milling Machine Co., Cincinnati; Foote-Burt Co., Cleveland; 
LaPointe Machine Tool Co., Hudson, Mass. 


METAL SAWING 


The generally-used methods of sawing metal are: 1. Hand hack saws, for occasional 
jobs at the bench, or on assembly work on the floor or in the field; 2. Power hack saws, 
for production work on all types of material and on light and heavy sections; 3. Band 
saws for production work on light and medium sections, and for sawing irregular contours; 
4. Circular cut-off saws for very heavy sections; 5. Friction discs, for rails, structural 
sections, billets, bars, slabs, etc., either hot or cold. : 


1. HACK SAWS 


HACK SAW BLADES generally are of high-speed steel, although carbon steel and 
semi-high-speed steel also are used for some purposes. Teeth are of various forms, 
arranged to cut only in one direction. Teeth without rake are the most common. Teeth 
with negative rake are used for thin sections, but require greater cutting pressure than 
straight teeth. Table 1 gives data on standard high-speed steel blades. The following 
are the fields of the several classes of teeth: Regular, soft steel, cast iron, bronze; medium 
annealed high-carbon steel, high-speed steel: fine, solid brass, iron pipe, heavy tubing: 
tubing, thin tubing, sheet metals. Pitch of teeth also should be chosen with reference to 


Table 1.—Dimensions and Teeth of High-speed Hack Saw Blades 
Hand Saws 


Power Saws 


Length, in. 10 12 
Width, in... .] 9/16 | 9/16 
Thickness, in.|0.025] .025 
Teeth per in, 
Regular...| 18 Lela Scale AA MERA hoi) a) in acl. 
Medium...| 24 24 | aeeRall 6: Qil Oe aral| itiGan "IIa iealPbeenen lad Goa 


Winey ewe 32 oP Ha bn 
Tubing iy. clenwtndlbeee 
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the size of the section being cut. For wide heavy sections, coarse pitch teeth should be used 
to give ample chip clearance. For thin sections the pitch should be chosen so that two or 
more teeth are in contact with the work. Otherwise, the teeth will straddle the work and 
strip the saw. 

oO. W. Boston and C. E. Kraus, Trans. A.S.M.E., RP-56-5, 1934, describe tests to 
determine the performance of hack saws when operated with different cutting fluids on 
various metals. Of the eleven fluids tested, a sulphurized mineral oil with asphaltic base 
containing 4.38% sulphur, and a viscosity of 105 seconds at 100° F., was found to be the 
best, giving the least sawing time and the least wear on the blade. 

HACK SAW MACHINES, or power hack saws, range in capacity from stock 4 in. 
square up to stock 13 X 16 in. One type, built with a gap-frame, can cut stock 16 X 26 in. 
by turning the work over when half sawed through. Stroke of saw is 4 in. in the smaller 
machines to 6 in. in the larger ones. Some machines feed by gravity, the saw frame being 
provided with weights that can be shifted to give greater or less pressure on the saw as 
required. Other machines have a positive feed which ranges from 0.001 to 0.025 in. per 
stroke, depending on the class of material cut. When hard spots are encountered, the 
feed automatically is stopped or shortened to decrease the pressure on the saw until the 
hard spot has been cut through. All machines lift the saw clear of the work on the return 
stroke. Hack saw machines are both belt-and motor-driven. Motors range from 1/4 Hp. 
for a 4 X 4 in. machine to 2 Hp. in the largest size. High duty machines have three 
speeds. The Racine Tool and Machine Co. recommends the following speeds, in strokes 
per min.: For cold-rolled or machine steel, brass, soft metals, 135; alloy steel, annealed 
tool-steel, cast iron, 90; high-speed steel, unannealed tool-steel, non-corrosive steel, 60. 
Cast iron should be sawed dry. Other materials should be sawed with a cutting compound 
of water to which sufficient soluble oil has been added to whiten it. The principal function 
of the fluid is to cool the saw. 


2. BAND SAWS 


Metal sawing band saws are similar in appearance to band saws for woodworking. 
They range in capacity from the lightest sections up to work 12 in. thick, and are made in 
sizes from light bench-type machines to heavy production equipment. They are widely 
used in non-ferrous foundries for cutting of gates, sprues and risers. Band saws are built 
with one or more speeds to adapt them to a variety of metals. Speeds used are as follows, 
in feet per minute: Aluminum, 1000-2500; brass (sheets and tubes), 750-1500; cast iron, 
100-150; malleable iron, 150-200; steel, 100-200; steel (high-speed) 90-120. Hand or 
power feed may be used. In some machines the work is fed along the table, and in others, 
the work is stationary, and the column and saw fed into it. Band saws are especially 
adapted to light thin sections, which would easily be bent out of shape by the heavier 
pressure of the hack saw, and to saw pieces of shapes that are inaccessible to the hack saw 
or circular saw. 


3. CIRCULAR CUT-OFF SAWS 


Circular cut-off saws fall into two general classes: 1. Saws with teeth whose action is 
similar to that of a milling cutter; 2. Friction or abrasive discs. 

METAL CUTTING SAWS are made with teeth cut in the periphery of the disc or 
with inserted teeth. Saws up to 8 in. diameter generally are termed metal-slitting saws. 
From 9 in. diameter to 60 in., or larger, they are called cold saws. 

Metal Slitting Saws are made with a variety of forms of teeth for sawing different 
materials. For steel, the teeth either are plain or have side clearance. The latter have 
a rake of about 10 deg. For heavy work in steel, alternate teeth have side clearance on 
opposite sides. For cast iron the teeth are more widely spaced than for steel, and have 
side clearance, and a rake of 3to 4. deg. For non-ferrous metals, widely spaced teeth with 
side clearance and a rake of about 13 deg. are used. The body of the saw should be thinner 
than at the periphery, or the teeth should be offset to provide ample kerf to clear the saw. 

Speeds and feeds with metal slitting saws vary with the class of material cut. F or cast 
iron, speed ranges from 70 to 90 ft. per min. and feed from 3 to 6 in. per min. For ordinary 
steel, speeds range from 110 to 125 ft. per min., and feeds from 5 to 8 in. per min. Corre- 
sponding figures for alloy steel are 50 to 60 ft. speed, and 1/2 to 2in. feed. Brass may be 
cut at speeds up to 250 ft. per min., with feeds of 10 or 12 in. per min. Speeds for copper 
range from 150 to 300 ft. per min., and for aluminum 500 to 600 ft. per min. speed, with 
feeds of 10 to 20 in. per min. for both metals. ° 

Inserted Tooth Saws comprise a disc, in the periphery of which notches are cut, into 
which cutting teeth of high-speed steel, or of steel tipped with cemented carbide are 
inserted. The method of holding the inserted teeth forms the principal point of difference 
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Table 2.—Cutting Speed and Rake Angle of Inserted Tooth Saws for Various Metals 


Cuttin Cutting 
Sp Gk Tooth i Speed, Tootb. 
Material y Rake, Material tt Rake, 
ft. per des - per aoe 
min. Z min. 
{AMINU MPA re See ed 1200 25-30 | Steel, 42-64,000 T. S.*...... 80—90 15 
Brasejicaat ass, Si cte 6) vas ciate 260-400 15-20 £  71=85,000we ty denies 70-80 15 
Sp ttOlldlscpas caverns S424 5 400-800 15-20 SO 1O0000, oe cehaidepens 2 55-65 15 
BE OND OU Aa ea ion5.0)0 010.3 wdaeued 260-400 15-20 “castings, high tensile...) 45-55 8 
AO BAG NOT ceria ae aise cs cns,%'s 35-45 8 Mts ae Be AO barericay a ees 55-65 i) 
RO ORPOR TE See oe ccdceie.t,sic/s,aricc.> 800-1200 | 20-25 } Structural steel, 64,000T.S.*| 80-90 8 
Chrome-nickel steel, annealed.| 35-45 15 s “ 71-85,000 T.S.*| 70-80 8 
German silvers 35." 2. oe. t 100—130 15 Toolsteel, annealed......... 35-45 15 
Nickel fs s i Ue ee SLA 70-80 15 Tubes, thick wall. .......... 80-90 15 
RISE ORS: coy meee eae fit erly decks. a hedaiins 130-230 


er Crees ws sevens «| 800—1200 


* Tensile strength, lb. persq. in. 


in saws as built by various manufacturers. Rake angle varies with the material being cut 
as shown in Table 2, adapted from O. W. Boston, Engineering Shop Practice (John Wiley & 
Sons). Clearance angles range from 5 to 12 deg. 

Feeds with inserted tooth saws range about as follows, the figures being inches per 
min.: Aluminum, 90; brass, 80; cast iron, 5; copper, 60; steel 2-10. 

COLD SAW CUT-OFF MACHINES are built with a range of speeds and feeds. 
They usually are individually motor-driven. Work-holding fixtures may be adapted to 
present work to the saw at various angles, to grip work of irregular shape, as structural 
sections, and to take either single pieces or a large number of pieces which are sawed at a 
single setting. 

FRICTION DISCS are relatively thin dises of alloy steel which are rotated at periph- 
eral speeds of from 20,000 to 25,000 ft. per min. The intense heat, generated by the 
friction of the saw against the work, fuses the metal of the latter. The disc, which is 
water-cooled, thus makes a thin slit in the work similar to a saw cut. Frequently, teeth 
of V or square shape are cut in the periphery of the disc. These teeth do not have any 
cutting effect, but serve to increase the friction and thus accelerate the generation of heat. 
When worn down they are re-cut. Friction discs are widely used for cutting off struc- 
tural sections and bars. Their action is extremely rapid, cutting off 8-in. I-beams in from 
5 to 15 seconds, and 40-in. beams in about 11/2 minutes. Friction dises are mounted in 
motor-driven machines, which often rotate the work as well as the disc. 

For data on design and operation of friction saws, for sawing hot structural sections, 
see A. B. Pearson, Design and Construction of Hot Saws for Cutting Heavy Sections, 
Trans. A.S.M.E., IS—52-10, 1930. 

ABRASIVE CUT-OFF DISCS are very thin abrasive wheels which are used in cut-off 
machines mainly for cutting off smaller sections and bars, of very hard materials and 
the non-ferrous metals, 


MACHINE TOOL MOTOR DRIVES 


SIZES OF MOTORS FOR MACHINE TOOLS.—The size of motor applied to a machine 
tool driven by individual motor usually is determined by the experience of the manufac- 
turer, rather than by any formula. The same lathe, for instance, will be fitted with a 
larger motor if it is required to take heavy roughing cuts continuously in tough steel, than 
if it is to have a more general run of lighter work in cast iron. Even if it does, under the 
latter conditions of service, occasionally receive a job up to the limit of its capacity, the 
motor will be able to stand the temporary overload, whereas a continuous overload soon 
would ruin it. The conditions under which the machine will operate should, therefore, 
be stated when it or the motor to drive it is purchased. Tables 1-19 give sizes of motors 
for machine tools as recommended by the Westinghouse Elect. & Mfg. Co. The sizes 
given embody average practice. The type of motor to be used varies with the conditions 
of service, and the type suitable for the different classes of machinery are indicated by the 
following symbols (see also p. 25-50): 

A, Adjustable-speed, shunt-wound, direct-current motor; used where a number of 
speeds are essential. 

B. Constant-speed, shunt-wound, direct-current motor; used when the desired speeds 
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are obtainable mechanically by a cone pulley or gear box, or where only one speed is required. 
4 C. Squirrel-cage induction motor; used where direct-current is not available. A cone 
pulley or gear box is necessary if more than one speed is desired. 

D. Constant-speed, compound-wound, direct-current motor, used when different 
speeds are obtainable by means of a cone pulley or gear box, or where but one speed is: 
necessary. 

: E. Wound secondary or squirrel-cage induction motor with about 10% slip; used 
where direct-current is not available, or where one speed is required. 

4 F. Adjustable-speed, compound-wound, direct-current motor; used where a number: 
_ of speeds are necessary. 

G. Standard bending roll motor. 

#H. Standard machine tool traverse motor. 


Table 1.—Motor Horsepower Required for Lathes 
Motor: Type A, B or C 


f Service ‘ Service ; Service 
aoe Average | Heavy Pees Average | Heavy RG Average | Heavy 
: Horsepower ' Horsepower ; Horsepower 
Engine Lathes 
12 1 2 24 y ips 10-15 42 20 25-30 
14 15 2-3 27 10 10-15 48 20 25-30 
16 255 3-5 30 10 10-15 54 25 30-35 
18 3.5 5-7.5 33 10 10-15 60 25 30-35 
20 35 5-7.5 36 15 15-20 72 25 30-35 
22 5 f.o-10 aISete ot Nene low reine ome So ee 
Driving Wheel Lathes * Car Wheel Lathes * Axle Lathes 
Swing Horsepower Swing Horsepower Swing Horsepower 
51 15 15 
60 20 25 
69 20 25 
79 25 ae 
84 25-50 
90 30-50 


50 


- 


* Tail stock motor 8.5 Hp. for all sizes. 


Table 2.— Motor Horsepower Required for Planers 


Type of Motor Type of Motor 
SSS SSS] TOTS s ee a a a al ee oss 

Size of #) C, D or F, Rail Size of a G; Ee or F, Rail 
Planer Hs Non- Planer, es on- 

in. : Reversing reversing sega in. Reversing reversing Motor 

Horsepower Horsepower 

24x 24 5 5 21/4 IDK 2, 35 35 5 
30 x 30 5-10 fee, 21/4 84x 84 35-50 35-50 5 
36 X 36 10 10 21/4 96x 96 50 50 71/9 
42x 42 10-20 15 31/9 120 120 50 50 7 1/2 
48x 48 20-25 20 31/9 144 144 50 ae, 81/2 
54x54 25 zs 31/2 168 168 50-75 10 
60 x 60 192 168 


Table 3.—Motor Horsepower Required for Shapers 
Ordinary Shaper. Motor: Type A, B or C 


Prox, StrOKG, IDs... 00. 14 16 18 | 20 | 24 26 | 28 | 32 
» Horsepower..........- | 1-2 3-5 3-5 3-6 3-8 4-8 5-8 5-8 
Traversing Head Shaper. Motor: Type A, B or C 
i 6 
Ree RITOKE ANZ eee Le Ps cle eee Shee a is 17 18 | 20 22 26 | 3 
ensue, is SAN ope. ial, BERN coves arene ht 5 | 5 1/2 5-7 l/o | 5-7 1/2 | 7 1/2-10 10 


Table 4.—Motor Horsepower Required for Slotters 
Crank Slotters. Motor: Type A, B or C 


‘ ie 6 8 10 12 14 16 18 20 | 22 24 28 ) 30 36 
=e 132 | 2-3 | 3-5 | 3-5 | 5-7 |5-7.5| 5-10 |7. 5-15] 10-15] 10-15] 10-15] 10-20) 10-20% 


Geared Slotter. Motor: Type A, B or C 
40 50 | 60 68 72 92 
15 


Max. stroke, in... 


30 36 
Horsepower...... 10 ayer 10-15 12 12-15 15-20 20-25 20-25 


os 
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Table 5.—Motor Horsepower Required for Keyseaters 
Motor: Type A, B or C 

3/4 | 11/4 11/2 

1-2 2-3 2-3 3-5 


21/2 


Size of Keyway, in..... 
4-6 


‘5 | 
Horsepower (for steel). . 3-5 


Table 6.—Motor Horsepower Required for Rotary Planers 
Motor: Type A, B or C. 
40 50 | 60 | 

10 15 20 


120 
40 


90 
40 


100 


Cutter disms, iia. is < bi 
40 


70 | 
Horsepower 


80 | 
25 


30 


Table 7.—Motor Horsepower Required for Milling Machines 
Universal, Plain and Vertical Milling Machines. Motor: Type A, B or C 


Max. Movement Max. Movement 


of Feed, in Horsepower ahaa. tr, Horsepower 
n n n ae 2 R 
; auil wklovdl 2 _ |due| vilous 
4 i a |@€53| 881 S88| 2 3 8 |88s| sa] 88a 
wel] & 3 |$83|s83|/S88] ¥2 5 S |2RS| sas /Se8 
“ot ~ = “d a be qd S| s 
Se 3 © Baa Bae cae ae 3 = SA fae SAe 
22 8 18* 3-5 Bee bar tags 34 14 22 sac e a ae eee 7.5-10 
22 12 TSi > \Peetetacnc Poe sates 3-5 42 14 20 10-15. | 10-15 |.....2% 
22 13 FOF Nie oneness 5-7.5 42 15 He | eh FOI Cs Caer oe 10-15 
28 10 18* Leg My | Ser Boe oc: Boe 50 14 20* | 15-20 |} 15-20 |.-.. 18 
34 12 19* | 7.5-10] 7.5-10]......- 52 12 24°94 cb on os eee 15-20 
Slabbing Machines. Motor: Type 4, BorC 
Vertical Millers Horizontal Millers 
Table Max. H 
Width, | Height, oS 
in. in. ehies 
18 12 35-50 
24 22 40-60 
30 26 as 
36 27 


* Vertical movement 1 in. longer in plain milling machines. 


Table 8.—Motor Horsepower Required for Drilling Machines 
Motor: Type A, B or C 


Single-spi 
ing eoe Multiple-spindle Drilling Machines 


Sensitive 
Drills = I 
Max. Max Max 
Max, Max 7 ane 4 H 
Max. - | ae 
ail Bare: Drill 8 Horse- Drill 4 Horse-} Work | Horse- geole Ab Heavy 
Size, | power | M180 | Spin- | Power Diam)! gpin- |Power /Diam..| power | Radins,| Ser- ae 
in. ee _dles _ ae dles uae ft: vice | Va8S 
3/6|1/a (3/1e-3/3| 20-8| 5 | 8/g-1 | 20-10) 15-10] 12-20) 1-2 | 2.5 3. |. aan : 
8/g | W/4-1/a] 1/4-5/g | 14-4 |7.5-3.5) 5/g-1 24-12) 20-15] 24-28) 2-3 3 3 5 
1/a_ | 1/9-3/4} 1/4-5/g | 24-12} 10-7. 5] 5/g-1 1/9] 22-8 | 20 30-32] 3-5 4 5 7.3 
5/g |3/o-l | 1/s-1 | 24-6 | 10-7.5] 8/4-1 12-8 | 20-10) 36-40] 5-7.5] 5 6-7.5) 10 
/g | 1 5/ie-1 | 52-16] 25-20 | 8/g-1 1/9} 22-10] 40-25] 50-60|7.5-10] 6 10 | 15-20 
11/g | 1-1.5] 3/g-l/o | 16-12) 10-7.5) | 12 15-20 7 10 15-20 
8 10 15-20 


* For cast iron. 


Table 9.—Motor Horsepower Required for Boring, Turning and Drilling Machines 


Vertical Machines 


Motor: Type A, B or C 
Horizontal Machines 


Horse- Swing, Horse- Spindle 
power in. power Diam.,, in. 
5 20-25 

5-10 

7.5-10 

10-15 

10-15 

10-15 

15-20 


15-20 


Cylinder Boring Machines 


Horse- 
power 


7fe3) 
tov 
10-15 
10-15 
15-20 
15-20 
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Table 10.—Motor Horsepower Required for Shears 
Motor: Type D or E 


Vertical Shears 


Lever Shears 


Plate Shears 


: Plate 
Width, Thick- Horse- Horse- Horse- 
in.* ness, power power Plate, power 
in. In, 
30-42 1/39 2-5 10-20 3/ 
3x24 10 
36-62 1/16 3-5 15-20 | 1 X24 15- 
36-144 1/8 5-7.5 15-25 |} 2 X14 30 
36-144 3/16 5-7.5 20-30 | 1 X42 20 
42-168 1/4 5-10 20-40 11/2x 42 60 
54-126 3/8 7.5-10 30-50 | 11/454 75 
10-15 11/972 160 
* Soft steel. 
Table 11.—Motor Horsepower Required for Punch Presses 
Motor: Type A, C, D or E 
Plate Plate Plate Plate 
at Thick- | Horse- nee Thick- | Horse-| Hole | Thick-| Horse- | H¢ | Thick- | Horse- 
é "| ness, power f “?) ness power : 7!) ness ower Diam, n ro) 
in.* : in.* ess, , | pow ae a ess, | power 
: : in P 
In. in. in. ‘ in. 
1/4 Wg | Ve-l 7/8 Tg | 1.5-5} 13/4 I 10 21/2 11/2 | 15-20 
2/8 3/3" 3) L/e-T.oy I 2-6 2 1 10 3 2 20-25 
Vg foe MS ae Su all alfa tyliad 3-8 | 21/3 | 11/g | 10-15 | 4 11/, | 25 
5/g Bf | 15-2] 1a7e | Tt 7.5 | 24/47) 13/3 | 15-20] 6 11/9 40 
3/4 3/4 1-5 


* In soft steel. 


Table 12.— Motor Horsepower Required for Power Hammers 
Motor: Type D or £ 


‘Weight, Ib. | Horsepower | Weight, ib.| Horsepower | Weight, lb.| Horsepower] Weight, lb. | Horsepower 


15 100 2-5 250 Hae —('5) 700 15—Z5 
25 125 2-5 300 1] 5 -—=i\5) 1000 25-59) 
50 150 2.5-7.5 400 Ure A ls cower tt a Iressa 4 bi 
75 200 5-10 500 Cee i Det Saal salle poo cio 


Note.—For drop-hammers, approximately 1 Hp. per 100 lb, of hammer-head weight is required. 


Table 13.—Motor Horsepower Required for Forming or Bending Machines 


Bulldozers, Forming or Bending 


Machines: Motor: lype.D on Hi Bending or Straightening Rolls. Motor: Type # or G 


Hed | tore | wien, | ise | Hore | wien | ARE | Home 
ment, in. power fte* Ness, ie. power ft. agen Ee power 
14 5 10 1 1/s 35-40 
16 71/2 10 11/4 35-40 
16 10 10 1 3/g 40-45 
18 15 10 11/2 45-50 

20 20 1 5/g 


* Soft steel capacity. 


Table 14..Motor Horsepower Required for Cold Cutting-off Machines 
Motor: Type A, B or C 


Max. Max. Max. Max. 
Saw Saeed Horse- Saw Diam. of} Horse- Saw Diam. of | Horse- bis Diam. of | Horse- 
Diam., Diam., Work, | power D 14M..5) Work, | power 1aM.5! Work, | power 

in. in. in.* in. in.* in. in.* 
12 22 7 3-4 36 11 1/2 10-15 50 17 15-25 
14 24 7 1/2 3-5 40 13 10-15 54 18 20-25 
16 26 7 1/2 5-7.5 42 14 15-20 58 19 20-25 
18 30 9 5-7.5 48 15 15-25 62 21 20-25 

20 32 9 Vo 7.5-10 


* Soft round steel. - 
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Table 15.—Motor Horsepower Required for Bolt Machinery 


Bolt Heading, Upsetting and Forging Machines Single-spindle Bolt Cutters 
Motor: Type D, E# or F Motor: Type A, BorC | 
Size, in. |Horsepower] Size, in. |Horsepower| Size, in. | Horsepower Size, in. Horsepower 
ER Dalal a ae) eel Pee ee ee ee — I/g 
3/4 5 2 15 25 VE 1 1 
1 7,5 21/2 15 35 1/4-1 1/9 2 
11/4 he 3 40 T/2-2 3 
1 1/g 0 


Table 16.—Motor Horsepower Required for Pipe Threading and Cutting-off Machines 
Motor: Type A, B or C 

VW4-3 11/4-6 21/2-8 

2-3 4-5 4-5 


2 1/2-10 412 
5—6 


(Pipeisiz6 pit del) vije cares | 


1-4 
Horsepower........... | 3-4 


Table 17. Motor Horsepower Required for Cylindrical Grinding Machines 
Motor: Type A, B or C 


Distance 


Distance Distance 


Wheel between between between | Horse- 
Size, in. Centers, Size, in. Centers, Centers, power 
in, in. in. 
10 X 3/4 20-30 12 X 21/p | 32-96 36-96 10-15 
10 x 11l/g 20-30 14x 11/2 20-86 39-123 12-15 
12 x<-1/4 32-66 16x 3 30-90 96-168 
12x 11/2 32-66 18 x 2 27-120 98-172 


Table 18.— Motor Horsepower Required for Grinding Wheel Stands 


Motor: Type B or C 


Wheel 
Size, in. 


No. of 
Wheels 


Size, in. Wheels power 


26 X 41/2 2 10-12 
30 X 41/2 


Table 19.—Motor Horsepower Required for Hydraulic Wheel Presses 
Motor: Type B or C 


Capacity, tons....ccnn ds oe | 100 200 
TL OrsepO Wes ..scrcnadicunevaaton 


600 


7.5-10 


GROUP DRIVES.—While the tendency is to drive machine tools, especially the larger 
ones, with individual motors, there are nevertheless many conditions under which group 
drive will be more economical. Group drive may take various forms. For example, 
a series of line-shafts, each driven by a motor, with countershafts for the individual 
machines, is one form. Another form is a series of motor-driven short jack-shafts, driving 
directly a compact group of similar machines, the control and speed variation mechanism 
being built into the individual machines. The total motor horsepower required with 
group drive may range from 1/3 to 8/4 of the sum of the total power required by the indi- 
vidual machines, since, under the conditions under which group drive should be used, 
only part of the machines will be operating at any one time. The higher the load factor, 
the smaller are the advantages of group drive. 

No definite rules can be laid down either for the arrangement of group drives or the 
motor capacity necessary. Hach installation must be designed to conform to the condi- 
tions under which it is to operate. In general, however, the motor requirements will be 
the sum of the total machine horsepower multiplied by the average load factor, plus the 
friction loss of the line- and countershaft bearings. Motor capacity somewhat in excess 
of the figure so found is advisable to take care of short peaks when more machines than 
the average may be in operation. 

The following figures show the average power utilized, in percentage of actual machine 
power, in group drives on various classes of work. These figures, which are given for 
example only, should not be used in design, as they will vary in every case with load fac- 
tor, character of material cut, and with variation in machine speed, depth of cut and rate 
of feed. 

Engine lathes, 16-in., 10-20%; automatic lathes, 36%; vertical lathes, 74%; plain 
milling machines, 50%; horizontal milling machines, 4-head, 35%; turret-lathes, 55%; 
drill presses, 24-in., 19%; multiple-spindle drills, 30%; horizontal boring mills, 18.5%; 
eylindrical grinders, 23%. 


MEASUREMENTS 


Measurements in the machine shop may be roughly classified as non-precision, semi- 
precision and precision measurements. Non-precision measurements may be defined as 
those in which the permissible limit of error is 0.01 in. Semi-precision measurements may 
be defined as those in which the permissible limit of error is 0.001 in. Precision measure- 
ments are those in which the permissible limit of error is less than 0.001 in. High-pre- 
cision measurements can be made within less than 0.0001 in. 


1. NON-PRECISION MEASUREMENTS 


THE FOOT RULE or machinist’s scale ordinarily cannot be used for direct measure- 
ment with an accuracy closer than 1/g4 in., although highly expert machinists can set 
calipers by means of the machinist’s scale to within 0.01 in. 

CALIPERS, considered as non-precision measuring devices, may be of two types: 
a. Those that transfer a dimension from a scale or gage block to the work, or vice versa. 
6. Those in which the measuring scale is incorporated in the caliper itself, as shown in 
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Fie. 1. Vernier Caliper Fig. 2. Vernier 


Fig. 1. When a vernier is added to the caliper of Fig. 1, it becomes a semi-precision 
measuring instrument, as the instrument then can be read to 0.001 in. The micrometer, 
although actually a semi-precision instrument, may be used to advantage for non-precision 
measurements, because of its accuracy and ease of setting to a given dimension. If a 
vernier is added to the micrometer it becomes a precision instrument. 


2. SEMI-PRECISION MEASUREMENTS 


THE VERNIER CALIPER is shown in Fig. 1. Each main division of 0.1 in. on the 
scale is divided into four subdivisions. Hence, each space on the scale equals 1/49 in. If 
a distance of 0.6 in. on the vernier, 7.e., 24 spaces on the scale, be divided into 25 spaces, 
the vernier will read to 0.001 in., since 1/25 X 1/49 = 1/1000. The vernier is read by noting 
the number of the division on the vernier scale that exactly coincides with a division on the 
main scale. This number on the vernier is the distance in thousandths of an inch that 
is to be added to the reading on the main scale corresponding to the number of divisions 
over which the zero of the vernier has moved. 

Exampie.—lIn Fig. 2, the reading on the main scale is 0.625+ in. (Hach small division on the 
scale = 0.025 in.) The division .019 on the vernier exactly coincides with a division on the main 
scale. The reading of caliper then is 0.625 + 0.019 = 0.644 in. 

THE MICROMETER ordinarily is read to the nearest 0.001 in. The main divisions 
of the scale on the frame are 0.1 in., each division being subdivided into 4 equal divisions. 
Each space on the stem then equals 1/49 in. (0.025 in.), which is the pitch of the microm- 
eter screw. The circumference of the thimble is divided into 25 equal spaces. Each 
space on the thimble represents 1/25 X 1/49 = 0.001 in. By the addition of a vernier scale 
to the stem, the micrometer can be read to 0.0001 in. ‘Fhe reading on the frame, plus the 


21-107 


21-108 THE MACHINE SHOP 


reading on the thimble, plus the reading on the vernier is the total distance that the end | 
of the stem hasbeen moved out from | 
the anvil. 


Exampie.—The thimble of the micrometer, | 
Fig. 3, has uncovered 6 main divisions and 3 
subdivisions on the frame. The scale on the 
thimble shows that it has been turned through 
12+ divisions past the zero line on the frame. 
The third line on the vernier scale exactly coin- 


SFE }15 


iS. 


o 73 $6 
Hushnfoasfifte 


Si 


iferee i cides with a line on the scale on the thimble. 
SRI a ese eet The reading of the micrometer then is: 
‘Saale: On ALAMO terete ein. a eltieiele’s Sle levata sinyele! “neve 0.6 + (3 X 0.025) = 0.675 
Seale: om thimbles so vicvte’sr= sols se idjele Cie Mvlele siaisisis se ees 12 X 0.001 = .012 
SoalevGu VEEMleKs lata dele iueiaie = 4:stol vis istore wieietelet siete ies: alicliar= ob = 0.0003 = .0003 
Wicrometer TEAGINE sce .18 <oviciclerclsals ecm Seawater aee sme mse 0.6873 


DIAL INDICATORS, Fig. 4, may be used both for semi-precision and precision 
measurements as they are made to measure to 0.001 in. or 0.0001 in. By splitting the 
graduations on the dial, readings can be taken to half of the foregoing amounts. The 
indicator consists essentially of a movable spindle on which is cut a rack, meshing with a 
gear train which actuates the pointer. Movement of the spindle causes rotation of the 
pointer, the amount of the spindle movement being indicated by the graduations on the 
dial. A hair spring within the instrument returns the pointer and spindle to their initial 
positions when the pressure on the spindle end is removed. The dial can be rotated to 
bring zero opposite any position of the pointer. 

Dial indicators are used in many different ways. One of the commonest uses is that 
of an inspection gage, as shown in Fig. 5. The instrument is 
set by means of a gage block or other means to the desired Lever 
dimension, with sufficient pressure on the spindle to rotate the **% Bee 
pointer through one turn. The dial then is set to zero opposite 
the end of the pointer. The work to be inspected is placed 
under the spindle and the deviation plus or 
minus from the standard dimension can be 
read on the dial. Other uses of the dial indi- 
cator are measuring the depth of holes, deter- 
mining out-of-roundness of circular pieces, the 
setting of work parallel with a given plane, 
etc. When used as a depth gage, the indi- 
cator is mounted on a base through which the 
spindle may be projected downward by a push 
button until it strikes the bottom of the hole. 
For determining out-of-roundness, the work 
may be centered in a lathe. The indicator is 
placed in the tool post, with the spindle bear- = 4 
ing on the work. Dial indicators are made Di Fra. 4. Fia. 5. Dial Indicator 
: . E ial Indicator Used as Inspection Gage 
in a variety of forms for special purposes. For 
details of the various forms, see catalog of L. S. Starrett Co., Athol, Mass. 


3. PRECISION MEASUREMENTS 


MEASURING MACHINE.—The standard measuring machine as built by the 
Pratt & Whitney Co. is a machine for originating or duplicating measurements within 
0.000 O01 in. It is used for checking of master gages which in turn are used to check the 
service gages used in manufacturing operations. The basis of the machine is a measuring 
bar at the rear of the machine in which are inserted at 1-in. intervals hardened steel plugs 
marked with a microscopic line. These graduations on the measuring bar are calibrated 
at the U. S. Bureau of Standards. 

The measuring head consists of an anvil which is advanced by a measuring screw, 
the pitch of which is 1/95 in. An index wheel on the screw is graduated to read directly 
to 0.0001 in., and by means of a vernier can be read to 0.000 01 in. The tailstock of the 
machine is set with the face of its anvil opposite the zero point on the measuring bar. 
The head stock, or measuring head, is set to the next greater inch on the measuring bar 
than the length of the piece to be measured; the fractions of the inch are determined by 
the measuring head. A microscope is used to determine the coincidence of the zero lines 
on the heads and the inch marks on the measuring bar. The work to be measured is 
supported on elevated ways in the plane of the anvil, with one end in contact with the tail- 
stock anvil. The measuring head anvil then is carefully advanced by means of the screw 


_ them is balanced when the armature A is central between the 
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until it bears against the opposite end of the piece to be measured. Provision is made 
in the machine that the pressure of the anvil on the work always 

Anyil will be duplicated at each measurement, this pressure ranging from 

8 02. to 3 lb., depending on the character of the work being measured. 
The measuring machine is widely used for the measuring of pitch 
diameters of thread gages by the 3-wire method as shown in Fig. 6. 
The wires are steel rolls of uniform hardness. They must be uni- 
formly round and hard, and must be straight and round within 
0.000 02 in., and of the same diameter within 0.000 02 in. Further- 
more, they must be the theoretically correct size within 0.000 02 in. 
Wie 6. Thread Meas The recommended sizes of wire for checking 60-deg. threads are 
urement by Three- given in Table 1. The pitch diameter of a thread whose sides are 


wire Method symmetrical about a line through the vertex perpendicular to the 
axis of the thread is 
P=M + (cotana/2n)—D(1+’coseca). . . . . . [1] 
For a 60-deg. thread with a helix angle smaller than 6 deg., equation [1] becomes 
PE -P GEG /n) = a'D! hep] 
For a helix of 6 deg. or more, the equation becomes 
P= M + (cotana/2n) — D {1+ coseca + (T?/2) cosacota} . . [3] 


In these equations P = pitch diameter, M = measurement over the wires, a = 1/9 
included angle of thread, n = threads per inch, D = diameter of wires, 7 = tangent of 
helix angle = L/aP, where L = lead of thread. 


Table 1.—Recommended Wire Sizes for Measuring 60-deg. Threads 
All dimensions in inches 
. Threads | Wire |Threads| Wire |Threads| Wire | Threads} Wire |Threads| Wire |Threads| Wire 


per in. Size per in. Size per in. Size per in. Size per in. Size per in. Size 
80 0.00722 44 0.01312 27 0.02138] 14 0.04124 10 0.05773} 5 0.11547 
72 -00802 40 01443 24 .02406] 13 04441 9 06415] 41/9 12830 
64 -00902 36 01604 20 .02887} 12 04811 8 .07217}] 4 14434 
56 -01031 32 01804 18 -03208} 11 1/2 | .05020 7 .08248 | 31/2 -16496 
48 01203 28 02062 16 “| .03608] 11 05249 6 .09623 | 3 19245 


THE ELECTROLIMIT GAGE is a comparator that will measure under shop or 
production conditions to 0.000005 in. The principle of the gage is shown in Fig. 7. 
The spindle S with which the work to be measured is brought 
into contact, is continuously in contact with the armature A 
that floats midway between the electromagnet coils M,; M:. 
The coils are so adjusted by screws W that the current in 


coils. A movement of spindle S, as produced by contact of 
work with it, changes the position of A with respect to M, 
and M>2. The magnetic fields then are unbalanced, producing 
a@ corresponding unbalance in the cur- 
rent in the coils. The amount of un- Ww A 
balance and, therefore, the movement : A 
of spindle S is shown on a micro- M, ‘E EBS E 
ammeter, the scale of which is graduated anal a 
to read in decimals of an inch suitable yy HE} Z 
to the character of the work being ~~ 
measured. The armature A is carried 
by a flat spring pivot P, at one end, 
and always is returned to a central 
position by suitable springs and stops. 
The gage can be arranged a many Ss 
different ways to adapt it to the par- ae: << 
ticular type of work on which it is to eee Faden Goes Elec- irae Seg lan oe 
be used. Several heads (Fig. 7) may 
be arranged in combination to measure two or more dimensions simultaneously, or to 


determine squareness or parallelism of a piece at the same time that a dimension is 
determined. Fig. 8 shows the device arranged as a simple comparator. The base B 
supports the column C, which carries the gaging head H. The position on the column 
of the gaging head may be varied by the elevating screw H and hand wheel W. The 
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a handle. Double plug gages, Fig. 14, with a knurled handle between them are 
used as limit gages, the two plugs being lapped to the minimum and maximum 
diameters representing the prescribed limits. Plug gages should be made single-ended. 
If they are to be double-end limit gages, they should be made as two single-end gages 
with a hole in the gage into which the handle is fitted. The handle is shouldered and 
held by a nut. In screw gages, it also is keyed. The ‘no go”’ gage should be made 
shorter than the ‘‘ go”’ gage in order to distinguish it. ' 

Hilding Tornebohm (Mech. Engg., July, 1936, p. 411) describes a 
combined ‘‘go” and ‘‘no go”’ gage that is used in Sweden. It com- 
prises a spherical body A, Fig. 15, of the same diameter as the mini- 
mum permissible dimension of the hole. Near the outer edge of the 
body is a spherical projection B. The distance from the surface B 
to the diametrically opposite point on A is equal to the maximum 
permissible dimension of the hole. The gage is used by inserting it in 
the hole with the axis of the handle parallel to the axis of the hole. 
If it will enter, the hole is larger than the minimum limit. The 
Fra. 15. Combined handle then is tilted to the position C, moving projection B to position 

“Go” and “No D, in contact with the side of the hole. If the tilting movement is 
Poe games impeded the diameter of the hole is less than the maximum limit. If 
it is not impeded the hole is too large. By turning the gage in the hole 
to several different positions, and tilting it as described above, the hole may be checked 
for roundness. Any ellipticity of the hole, within the tolerance built into the gage, 
i.e., the distance that B projects above the surface of the spherical body A, is imme- 
diately detected. Such a check for ellipticity is not possible with the conventional plug 
gage. 

Ring gages similarly may be bored and lapped to maximum and minimum diameters 
and used as ‘‘ go” and ‘‘no go”’ gages. Ring gages should be knurled on the outside, 
and should be heavily chamfered on the “‘ go”’ end to distinguish it from the “no go”’ 
end. 

Screw Plug and Ring Gages are used to determine the correctness of screw threads. 
Both “no go”’ plug and ring gages are made to check pitch diameter only. The crest of 
the thread is removed down to the specified dimension of the major diameter of the “ go” 
gage. That portion of the thread at the root of the standard form also is removed. The 
minimum length of thread parallel to the axis of the gage is 1.5 X basic diameter. The 
end threads on screw gages, both plug and ring should be flattened, not chamfered, to 
avoid forming a feather edge. Ring gages should be made adjustable. Plug gages for 
inspection service should be provided with dirt grooves extending into the gage a depth 
equal to one to four threads. For tolerances and limits on standard screw threads, see 
pp. 9-06 to 9-13. For the three-wire method of checking pitch diameter of thread gages, 
see p. 21-109. 

CONTOUR GAGES are used to determine the correctness of contour of a piece. 
Fig. 16 shows a typical contour gage, which not only gages the contour, but determines 
whether or not a hole in the work is correctly located. 
The pin a is fitted into the hole in the work, which 
also should fit the contour in the gage recess. If 
limits are to be maintained, contour gages also may 
' be made “ go”’ and ‘ no go.” 

STEEL FOR GAGES.—A satisfactory steel for 
snap gages is a machine steel containing 0.20% C, 0.90 
to 1.10% Mn, with S and P not over 0.05%. Silicon 
should not be present, as it tends to warp the gage in Fic. 16. Contour Gage 
hardening. Carbon may be as low as 0.15% and as 
high as 0.25%. For plug and ring gages carbon may be as high as 0.50%. Gages 
made of these steels are pack hardened and ground. High-carbon steel, with 0.90% C, 
0.30% Mn, S and P not over 0.025, and 0.15% Si, often is used for gages. When made 
of this steel, they can be hardened more rapidly than the machine steel gages. Alloy 
steels also are used for gages. 

PRECISION BLOCK GAGES consist of a series of flats, either round or square, of 
hardened steel, with parallel opposite faces, lapped flat to within one or two millionths of 
an inch of the dimensioned size. These blocks can be wrung together to form a single 
gage of any desired length, with a cumulative error so small that it can be determined 
only by means of extremely accurate measuring apparatus. Prior to 1920, all precision 
blocks were imported into the U.S., but since then the Hoke blocks, made by the Prett & 
Whitney Co., have had wide use. These blocks are approximately 0.95 in. square, with 
a hole in the center. They are made in various thicknesses, and arranged in sets. By 
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combination of various sets and individual blocks any dimension up to 20 in. or more, 
varying by increments of 0.000 05 in. may be obtained. Precision blocks frequently are 
used as the master gage for checking reference gages. 


5. SURFACE QUALITY MEASUREMENT 


MEASUREMENT OF SURFACE QUALITIES.—Improvements in manufacturing 
methods have enabled the production of finer surfaces, 7.e., surfaces which approach more 
closely a true plane or a true cylinder. Since about 1930, methods of Measuring the 
quality of a surface have been in process of development, and a committee of the A.S.A,, 
sponsored by the A.S.M.E. is (1937) establishing standards for surface qualities and 
methods of determining them. f 

The character of surface varies with the method of producing it. Thus, there is a 
distinct difference between a turned and a milled surface, and other differences between 
machined and ground surfaces, and still other differences between ground, lapped and 
honed surfaces. In general, all surfaces consist of a series of more or less microscopic peaks 
and valleys. The variation in the character of surface depends on the spacing and the 
heights and depths of the peaks and valleys, and also on their degree of regularity or 
irregularity in cross-section. Fig. 17 shows characteristics of several different surfaces. 

METHODS OF MEASURING SURFACE QUALITY.—Several methods have been 
devised for determination of surface quality: 1. Optical methods which include micro- 
scopic or photomicroscopic ex- 
amination of specially prepared 
Optical Flat profile sections, usually copper 
plated before cutting; the pro- 
jection microscope which throws 
on a screen an enlarged image 

Johansson Block of the surface, magnified from 

50 to 100 diameters, also has 

neeetn aceeieneeeeastn Oana aeaeeeee ead been used. 2. Tracing the sur- 
face with a phonograph pick-up 

and determining the resultant 
voltage, or amplifying the voltage 


Daler poate PAA rayeateenr nl ranny pyerrnyAn fya and applying it to a loud-speaker, 
. thereby permitting a comparison 


Ground of the sound produced by different 
surfaces. 3. Tracing the profile 
by means of a profilograph, which 

fy moves a sharp point over the 
Milled surface. The movements of the 


point are enlarged by optical 

methods and recorded photo- 

graphically. Of thethree methods, 
\Ww the last is the only one that has 
been reduced to commercial use 
(1937). In the profilograph rec- 
ord the horizontal distances are 
compressed to about 1/509 of their 
original length by gearing down 
the photographic drum. This 
causes all irregularities to appear 
about 50 times as sharp as they 
actually are. However, since 
initially they are relatively dull, 
it still is possible to distinguish 
individual irregularities. Fig. 17 
shows typical profilograph rec- 
ords. For a detailed description 


of the profilograph, see Auto. Ind., Aug. 19, 1933, p. 204. : 

The profilograph is essentially a laboratory instrument. Its development to an instru- 
ment for use in the shop in checking the quality of surface in production work is described 
in Mech. Engg., March 1938, p. 205. The production instrument 1s known as a profilom- 
eter. The tracer point is a sharp diamond held in contact with the work by delicate 
spring tension, The springs are arranged so that the point is free to move only in a direc- 
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tion perpendicular to the surface being measured. A small coil located in the field of a: 
permanent magnet is mounted integral with the tracer support. Movements of the tracer ° 
effect changes in the voltage in the coil which are proportional to the velocity of movement - 
of the tracer point. The voltages are amplified and caused to produce displacements of | 
the spot of a cathode-ray oscillograph, which displacement can be made proportional to the : 
displacements of the tracer points, and magnified vertically to any desired degree. Magni- - 
fication in a horizontal direction is obtained by photographing the displacements of the - 
oscillograph spot on a film moving at right angles to them. The degree of horizontal mag- 
nification is determined by the speed of the film. 

Among the characteristics of the profilometer are: Sensitivity sufficient to measure the 
smoothest metal surfaces, and sufficient ruggedness to measure surfaces 1000 times as 
rough without change of set up; available magnification far greater than is possible with 
microscopic equipment; speed of operation about 1000 times as fast as with previous 
instruments; a continuous running average of height of surface irregularities can be taken 
automatically and rapidly; presence of individual scratches and other unusual irregulari- 
ties is indicated; cutting of small specimens from large pieces is unnecessary and measure- 
ments can be made directly on practically any surface, and on curved and eccentric pieces 
without these characteristics affecting either the reading or the record. No damage is 
done to the specimen and the tracer point lasts indefinitely. 

Information on the state of the art to date (1938) may be obtained from the following 
articles: 

R. E. W, Harrison, Survey of Surface Quality Standards, Trans. A.S.M.E., MSP 53-12, 1931; 
R. C. Deale, Standardization of Machine Finishes, Mech. Engg., Oct. 1931, p. 723; John Gaillard, 
Quality of Metal Surfaces, Am. Mach., Nov. 23, 1932; E. J. Abbott and F. A. Firestone, Specifying 
Surface Quality, Mech. Engg., Sept., 1933, p. 569; E. J. Abbott, What is Surface Finish and How 
Can It Be Measured?, Paper before S.A.E., Detroit meeting, January 1935; Robert J. Walker, 
Designation of Surface Qualities, Prod. Engg., August 1935; E. J. Abbott, and Edgar Goldschmidt, 
Surface Quality, Mech. Engg., Nov. 1937, p. 813; Stewart Way, Surface Finish, Mech. Engg., 
Nope ale 826. E. J. Abbott and D. E. Williamson, The Profilometer, Mech. Engg., March, 
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1. MATERIALS 


Logs and Logging 

4 RIVER LOGGING formerly was practiced in all forest areas where co!d weather facil- 
itated operations by freezing the ground, making roads passable, and where snow aided 
transportation of logs on sleds to the river side. Logs were decked high at convenient 
waterways, awaiting Spring freshets that would float the logs to the saw mills. Saw mills 
had, connected by channel to the river, log ponds for storage and sorting. Logging in 
the woods was largely a Winter operation; the log drives and jams provided many serious 
hazards of bridge damage and the risk to the rivermen. Saw mills were most active in 
the Spring after the arrival of the logs and tapered off in the Fall. Winter logging still 
prevails in sparsely-wooded areas, often with second-growth timber, but is little used in 
the far West and deep South. 

TRACTOR LOGGING was developed because the immense size of trees on the Pacific 
Coast necessitated mechanical handling of logs, especially as logs up to 40- and 60-ft. 
lengths were available and desirable for large timbers. The usual practice is to ‘‘snake”’ 
or ‘‘skid”’ logs by cables. A track cable is attached at one end to a high tree stump, and 
at the other to a steam or Diesel-driven “‘skidder.’’ The skidder cable is reeved through 
a sheave that travels on the track cable, and is attached to one end of the log. The wind- 
- ing drum on the skidder then lifts and drags the logs to a convenient central point, where 
they are loaded by derrick or small skidders on railroad cars or tractor-trucks. Skidders 
can operate through a radius of 1000 ft. 

Logging railroads usually are temporary, with little grading, and are pulled up and 
relocated as stumpage is exhausted. Because of excessive grades and curvature, geared 
locomotives are used. Corduroy roads often are required for truck and trailer operation. 
Truck and trailers are of several types, trailers with regular or caterpillar tractors, and 
trucks of the ‘‘straddle’”’ type, where logs are hoisted and suspended between the wheels, 
being common. 

SWAMP LOGGING often is imperative in the warmer districts where roadways do 
not freeze. Corduroy roads usually are necessary, with smaller mechanical equipment 
than on the Pacific Coast, as long logs are few in number, and most logs can be loaded by 
man power. In the larger swamps, like the Dismal Swamp on the Virginia-North Carolina 
line, canals have been dug to simplify log transportation, and many mills in such areas are 
supplied with logs by barge and tug. Logs also are handled by skidders to logging rail- 
roads built on crib-work or fills. 

SELECTIVE LOGGING is obligatory in removing timber from government-owned 
and controlled areas. Such a policy can make the saw mill and its adjoining homes a 
continuous operation. It eliminates the inexcusable waste that occurs when a mill ‘“‘cuts 
out,” and all related real estate values are practically obliterated. 

Much of the early logging, and the era is not wholly past, completely cleared the entire timber 
stand and left almost worthless cut-over land, frequently burned over, which usually reverted to 
state or national control. The re-establishment of either growing timber or any other useful yield 
has proved to be very expensive and to require many years. Selective logging is the economically 
sound practice, which permits the felling of only those trees which will produce merchantable logs, 
leaving well-distributed and healthy seed-propagating trees for the establishment of a continuous 
growth. If brush is cleared away and fire kept out, a 20-year stand should produce pulpwood, 
poles, etc.; a 40-year stand should supply fair-size saw logs, although some species may take longer. 

LOG SCALES resulted from the attempts of the early timberman to state the amount 
of lumber that reasonably could be expected from the average log. He endeavored to 
eliminate the slabs, edgings and saw kerf (see p. 22-34), and to allow for the oversize of 
board thickness provided for shrinkage during drying. These scales were applied to the 
small end of the log, and the figures usually stamped thereon. ‘The taper of the log was a 
factor in some scales, so that a 24-ft. log does not necessarily scale twice that of a 12-ft. log. 

From this unscientific and rule-of-thumb beginning, numerous log scales developed, 
many of them only of local importance. <A few which have received definite and wide- 
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spread recognition are given in Table 1 for a log 16 ft. long. Other sizes, under these 
scales, and other scales can be found in several published woodsmen’s handbooks. Fig. 1 
is a graphical comparison of the several log scales applied both to sawn lumber and to 
veneer, using a log 18 in. diameter as an example. 


Table 1.—Comparison of Log Scales, 16 Ft. Lengths 
Cylindrical content = 1/4rD? X (16/12) = 1/37D? board feet 


o : 3 om a 2 a & = 

F d 3 ae A 4 20 m 2 & : ‘3g & Pa A a 80 S ~ 

Seer erceven |i EF HE| 6a | 8 8 “Al a g QS | Gan | a 58 

fale le3|se|22|22| 28 |e] | 22les/ 22] 22| 25 

Al § |82| 82182182 | 9 |68| § | $2188] 34 | 22 | 50 

Board Feet Board Feet 

6 4 18 4 7141 ee 37.699] 28 576 582 576 580 569 | 821.003 
7 9 28 9 SU) elavcte ee 51.313] 29 625 609 609 610 612 | 880.693 
8 16 32 16 oi tll 5 aS 67.021} 30 676 657 657 660 656 | 942.478 
9 25 40 25 Sl ace 84.823} 31 729 710 710 710 701 |1006.36 
10 36 50 36 60 50 104.720] 32 784 736 736 740 748 |1072.33 
11 49 65 49 70 63 126.711} 33 841 784 784 780 796 |1140.40 
12 64 79 64 80 77 150.796] 34 900 800 800 800 845 |1210.56 
13 81 97 81 100 94 176.976} 35 961 876 876 880 896 |1282.82 
14} 100 | 114 100 110 114 205.250} 36 | 1024 923 923 920 950 |1357.17 
154121 142 121 140 137 235.620] 37 | 1089 | 1029 | 1029 | 1030 | 1006 |1433.60 
16 | 144 | 159 144 160 161 268.083} 38 | 1156 | 1068 | 1068 | 1070 | 1064 |1512.15 


17 | 169 | 185 | 169 180 188 | 302.640 
18 | 196 | 213 | 196 210 216 | 339.292 
19 | 225 | 240} 225 240 245 | 378.038 
20 | 256 | 280 | 256 280 276 | 418.879 


21 | 289 | 304 | 289 300 308 | 461.814 1936.26 
225).324 334.) 324 330 341 | 506.844 2027.38 
Zo BID |) Shea 359 380 376, | 355. 900) 49. bcc. 2120.53 
24 | 400 | 404 | 400 400 412 | 603.186 2215.87 
25 | 441 | 459) 441 460 449 | 654.4997 47 |...... 2312.20 

484 2412.74 
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Fic. 1, Comparison of Yield from 18-in. Log. See Table 2 


Table 2.—Comparison of Yield of Veneer and Sawn Lumber by Various Log Scales 
(See Fig. 1) 


Veneer Sawn Lumber 
Fig. la Fig. 1b Fig. lc Fig. Id 
Cylindrical Measure: 

‘Lotal Gontent, board feet. ....<ousaceeccneces 339 339 339 339 
Core or waste, board feet............0sccce, 51 26 131 114 
ay pibhdek: DOLCONU ce cars «sdvenord icone eaeniee 15 8 39 34 
Neu product, Hoard feet..c. test cc ee ee cee 288 313 208 225 
x bs Petoonts ATH. Zi Ree eee 85 92 61 66 

Net Product by Log Scales: 
Doyle, hoard fabth sare} ccs dscovs ido deelcae « 196 196 196 196 
4 DORON Gti ortheki tunes <i cateete ost ose s RS 147 160 106 115 
Scribner, Board. Jeeta wastes: «1 «sao nehresinte ee 213 213 PALE 213 
e POCCENG ati ces eka Ota ae ie ute en 135 147 98 105 
Scribner Decimal, board feet................ 210 210 219 210 
ss ay PEroGn th eeis cenit ce eee 137 149 99 107 
Spaulding; board feet siyy i. 9. o....edc0. cee 216 216 216 216 
es PCTGent: |) ae ere ee AO nerd eae 133 145 96 104 
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Log scales are used both for the purchase of logs, and to estimate timber stands for 
valuation purposes. An experienced timber cruiser should be employed for the latter. 
The Spaulding and Doyle scales and their combinations are extensively used in the Mid- 
west and the South; the Spaulding and Scribner Decimal scales are more usual on the 
Pacific Coast. In general, log scales favor the purchaser, rather than the seller of logs. 
A good grade of logs should produce the scale footage of lumber and substantial over-runs 
of veneer. 


Lumber 


SAW LOGS, suitable for conversion into lumber, usually are those between the selected 
peelers required for veneer and the smaller logs used for poles, posts, mine props, etc. 
Small blocks and down-fall are dimensioned into shingle blocks or prepared for gang saw- 
ing into lath. One-inch boards usually are cut about, 1 1/4 in. thick to allow for shrinkage, 
thickness variations, and saw marks. Corresponding 
allowances are made on other thicknesses. One-inch 
boards should dress clean to 18/16 in., 2-in. stock to ' 
1 5/g in., and 4-in. stock to 3 1/2 in. 

Lumber usually is marketed as air-dried, containing 
between 15% and 25% moisture, and as kiln-dried, 
approximating 10% moisture. While considerable 
lumber is machined or dressed green, allowance must 
be made for shrinkage, which may run considerably 
over 10%. ‘The shrinkage and distortion varies with 
the position in the log from which a piece is cut. See 
Fig. 2. Tangential shrinkage is about twice the radial 
shrinkage. For data on the various species of wood, 
see p. 5-20. 

TYPES OF SAWING.—Logs are sawed in various ways as follows: (See Fig. 2). 

Plain sawn or flat grain lumber customarily is cut right through the log and nominally 
varies from a tangent on the growth ring to a 45 deg. angle. 

Quarter-sawn, or vertical or edge grain, theoretically is cut on a radial line across the 
growth rings. In practice it may extend to 45 deg. from the radial line. In general, 
quarter-sawn is more carefully selected and its angular range should be considerably less 
than for plain sawn. - 

Bastard-sawn is a term usually applied to lumber cut between 30 deg. and 60 deg. to the 
radial or tangent line. Certain species like white oak, when quarter-sawn, show distinct 
flake markings from the wood rays (radial), which are somewhat less conspicuous in 
hickory, elm, sycamore, etc. 

CLASSES OF WOOD.—The following terms are commonly used to describe different 
types of wood: 

Sapwood is a name given to the several layers next to the bark, which usually are 
lighter in color, less dense and more easily dried than the heartwood that forms the center 
of the tree. The life processes of growth are more active near the bark, and decrease 
toward the heart. Heartwood is sometimes more valuable for color, as in walnut and red 
gum. Its density makes it more durable for use as flooring, and, in general, its greater 
solid content makes it more resistant to decay than sapwood. In some trees the line 
of color demarcation between heart and sap is not easy to detect. 

Softwood, in general, means lumber from coniferous trees, usually evergreens. 

Hardwood refers to lumber from broad-leaved trees. The terms have no reference 
to the hardness of the wood; e.g., yellow pine, a softwood, is much harder than basswood, 
which technically is a hardwood. 

Spring Wood is that portion of the growth ring that is formed the early part of the 
seasonal growth. It usually is less dense than the Swmmer wood, formed during the latter 
part of the yearly growth. Summer wood usually is mechanically stronger than Spring 
wood. A large number of growth rings per inch is desirable from a strength standpoint. 

Factory, Shop and Yard Lumber.—In general, factory and shop lumber are intended 
to be cut up for use in further manufacture. Yard lumber is of moderate sizes and intended 
for general building purposes. Structural timbers are relatively large in size, and are 
selected and graded with reference to strength factors. Table 3 gives the board feet con- 
tent of various sizes of dimension stock. Trade usage designates 1-in. thickness as 4/4 
lumber, 1 1/4-in. as 5/4 lumber, etc. 

AMERICAN LUMBER STANDARDS embody provisions for softwood lumber dealing 
with recognized classifications, nomenclature, basic grades, seasoning standards, sizes, 
uniform workings, description, measurement, tally, shipping provisions, grade markings, 
tally cards and inspection of lumber. These standards are in the process of becoming 
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incorporated (1938) in the grading rules of the various lumber associations, and are making : 
possible a more intelligent utilization of standard lumber products as well as a more : 
accurate determination of the most desirable species and grades for any specific use. 


Table 3.—Board Measure Content of Dimension Stock 


& Length in inches Length in feet 

Q =| 

elal4|6| || 1 14 16 | 18 | 24| 30] 4 6 s | 10 | 2 | 14 | 16 

Z\s 

a = Feet, Board Measure Feet, Board Measure 

~—} 110.03/0.04|0.06/0.07|0.08)0. 10|0. 11/0. 13/0. 17/0. 210. 33] 0.50] 0.67] 0.83] 1.00] 1.17] 1.33 
2} 06] .08| .11| .14| .17] .19] .22] .25] .33] .42] .67| 1.00] 1.33] 1.67] 2.00] 2.33) 2.67 
3| (o8| 131 .17| .21| .25] .29| .33] .38) .50] .6311.00| 1.50] 2.00] 2.50] 3.00] 3.50) 4.00 
4 -11| .17} .22| .28] .33| .39] .44] .50] .67] .83{1.33] 2.00] 2.67) 3.33] 4.00] 4.67] 5.33 
5| 14] _21| .28| .35| .42| .49] .56| .63| .83/1.0411.67| 2.50] 3.33] 4.17] 5.00] 5.83] 6.67 
6| _17] .25| .33| .42| .50} 58] .67] .75/1.00/1.25]2.00| 3.00] 4.00] 5.00] 6.00] 7.00) 8.00 

4/4| 7| “ 19] .29| .39] .49| .58] .68| .78| .88/1.17|1.46]2.33| 3.50] 4.67] 5.83] 7.00] 8.17] 9.33 
8| _22| .33] .44| .56| .67| .78] .8911.00|1.33]1.67|2.67| 4.00] 5.33] 6.67] 8.00] 9.33]/10.67 
9| |25| .38] .50| .63] .75| .88/1.00|1.13/1.50|/1.88]3.00| 4.50| 6.00] 7.50] 9.00|10.50|12.00 
10] 28} 42] .56| .69| .83| .97\1.11/1.25|1.67|2.08]3.33| 5.00| 6.67] 8.33/10.00|11.67|13.33 
11] .31] .46] .61] .76| .92]1.07/1.22]1.38|1.83/2.29]3.67| 5.50] 7.33] 9.17|11.00|12. 83114. 67 
12| 33] .50| .67] .83/1.00]1.17|1.33]1.50|2.00|2.50}4.00] 6.00] 8.00]10.00|12.00|14.00|16.00 

14a) .04) 05] .07] .09/0. 10/0. 12/0. 14/0. 16}0. 21/0. 26/0. 42/ 0.63] 0.83] 1.04] 1.25] 1.46] 1.67 
2| _07| .10| .14| .17| .21] .24| .28] .31] .42| .52) .83| 1.25] 1.67] 2.08] 2.50] 2.92] 3.33 
3] 10] .16| .21| .26| .31| .37| .42] .47] .63| .78]1.25] 1.88| 2.50] 3.13] 3.75] 4.38] 5.00 
4| /14| .21| .28| .35] .42| .49] .56] .63| .83/1.0411.67| 2.50| 3.33] 4.17] 5.00] 5.83] 6.67 
5] 17] .26] .35] .43| .52| .61} .69| .78|1.04|1.3012.08] 3.13] 4.17] 5.21| 6.25] 7.29] 8.33 
6| .21| .31| .42| .52| .63| .73] .83| .94/1.2511.56|2.50| 3.75| 5.00] 6.25] 7.50] 8.75|10.00 

5/4! 7) 24) .37| .49| .61| .73) .85| .97|1.09]1.46]1.82|2.92| 4.37] 5.83] 7.29] 8.75|10.21/11.67 
8] .28| .42| .56| .69] .83| .97/1.11]1.25/1.67|2.08]3. 33] 5.00) 6.67] 8.33|10.00|11.67|13.33 
9] .31| .47| .63| .78] .94/1.09/1.25|1.41/1.88|2.34]3.75| 5.63) 7.50| 9.38]11.25/13. 13/15.00 
10] .35| .52| .69| .87|1.04|1.22]1.39]1.56/2.08/2. 6014.17] 6.25] 8.33/10. 42/12. 50|14.58]16. 67 
11] .38| .57| .76| .96/1.15]1.34]1.53]1.72|2.29|2.8614.58| 6.88] 9.17/11.46/13.75|16.04/18.33 
12] .42] .63] .83/1.04/1.2511. 46|1. 67/1. 88/2. 50/3. 1315.00] 7.50|10.00/12.50/15.00|17.50/20.00 

— Tt) .04} .06) . 08/0. 10/0. 13/0. 15/0. 17/0. 19/0. 25/0. 3110. 50| 0.75] 1.00] 1.25] 1.50| 1.75| 2.00 
2} .08| .13] .17| .21| .25| .29) .33| .38] .50] .63]1.00] 1.50] 2.00] 2.50] 3.00) 3.50] 4.00 
3} 13] .19] .25] .31] .38] .441 50] .56| .75| .9411.50] 2.25] 3.00] 3.75] 4.50] 5.25] 6.00 
4) .17| .25] .33] .42] .50] .58] .57] .75/1.00]1.25]2.00| 3.00] 4.00] 5.00] 6.00] 7.00] 8.00 
5] .21| 31] .42) .52] .63) .73] .83| .94/1.2511. 5612.50] 3.75] 5.00] 6.25] 7.50] 8.75/10.00 
6| .25|] .38] .50| .63] .75] .88/1.00/1. 13/1.50/1.88|3.00| 4.50] 6.00] 7.50] 9.00/10.50/12.00 

6/4) 7} 29] 44] .58| .73| .88]1.02/1.17|1.31|1.75/2. 1913.50] 5.25] 7.00] 8.75/10.50|12.25|14.00 
8] .33| .50] .67) .83/1.00)1.17/1.33|1.50/2.00/2. 5014.00] 6.00) 8.00/10. 00/12. 00/14. 00/16.00 
9} .38] .56) .75| .94]1.13/1.31]1.50]1.69}2. 25/2. 8114.50] 6.75] 9.00/14. 25/13. 50/15. 75/18.00 
10] .42] .63| .83]1.04/1.25|1.46]1.67/1. 88/2. 50/3. 1315.00] 7.50/10.00/12.50/15.00/17.50|20.00 
11] .46} .69] .9211.15]1.3811. 60/1. 83/2. 06/2. 75/3. 4415.50] 8.25111.00/13.75/16. 50/19. 25/2200 
12} .50) .75/1.00/1.25]1.50|1. 75/2. 00/2. 25/3. 00/3. 7516.00] 9.00/12.00/15.00/18.00/21.00124.00 
1} .05] .07/0. 10/0. 12/0. 15/0. 17/0. 19/0. 22/0. 29/0. 37/0. 58| 0.88] 1.17| 1.46] 1.75| 2.04| 2.33 
2} .10) .15| .19] .24] .29| 34) .39] .44] .58] .7311.17| 1.75] 2.33] 2.921 3.50] 4.08] 4.67 
3} 15] .22| .29] .37] .44] .51] .58] .66] .88/1.0911.75] 2.63] 3.50] 4.38] 5.25] 6.13] 7.00 
4} 19] .29] .39] .49] .58] 68] .78] .88]1.17|1. 4612.33] 3.50] 4.67] 5.83| 7.00] 8.17] 9.33 
5] .24| .37| .49] .61] .73] .85] .97/1.09]1. 46/1. 8212.92] 4.38] 5.83] 7.29] 8.75/10. 21/11. 67 

7/a| | -29| 44] 58] 73) .88)1.02)1.17)1.31]1.75/2. 1913.50] 5.25] 7.00) 8.7510. 50/12. 25/14. 00 

/4) 7] 134) 51] 68] .85/1.02/1.19|1.36|1.53|2.04|2.5514.08| 6.13] 8.17/10. 21/12. 25|14.29116.33 
8} .39| .58] .78] .97/1.17|1.36]1.56/1.75/2.33/2.9214.67| 7.00] 9.33/11.67114.00/16.33/18.67 
9} 44] .66] .88/1.09/1.31]1.53/1,75/1.97/2. 63/3. 2815.25] 7.88/10. 50/13. 13115.75/18. 3821.00 
10} .49} .73] .97]1. 22/1. 46|1. 70/1. 94/2. 19]2. 92/3. 65]5.83] 8.75/11.67/14.58117.50/20.42/23.33 
11} .54] .80/1.07/1. 34/1. 60]1, 87/2. 14/2. 41/3. 21/4.01]6. 42), 9. 63/12.83|16.04119. 25/22. 46/25. 67 

{12} 58) .88)1. 171. 46) 1.75|2.04| 2. 33|2. 63/3. 50/4. 38]7, 00] 10. 50/13. 00/17. 50/21. 00/24. 50|28.00 
1] .06).08/0. 11/0. 14/0. 17/0. 19}0. 22/0. 25/0. 33/0. 4210. 67| 1.00| 1.33] 1.67] 2.00| 2.33] 2.67 
2} 11] .17| .22) .28) .33| .39] .44] .50) .67] .83]1.33] 2.00] 2.67] 3.33] 4.00] 4.671 5.33 
3) 17] .25] .33] .42) 50} .58] .67] .75/1.00/1.25]2.00] 3.00] 4.00] 5.00] 6.00] 7.00] 8.00 
4) .22) .33] .44] .56) .67] .78] .89]1.00/1.33/1.67|2.67| 4.00] 5.33] 6.67] 8.00] 9.33110.67 
5] .28) .42) .56| .69} 83! .97/1.11/1.25]1.67/2.08]3.33| 5.00] 6.67] 8.33110.00/11.67113.33 

g/4| °| 33) -50) .67| .83/1.00)1. 17/1. 33}1. 50/2. 00]2. 504.00] 6.00) 8.00/10. 00/12. 00)14..00|16.00 
7| .39) .58) .78) .97/1.17/1.36]1. 56/1. 75/2. 33/2. 9214.67] 7.00] 9.33111.67/14.00/16.33118.67 
8} 44] .67/ .89/1.11]1.33/1,56|1. 78/2. 00/2. 67/3. 3315.33] 8.00/10.67113.33/16.00/18.67/21 .33 
9} .50) .75/1,00}1. 25/1. 50/1, 75/2. 00|2. 25/3. 00/3.75]6.00| 9.00/12.00/15.00|18.00/21 00/2400 
10} 56) .83}1. 11/1.39/1. 67/1, 94/2. 22/2. 50/3. 33/4, 1216. 67|10.00|13. 33/16 .67|20. 00/23. 33/26. 67 
11] .61) .9211. 2211.53} 

2 


- 83/2.14)2. 44/2. 75|3. 67/4. 5817. 33/11.00/14. 67/18. 33/22. 00/25. 67/29. 33 


12} .67|1. 00/1. 33) 1. 67/2. 00/2. 33/2. 67/3. 00)4.00/5. 0018. 00/12. 00/16, 00/20. 00/24. 00/28.00 32.00 
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. Lumber Grading Rules are promulgated by the various lumber manufacturing asso- 
ciations. They usually are revised from year to year, so that it is important to use the 
latest edition. Most of the hardwood lumbermen have combined their rules in the pub- 
lications of the National Hardwood Lumber Assoc. They also make available an inspec- 
tion service, under the same rules, for all controversial points of interpretation. The soft- 
wood lumbermen are grouped in several associations, usually according to species and 
locality. The more important lumber producers’ associations, from whom current grade 
rule data may be obtained, are: 

Hardwood: American Walnut Manufacturers Assoc., Chicago; Mahogany Assoc., Chicago; Na- 
tional Hardwood Lumber Assoc., Chicago. 

Hardwood and Softwood: National Lumber Manufacturers Assoc., Washington; Northeastern 
Lumber Manufacturers Assoc., New York; Northern Hemlock and Hardwood Manufacturers 
Assoc., Oshkosh, Wis. ‘ 

Softwood: Northern Pine Manufacturers Assoc., Minneapolis; Short Leaf Yellow Pine Assoc., 
Columbus, Miss.; Southern Cypress Manufacturers Assoc., Jacksonville, Fla.; Southern Pine Assoc., 
New Orleans; U. 8. Red Cedar Shingle Industry, Seattle; West Coast Lumbermen’s Assoc., Seattle; 
Western Pine Assoc., Portland, Ore.; Western Red and Northern White Cedar Assoc., Minneapolis. 


Veneer, or Thin Lumber 


VENEERS are thin sheets of wood, which are, excepting a minor amount of sawn 
veneer, knife cut by various processes. See below. There is no saw kerf waste in knife 
cutting, rotary veneer being cut continuously from the log (See Fig. 3), and sheets of sliced 
veneer being cut from flitches, 7.e., log sections, in widths as they come, without edging 
(See Fig. 5). Hence the conversion of logs into veneer utilizes much more of the log than 
does sawing into lumber. See Fig. land Table 2. The assembly of veneers into plywood 
distributes wood strength more effectively than does solid lumber. Hence, thinner veneers 
(in plywood form) provide equivalent strength factors as compared with 
thicker solid lumber. The four principal types of veneer, distinguished 


_by different cutting processes, are: 
Ee i poe 
1/8” Thick and Over py BEES 
Tight-cut Veneer A 
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Fie. 3. Rotary Veneer Fic. 4. Tight and Loose Cutting of from a_ Seg- 
Cut on a Lathe Veneer ment Flitch 


Rotary Veneer, cut on lathes, accounts for approximately 90% of all veneer. As very 
little face veneer is made by this process, with such exceptions as birdseye and quilted 
maple, rotary cut veneer usually is called commercial veneer. It is used for cross bands, 
cores and faces where strength is more important than appearance. Rotary veneer may 
be as thin as 0.01 in. It is difficult to cut thicker than 1/4 in., although °/j6-in. and 3/g-in. 
veneer sometimes is cut from softer woods like basswood and poplar. Few veneer lathes 
are over 8 ft. long (some are 10 ft.) because of the difficulty of cutting accurately across 
the unsupported distance between lathe centers. Fig. 3 shows rotary cutting, the veneer 
being unrolled over a knife, much as paper is unrolled. The convex side is the tight side 
and often is marked with crayon during lathe cutting. 

Fig. 4 shows tight and loose cut veneer. The cutting checks on the loose side may 
result from inadequate pressure. They cannot be eliminated entirely, and frequently 
cause the veneer to flatten better. In some stock, however, they sometimes are objec- 
tionable. The process of flattening veneer from its original curved shape need not result 
in checks or splits on the concave side in veneer under !/g in. thick. Proper pressure pro- 
duces tight cut veneer, and avoids cutting checks. Both sides of the veneer then can be 
used, asin matched faces. See Fig. 28 for book-matching. ; 

Sliced Veneer.—Fig. 5 shows the method customarily used in cutting valuable face 
veneers. Much of the most attractive face figure, such as mahogany and walnut, is devel- 
oped from slicing on the ‘‘ quarter” as shown. Adjacent sheets can be “book-matched 
by opening a flitch like the pages of a book, to produce balanced symmetrical figure. 
Sliced veneer does not have the cutting checks characteristic of rotary veneer. It may 
be as thin as 1/390 in., but seldom can be thicker than 1/g in. It is regularly cut up to 


16 ft. long. . 
Half-round Veneer cutting is an intermediate process between rotary and sliced. Two 
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Table 4.—Veneer Dimensions in Inches Reduced to Square Feet 
Fractions of 1/9 or over carried to next higher decimal 


= Width, in 
Sufi pay ie ois | 20 | a] Mp ep 285) JO 32 | seen 
8 & Square Feet 
~7T 10.08 | 0.10] 0.11 | 0.13 | 0.14] 0.15 | 0.17] 0.18] 0.19 | 0.21 | 0.22 | 0.24 | 0.25 
+ pd Reh y ch ‘card kd OY a A Cin alley ©. GME ie ae eee ee ee ey fol 
S14 954 29 | .33) .38| (42) 1461.50) 6.54) SSB eNGS | cur Reena 75 
Wi egdSit 29h! 44k G50] -n S61» 6bohM abFub eaFep! .78le S832 890] he Saleeaee 
5) ar) -49| .56| .63| .69| .76| .83 | .90-$0.97>} 1.04 tab obae lt eee 
Gl BOb 258.) L6R W754)» 1834p .92-\09. 004 1.08 101.47/| 1.25 | 1.334 9, 420 
Pha, 58h i 68.0578) 1288 foc97- | 1207) EAT.) A.26e- 7, 362} 4.460)-4056 ft,65. Patna 
8| .67| .78| .89| 1.00 | 1.11 | 1.22 | 1.33 | 1.44] 1.56 | 1.67 | 1.78] 1.89 | 2.00 
9] (75| .88| 1.00 | 1.13 | 1.25 | 1.38 | 1.50 | 1.63] 1.75 | 1.88 | 2.00] 2.13 | 2.25 
10] .83 | 97.1 8.11.) 25 }.4.39.| 8.53] 4.67 | 1.81.1 4.94 | 2.08 | 2:22 }:2,36 ba guee 
i1 | 192] 1.07 | 1.22 | 1.38 | 1.53 | 1.68 | 1.83 | 4.99 | 2.14 | 2.29] 2.44 | 2.60] 2.75 
12 | 1.00 | 1.17 | 1.33 | 1.50] 1.67 | 1.83 | 2.00 | 2.17 | 2.33 | 2.50 | 2.67 | 2.83 | 3.00 
13 | 1.08 | 1.26 | 1.44] 1.63 | 1.81] 1.99 | 2.17 | 2.35 | 2.53 | 2.71 | 2.89 | 3.07 | 3.25 
14.) 1.17 | 1.36 | 1,56] 1.75 | 1.94.) 2: b4s|o2s33.) 2.53, | 2:72 | 2.92 | 318 13.31 | ee 
15 | 1.25 | 1.46 | 1.67 | 1.88 | 2.08 | 2.29 | 2.50 | 2.71 | 2.92 | 3.13 | 3.33 | 3.54| 3.74 
16 | 1.33 | 1.56 | 1.78 | 2.00 | 2.22 | 2.44 | 2.67 | 2.89 | 3.11 | 3.33 | 3.56] 3.78 | 4.00 
17 | 1.42 | 1.65.| 1.89 | 2.13 | 2.36 | 2.60 | 2.83 | 3.07 | 3.31 | 3.54 | 3.78 | 4.01 | 4.23 
18 | 1.50] 1.75 | 2.00 | 2.25 | 2.50 | 2.75 | 3.00 | 3.25 | 3.50 | 3.75 | 4.00 | 4.25 | 4.50 
19 | 1.58 | 1.85 | 2.11 | 2.38 | 2.64 | 2.90 | 3.17 | 3.43 | 3.69 | 3.96 | 4.22 | 4.49 | 4.75 
20 | 1.67 | 1.94 | 2.22 | 2.50 | 2.78 | 3.06 | 3.33 | 3.61 | 3.89 | 4.17 | 4.441 4.72 | 5.00 
21 | 1.75 | 2.04 | 2.33 | 2.63 | 2.92 | 3.21 | 3.50 | 3.79 | 4.08 | 4.38 | 4.67] 4.96] 5.25 
22 | 1.83 | 2.14 | 2.44 | 2.75 | 3.06 | 3.36 | 3.67 | 3.97 | 4.28 | 4.58 | 4.89 | 5.19] 5.50 
23 | 1.92 | 2.24] 2.56 | 2.88} 3.19 | 3.51 | 3.83 | 4.15 | 4.47] 4.79 | 5.11 | 5.43 | 5.75 
24 | 2.00 | 2.33 | 2.67 | 3.00 | 3.33 | 3.67 | 4.00] 4.33 | 4.67 | 5.00 | 5.33 | 5.67 | 6.00 
25 | 2.08 | 2.43 | 2.78 | 3.13 | 3.47 | 3.82 | 4.17 | 4.51 | 4.86 | 5.21 | 5.56 | 5.90] 6.25 
26 | 2.17 | 2.53 | 2.89 | 3.25 | 3.61 | 3.97 | 4.33 | 4.69 | 5.06 | 5.42 | 5.78 | 6.141 6.50 
27 | 2.25 | 2.63 | 3.00 | 3.38 | 3.75 | 4.13 | 4.50 | 4.88 | 5.25 | 5.63 | 6.00 | 6.38] 6.75 
28 | 2.33 | 2.72 | 3.11 | 3.50] 3.89 | 4.28 | 4.67 | 5.06 | 5.44 | 5.83 | 6.22 | 6.61 | 7.00 
29 | 2.42 | 2.82 | 3.22 | 3.63 | 4.03 | 4.43 | 4.83 | 5.24 | 5.64 | 6.04 | 6.44 | 6.85 | 7.25 
30 | 2.50 | 2.92 | 3.33 | 3.75 | 4.17 | 4.58 | 5.00 | 5.42 | 5.83 | 6.25 | 6.67 | 7.08 | 7°50 
31 | 2.58 | 3.01 | 3.44 | 3.88 | 4.31 | 4.74 | 5.17 | 5.60 | 6.03 | 6.46 | 6.89 | 7.32 | 7°75 
32 | 2.67 | 3.11 | 3.56 | 4.00 | 4.44 | 4.89 | 5.33 | 5.78 | 6.22 | 6.67 | 7.11 | 7.561 8.00 
33 | 2.75 | 3.21 | 3.67 | 4.13 | 4.58 | 5.04 | 5.50] 5.96 | 6.42 | 6.88 | 7.33 | 7.79 | 8.25 
34 | 2.83 | 3.31 | 3.78 | 4.25 | 4.72 | 5.19 | 5.67 | 6.14 | 6.61 | 7.08 | 7.56| 8.03 | 850 
35 | 2.92 | 3.40 | 3.89 | 4.38 | 4.86 | 5.35 | 5.83 | 6.32 | 6.81 | 7.29 | 7.78 | 8.26 | 8.75 
36 | 3.00 | 3.50 |'4.00 | 4.50 | 5.00 | 5.50 | 6.00 | 6.50 | 7.00 | 7.50 | 8.00 | 8.50| 9.00 
37 | 3.08 | 3.60 | 4.11 | 4.63 | 5.14 | 5.65 | 6.17 | 6.68 | 7.19 | 7.71 | 8.22 | 8.74 | 9.25 
38 | 3.17 | 3.69 | 4.22 | 4.75 | 5.28 | 5.81 | 6.33 | 6.86 | 7.39 | 7.92 | 8.44 | 8.97 | 9°50 
39 | 3.25 | 3.79 | 4.33 | 4.88 | 5.42 | 5.96 | 6.50 | 7.04 | 7.58 | 8.13 | 8.67 | 9.21 | 9°75 
40 | 3.33 | 3.89 | 4.44 | 5.00 | 5.56 | 6.11 | 6.67 | 7.22 | 7.78 | 8.33 | 8.89 | 9.44 | 10:00 
41 | 3.42 | 3.99 | 4.56 | 5.13 | 5.69 | 6.26 | 6.83 | 7.40 | 7.97 | 8.54] 9.11 | 9.68 | 10.25 
42 | 3.50 | 4.08 | 4.67 | 5.25 | 5.83 | 6.42 | 7.00 | 7.58 | 8.17 | 8.75 | 9.33 | 9.92 | 10.50 
43 | 3.58 | 4.18 | 4.78 | 5.38 | 5.97 | 6.57] 7.17 | 7.76 | 8.36 | 8.96 | 9.56 |10.15 | 10°75 
44 | 3.67 | 4.28 | 4.89 | 5.50 | 6.11 | 6.72 | 7.33 | 7.94 | 8.56 | 9.17 | 9.78 |10:39 | 11.00 
45 | 3.75 | 4.38 | 5.00 | 5.63 | 6.25 | 6.88 | 7.50 | 8.13 | 8.75 | 9.38 |10.00 |10.63 | 11.25 
46 | 3.83 | 4.47 | 5.11 | 5.75 | 6.39 | 7.03 | 7.67 | 8.31 | 8.94 | 9.58 |10.22 110.86 | 11.50 
47 | 3.92 | 4.57 | 5.22 | 5.88 | 6.53 | 7.18 | 7.83 | 8.49 | 9.14 | 9.79 |10.44 |11,10 | 11.75 
48 | 4.00 | 4.67 | 5.33 | 6.00 | 6.67 | 7.33 | 8.00 | 8.67 | 9.33 |10.00 |10.67 |11.33 | 12.00 
49 | 4.08 | 4.76 | 5.44 | 6.13 | 6.81 | 7.49 | 8.17 | 8.85 | 9.53 |10.21 |10.89 |11.57 | 12.25 
50 | 4.17 | 4.86 | 5.56 | 6.25 | 6.94 | 7.64 | 8.33 | 9.03 | 9.72 |10.42 |11_11 |11,81 | 12.50 
51 | 4.25 | 4.96 | 5.67 | 6.38 | 7.08 | 7.79 | 8.50 | 9.21 | 9.92 10.63 111.33 |12.04 | 12:75 
52 | 4.33 | 5.06 | 5.78 | 6.50 | 7.22 | 7.94 | 8.67 | 9.39 |10.11 |10.83 111.56 112.28 | 13.00 
53 | 4.42 | 5.15 | 5.89 | 6.63 | 7.36 | 8.10 | 8.83 | 9.57 |10.31 |11.04 |11.78 |12.51 | 13°25 
54 | 4.50 | 5.25 | 6.00 | 6.75 | 7.50 | 8.25 | 9.00 | 9.75 |10.50 111.25 |12.00 112.75 | 13.50 
55 | 4.58 | 5.35 | 6.11 | 6.88 | 7.64 | 8.40 | 9.17 | 9.93 |10.69 |11.46-|12.22 |12.99 | 13.75 
56 | 4.67 | 5.44 | 6.22 | 7.00 | 7.78 | 8.56 | 9.33 |10.11 |10.89 |11.67 [12.44 13.22 | 14,00 
57 | 4.75 | 5.54 | 6.33 | 7.13 | 7.92 | 8.71 | 9.50 |10.29 11.08 {11.88 |12.67 113.46 | 14.25 
58 | 4.83 | 5.64 | 6.44 | 7.25 | 8.06 | 8.86 | 9.67 |10.47 |11.28 12.08 |12.89 113.69 | 14.50 
59 | 4.92 | 5.74 | 6.56 | 7.38 | 8.19 | 9.01 | 9.83 ]10.65 |11.47 |12.29 13-11 113,93 | 14,75 
60 | 5.00 | 5.83 | 6.67 | 7.50 | 8.33 | 9.17 |10.00 |10.83 |11.67 |12.50 |13.33 [14.17 | 15.00 
63 | 5.25 | 6.13 | 7.00 | 7.88 | 8.75 | 9.63 |10.50 {11.38 [12.25 [13.13 |14.00 114.88 | 15.75 
66 | 5.50 | 6.42 | 7.33 | 8.25 | 9.17 |10.08 |11.00 |11.92 |12.83 113.75 |14.67 115.58 | 16.50 
69 | 5.75 | 6.71 | 7.67 | 8.63 | 9.58 [10.54 |11.50 [12.46 |13.42 114.38 [15.33 116.29 | 17.25 
72 | 6.00 | 7.00 | 8.00 | 9.00 {10.00 |11.00 12.00 |13.00 |14.00 {15.00 |16.00 117.00 | 18.00 
78 | 6.50 | 7.58 | 8.66 | 9.75 /10.83 |11.92 13.00 {14.08 |15.17 |16.25 |17.33 118.42 | 19.50 
84 | 7.00 | 8.17 | 9.33 |10.50 11.67 |12.83 |14.00 {15.17 |16.33 |17.50 |18.67 |19.83.| 21.00 
90 | 7.50 | 8.75 |10.00 |11.25 12.50 |13.75 |15.00 |16.25 |17.50 |18.75 |20,00 21.25 | 22.50 
96 | 8.00 | 9.33 110.67 112.00 |13.33 ]14. 67 |16.00 117.33 118.67 120.00 |21.33 [22.67 | 2400 
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distinct types are cut, regular and back-cut. See Fig. 6. Cutting is done in a lathe in which 

the log or flitch is eccentrically swung between centerson a stay log, the 

= radius of knife cut being much greater than in ordinary rotary cutting. 

Skillful cutting of these three types of veneer depends principally 

on proper adjustment and manipulation of the relations between 

the knife and the pressure bar. See Fig. 7. 

Sawn Veneer.—A few face veneers are 

d aoa ae sawn on a large diameter segment saw, par- 

+ \ ticularly to reveal the flake of woods like 

quartered white oak. The minimum thick- 

ness for sawn veneer is 1/99 in., when the saw 

kerf waste is equal to the veneer; the maxi- 
mum may be 3/g in. or more. 


= Fe 


‘\. Half Round 
v4 


Bar 


Standard Thicknesses for veneer and cutting 

: tolerances arein the process of establishment (1937) 
Knife by the various associations and the U. 8. Bureau 
of Standards. For description of grade rules and 
face figure nomenclature, consult the publications 
of the veneer associations, the more prominent of 


rae La eae 
oy ee See RU tay Seige Or which are: American Walnut Manufacturers 
Fie. 6. Half-round Knitoin Voueer Gute Assoc., Chicago; Mahogany Assoc., Chicago; Na- 
Veneer ting tional Hardwood Lumber Assoc., Chicago; Pacific 


Veneer Package Assoc., Tacoma, Wash.; Rotary 
Cut Lumber Assoc., New Orleans; Veneer Assoc., Chicago; Veneer Package Assoc., Washington. 


2. PRIMARY CONVERSION MACHINERY 
Saw Mills 


Saw mills are either permanent or portable. The former are used to saw the timber 
from large tracts, where the life of the operation will be 10 years or more. The latter are 
used in small tracts. They are so constructed that they easily can be moved from place 
to place, and are driven either by steam, gasoline or Diesel engine. Both types of mill 
use either band saws or circular saws. The former are higher in first cost but the waste 
in saw kerf is much less. 

ARRANGEMENT OF SAW MILLS.—Saw mills may be either single or double, 7.e., 
the equipment of a double mill largely is in duplicate, and arranged symmetrically on 
either side of the center line of the mill. Modern (1938) practice tends to the use of band 
saws; a mill with one such saw is known as a single-band mill; one with two saws is a 
double-band mill. 

Fig. 8 shows the arrangement of a typical double-band mill designed to cut 100,000 
board feet of lumber per day, with a steam gang saw for sawing baulks of timber into 
boards. In many mills a horizontal or vertical band-resaw replaces the gang saw. ‘The 
live roll conveyor arrangement then is somewhat different from that shown. The machin- 
ery floor of the mill is elevated 15 to 20 ft. above ground level. Line-shafts or other drives 
are located below the floor. 

Logs are drawn from the log pond or other storage and elevated to the mill floor by a 
log slip, i.e., an inclined chain conveyor, which may be single or in duplicate. At the head 
of the log slip, the logs are cut into convenient lengths by a deck saw. This is a horizontal 
or vertical swing saw, 6 ft. or more diam., belt or motor driven, moved to and fed through 
the log by steam or air cylinders. Steam-actuated kickers, 1.e., steam cylinders whose 
piston rods terminate in large forked ends, kick the sawed logs from the log slip to the 
log deck, whence they are transferred to the saw carriages. The log deck slopes downward 
to the carriages, and the logs are moved across it either by gravity or by a power-driven 
chain-haul. Steam niggers transfer the logs from the log deck to the saw carriages, and 
also turn over the partially sawed logs to present new surfaces to the saw. 

The carriages carry the logs back and forth past the band saws. An operator riding 
on the carriage, by means of appropriate set-works, advances the log toward the saw after 
each cut to obtain the desired thickness of lumber. 

The lumber as it comes from the saw is moved by the live roll conveyors and chain 
transfers to any one of a series of operations. Lumber that is sawed to correct widths 
moves on the first roller conveyor to the transfer chain to the trimming saws, which cut it 
to proper length. Lumber which is of irregular width is moved by chain transfers to the 
double-edgers which cut it to width, whence it passes to the trimming saws. Large 
baulks of timber are moved by the chain transfers to pass through the steam gang saw 
which saws the baulk into planks, which then move to the trimming saws. 
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If a band resaw is used instead of a gang saw, the baulks travel on the first live ee 
to the far end of the mill. A chain transfer then moves them to the middle live ro bed, 
which returns them in the reverse direction to the band resaw, where they are - | 
boards. The chain transfer moves these boards again to the first live roll bed, whicht 

i hem to the trimming saw. 
praneees ae the various operations is disposed of in several ways. Sawdust from a 
operation drops into a conveyor which moves it either to a fuel storage or a exe ef 
boiler plant. Trimmings, edgings, and other pieces that are large enough are p ~~ 4 
conveyors to transport them to the lath and shingle mills for conversion into mar Be of 
product. Other waste is diverted to the slasher which saws it into pieces short enoug ; to: 
be used as fuel. In some mills the slasher delivers it to a fuel hog for further preparation: 
for the boiler furnaces (see Kent’s Mechanical Engineers’ Handbook—Power, p. 443, form-: 
i . 2 of this series). : : i 
Bs eee lumber eh the trimming saws is placed on the sorting chain. This is a 
two- or three-strand chain conveyor from 400 to 800 feet long, on which the lumber is 
graded and sorted into convenient stacks for transfer to the lumber yard or dry kilns. 
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Fria. 8. Double-band Saw Mill 


SAW MILL MACHINERY.—The following paragraphs briefly describe the various 
items of equipment commonly used in large saw mills. Manufacturers of equipment 
should be consulted for detailed specifications and advice concerning the equipment to 
use for any particular set of conditions. 


Band Mills.—A band mill comprises a heavy cast-iron frame and column carrying an upper and 
lower band wheel on which runs a band saw. The upper wheel usually has a cast-iron rim with 
steel spokes cast in place. The lower wheel sometimes is of the same construction and sometimes 
is made entirely of cast iron. The shaft and bearings of the upper wheel are movable in a vertical 
plane for the purpose of putting the proper tension on the saw. Various types of mechanism or 
straining devices are used by different manufacturers to maintain uniform tension on the saw. The 
mill is driven by a belt pulley on the shaft of the lower wheel. 

Band mills commonly are made with band wheels of from 6 to 10 ft. diameter. The diameter 
of the wheel designates the size of the mill, The saws range from 10 in. wide, No. 16 gage, on 6-ft. 
mills, up to 18 in., No. 12 gage, on 10-ft. mills, The length of the saw varies with the class of work 
to be done. For yellow pine, and similar hardwood, a short stiff saw is preferable to one that is 
more flexible. Fig. 9 and Table 5 give the overall dimensions of Allis-Chalmers band mills. Table 6 
gives the capacity and horsepower requirements of these mills. 

Saw Carriages are massive timber frames carried on 8 to 12 wheels, riding on T-rails. Rails 
weigh from 60 to 90 lb. per yard. The headblocks, which carry movable knees, are mounted on 
the carriage. The knees each carry two sets of dogs with teeth pointing upward and downward, 
respectively. These dogs grip the baulk of partially-sawed timber, and hold it firmly against the 
knee while the carriage moves it past the saw. Hook dogs on each knee are used to hold round 
logs against the knee. The number of headblocks depends on the length of logs sawed. Up to 30-ft. 
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Table 5.—Dimensions of Band Mills. (See Fig. 9) 
(Allis-Chalmers Co., Milwaukee, Wis.) 


é way a 

A 8! 9 1/9” 25 

9 9 11 38/4” 27 
11/7” 311/ 

oe 10’ 3” 31 Ve 
13/7” 31 1/o 


38 5/g | 12’ 3” 


* Low mill. 


Table 6.—Saw Dimensions, Capacity and Horsepower of Band Mills 
(Allis-Chalmers Co., Milwaukee, Wis.) 


Logs, Max. Diam., in. Surface Speed of 

Size of Split Slabbed Saw, ft. per min. | Hp.t 
Mill, ft. Gi) Sin. | 10,000] 9000 | 8500 | Rating 
Max. | OL MOOR 

6 ST te eB ids 16 areas 

winfatevane 531 477 45] 5 

7 42’ 7” Ny ie hone ae St e360 te 265. sie 455 410 385 ei 

8 48’ 0” 45’ 0” eeaneer4 Sib 2638) 72 alse os 400 360 340 150 

9 SAS? St 5% 13 353 318 300 200 

9* 39 480 9% 13 353 318 300 200 

62) 5% a8 97 286 270 250 

DRG 55° 14 286 270 250 


* Low mill. } With babbitted bearings; deduct 20% for roller bearings. 


logs, 2-block carriages are usual. For logs over 30 ft. long, three headblocks generally are used. 
After each saw cut, the log or baulk is advanced the desired amount for the next cut, by means of 
set-works which move the 
knees forward. The set- 
works are of varying design, 
and may be actuated by air 
or steam cylinders, or by 
hand. Appropriate mecha- 
nism limits the travel of the 
set-works to a predetermined 
amount, thereby enabling 
exact thicknesses of lumber 
tobe cut. Set-works usually 
are designed to advance the 
knees by multiples of 1/39 in. 
The operator rides on the 
carriage and manipulates the 
set-works in accordance with 
directions from the sawyer. 
Overall width of carriages 
as made by the Filer and 
Stowell Co. range from 6 ft. 
8in. to 10 ft. 21/g in. The 
length depends on the length 
of logs cut. 

Two general methods are 
in use for traversing the car- 
riage past the saw, steam or 
“shot gun” feed and twin- 
engine feed. The former is Fia. 9. 


a steam cylinder from 10 to 
16. in, diameter, and of stroke equal to the total travel of the carriage. It is located with its axis 


on the center line of the carriage. Total travel is determined by the length of the longest log, 
plus 15 to 20 ft. The piston rod is attached to the carriage. Steam admitted to one end of the 
cylinder causes the carriage to move the log against the saw. Admitted to the other end, it returns 
the carriage to its original position. 

The twin-engine feed comprises a pair of steam engines, with cranks set at an angle to each other, 
driving a winding drum either directly or through gears. An endless cable on the winding drum 
runs over a sheave at the far end of the carriage track and is attached to the carriage. The carriage 
is moved back and forth by winding or unwinding the cable on the drum. One widely-used type 


Band Mill 
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of twin-engine feed has oseillating engine cylinders. The speed and direction of rotation are con- | 
trolled by valves operated by the sawyer. Cylinder sizes range from 9 X 12 in. to 16 X 20 in., 
and winding drums range from 27 in. diam. by 11 in. face, using 3/4-in. rope, to 48 in. diam. by 23 1/g | 
in. face, using 1 1/g-in. rope. Carriage travel up - 
to 200 ft. can be obtained with this type of feed. | 
The twin-engine feed is more economical of steam 
than the shot-gun feed, but is slower in operation. 

Gang Saws are reciprocating saws, mounted 
in gangs tosaw large baulks of lumber into a num- 
ber of planks in one operation. They are either © 
belt- or engine-driven. From 25 to 54 saws are 
mounted parallel to each other, the requisite dis- 
tance apart to saw planks of the desired thickness. 
They are carried in a steel sash which is recipro= 
cated vertically by a pitman driven by a crank- 
shaft below the sash. In the Wickes gang saw, 
Fig. 10, the saw is oscillated on the down stroke, to 
vary the depth of cut in accordance with the vari- 
ation in linear speed of the saw due to the change 
in position of the crank. This is accomplished by 
means of an eccentric on the crank-shaft which 
operates linkwork to move the lower guides of 
the sash forward at about 5/g of the upward stroke 
of the saw, continuing the forward motion until 
5/g of the down stroke has been completed. The 
guides then move backward, and free the saw from 
the cut on the return stroke. The path of the 
saw teeth on the down stroke is an oval, the depth 
of cut being greatest at the point in the stroke 
where the linear speed is highest. The amount 
of oscillation is increased as feed increases, so that 
the saw always works at maximum efficiency. 
Work is fed to the saws by fluted feed rolls, driven 
by a friction feed, whose speed can be varied by 
the operator at will. Pressure rolls, actuated by 
steam cylinders, hold the work firmly in place 
during sawing. Table7 gives data on gang saws. 

Band Resaws.—Band resaws are of both hori- 
zontal and vertical types. The vertical type is, 
in general, similar to the band mill, with the excep- 
tion that it has adjustable feed rolls on either side 
of the saw to provide for resawing various thick- 
nesses of stock. The feed rolls usually are power 
operated, and can be set to saw thicknesses vary- 
ing by 1/39 in. 

The horizontal band resaw comprises a massive 
column supporting on either side of it bearings 
for the band wheels. The saw blade is horizon- 
tal. Underneath the upper run of the saw and 
at right angles to it are one or two adjustable feed 
tables which can be raised or lowered to vary the 
thickness of the stock sawed. Above the feed 
table, and before and behind the saw, are sets of 
pressure rolls, independently adjustable, to permit 
two or more different thicknesses of slab to be 
sawed at the same time. If but a single thick- 

Fie. 10, Gang Saw ness of work is to be sawed the feed table is 
made stationary. 
Filer and Stowell Co. gives the following data concerning single-table horizontal band resaws: 


4 iS 
a 


Press Roll 
Steam Cylinders 


Size of Bed ——Pulley——___, Max. Press, Drop of Horse- 
y Width, Diam. Face, Width, Ge Ros, Table, ower 
esaw in, in. in. Rp. in No. in. in, 
6 ft. 36 32 17 420-450 10 16 13 41/2 75 
8 ft. 36 44 25 320-340 12 14 13 4 Vy 100 


Double-table resaws have the same dimensions, excepting that the tables are 16 and 24 in. wide. 
Edgers.—Double edgers consist of one or more circular saws 80 mounted on the saw arbor that 
they can be moved on it in an axial direction. The position of the saws is controlled by the operator, 
who sets them to cut whatever width of stock may be desired. Double edgers are used to remove 
the rough or wany edges from slabs to form a single wide plank, or to saw a wide slab into several 
narrower planks. Saws range from 20 to 24 in. diameter, and usually are direct motor driven 
through a flexible coupling, although belt drive also is used. Double edgers are made ranging 
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Table 7.—Sizes and Capacities of Gang Saws 


(Wickes Bros., Saginaw, Mich.) 
eee 


Width acy g oe 
Saw |between| Cut, | Stroke, a ®Y |R.p.m.,| Hp., igh Eeediae ity per 
No. Stiles, in, in, a, max. |average 8hr.,M 
in. ; Size, in. | No. Max. | Min, eee 
10 44 18 20 E2225 240 200 B47 36 ime 5 = 
10 48 18 20 72 X 30 240 250 Sx 40 1 He wie ae: 
10 52 18 20 72 X 30 240 250 By et/ 44 1 Log 5/ig |180-215 
10 60 18 20 12333 240 300 Sra 7, 52 1 Log 5/16 |200-240 
15 32 8 10 36.8 275 40 45/3 x 24 27 1/9 1/g 20-30 
16 40 14 15 48x 12 250 125 eh SS ey/ 33 3/4 1/4 75-85 
17 32 10 12 42 * 10 275 50 Bye 4 Se oh} LE 1/9 1/g 25-40 
18 48 14 (5 48x 14 250 150 Sexe 37, 39 27/39 | 9/39 80-100 
i) 32 12 13 42 x 10 275 50 (p< EH Pf 1/9 1/g 30-50 
22 54 14 15 54x 14 250 $75, 1) Sie 57 44 15/46 | 5/16 90-115 


from 54 to 72 in. wide in the saw space, and single edgers range in width from 36 to 54 in. wide. 
Edgers are provided with pressure and feed rolls both before and behind the saws. 

Slashers.—A slasher consists of a series of saws spaced at equal intervals on an arbor together 
with feed chains to convey waste material to the saws. Fig. 11 is a diagrammatic arrangement of 
aslasher. The chains A extend across the mill, as shown in Fig. 8, to convey waste from any set of 
live rolls. The short feeder chains B insure that the waste is squarely presented to thesaw C. The 
discharge chains D normally lie below the plane of the 
roller conveyor, but when a piece is to be transferred to 
the slasher these chains are elevated to lift the material 
from the roller bed and discharge it to the slasher chain. 
Sawed slashings drop into the conveyor E which transfers 
them either to the lath and shingle mills, or to the fuel hog. 


7 Pb Pritt ae -<.s) 
~ Filer § Stowell Co. 


Fie. 11. Diagrammatic Arrangement of Slasher Fia. 12. Nigger and Log Loader 


Trimming Saws.—Trimming saws comprise a series of swing saws suspended over transfer 
chains somewhat similar to those used in the slasher. The saws are spaced at such intervals that 
any two of them will saw stock to commercial lengths. In the more modern types of trimming 
saws, compressed air is used to swing the saw into the path of the work. Each saw is individually 
controlled by one operator, who, as a piece of stock approaches the saws, depresses those two which 
are nearest to the ends of the stock. The trimming saw conveyor delivers. the sawed stock to the 
sorting chain. 

Niggers and Log Loaders.—Fig. 12 shows, diagrammatically, a steam nigger and log loader. 
The log loader comprises the steam cylinder A connected to the loader arm B. The nigger consists 
of the oscillating steam cylinders H and F’, the head G carrying dog-teeth H, and the radius rod J. 
Steam to the cylinders is controlled by suitable valves, operated by the sawyer. The log is held 
at the edge of the log deck by the arm C. When steam is admitted to cylinder A, arm C is rotated 
downward and arm D kicks the log against the knee of the saw carriage. The head G of the nigger 
T{I—32 


| 
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; 
then is raised by the cylinders EZ and F until the teeth H engage thelog. The direction of motine 
of the head is controlled by the combination of the radius rod J and the variable stroke possible in 
the two cylinders Z, F, to hold the log in place until it is gripped by the carriage dogs or to turn iti 
through any desired angle. i 

Log loader cylinders range from 8 to 18 in. diameter, with stroke varied to conform to log sizes.: 
Nigger cylinders range from 8 to 14 in. diameter, with stroke of 5 to 6 ft. ' 

Manufacturers.—Saw mill machinery is built by Allis-Chalmers Co., Milwaukee, Wis.; American 
Saw Mill Machinery Co., Hackettstown, N. J.; F. L. Estes Saw and Machinery Co., Nashville. 
Tenn.; Filer and Stowell Co., Milwaukee, Wis.; Gainesville Iron Works, Gainesville, Ga.; Standaned 
Saw Mill Machinery Co., Erie, Pa.; Taylor Iron Works and Supply Co., Macon, Ga.; Wheland Co.,, 
Chattanooga, Tenn.; J. A. Vance Co., Winston-Salem, N. C. 

SAW MILL DRIVES.—Saw mills are, in general, driven either from one or more line- 
shafts extending the length of the mill, underneath the machinery floor, or by electric: 
motors driving machines individually or in groups. In line-shaft drives, the main shaft is: 
belted to a steam engine or electric motor. Sometimes a rope drive is used to transmiti 
power from the engine. Where the driven machine is at an angle to the line-shaft, mule: 
pulley drives (see p. 24-26) or large bevel gears with wood teeth, or bevel friction gears 
(see p. 14-03) are used to change the direction of the power supply. Final drive to the: 
individual machines usually is by belt. Line-shaft speeds are from 150 to 250 r.p.m., 
Line-shafts usually are carried in rigid post bearings. In the more modern mills, all bear-: 
ings are force lubricated from a central point by an oil pump, reservoir, and oil filter. 

Steam engines used for line-shaft drive are of various types. In Southern mills, Corliss} 
engines are widely used. Slide valve engines and uniflow engines also are in use. Steam 
economy seldom is given consideration in saw mill practice, as wood waste is used for: 
fuel, and usually there is more available than can be burned for steam making. However, 
it should be remembered that wasteful engines require a larger boiler plant, with conse- 
quently greater first cost and overhead and operating charges. Many mill engines exhaust 
direct to atmosphere and use live steam in the dry kilns, but this practice also requires 
greater investment in boilers, than where exhaust steam is used in the kilns. A few mills, 
which have ample water available, operate condensing, and use live steam in the kilns. 

Power Requirements.—The power required to drive a saw mill with line-shafts varies 
widely with the type of equipment, the character of maintenance and other factors. A mill 
of the type shown in Fig. 8 usually would have installed engine capacity of about 1000 hp. 
Indicator cards from engines driving several mills of this type showed a maximum demand 
of 850 to 900 hp. 

Where the mill is to be motor-driven, manufacturers of equipment will advise as the 
size of the motors to be installed. For line-shaft drive, the power must be estimated 
from previous performances of similar mills. The following figures were used in estimat- 
ing the requirements of a double-band mill, similar to that shown in Fig. 8. They are 
given as a general guide only, and should be checked against local conditions. The figures 
are indicated horsepower except as otherwise stated. Deck saw, 30 Hp.; 8-ft. band saw, 
225 Hp.; 48-in. gang saw, 225 Hp.; 72-in. double edger, 150 Hp.; slasher, 50 Hp.; trim- 
ming saw, 40 Hp.; chain transfer to gang saw, 5 Hp.; chain transfer to trimming saw, 
15 Hp.; nigger, 40 boiler Hp.; shot-gun feed for carriage, 14 in., 120 boiler Hp., 12 ing 
80 boiler Hp. The load factor generally is taken as 80%. 


Veneer Lathes and Slicers 


The accuracy requirements of veneer cutting demand more careful log preparation than 
for lumber sawing. Logs for rotary cutting are cut to length on a drag saw, blade, circular 
or band. The short lengths, or bolts, are sorted by length 
and specie, and placed in vats for cooking or steaming. To 
produce sliced, half-round and sawn veneer, logs are sawn 
into flitches, partly to obtain face figure and partly to facili- 
tate clamping on the machine bed. Every veneer mill pro- 
ducing these latter types requires a small band (band-saw) 
mill both for flitching and to salvage lumber from unsuitable 
; and defective logs that will not make veneer. F litching 
Fra, 18, Flitching for Qua: technique varies widely according to log shape and veneer 

ter-sawed Veneer character. Fig. 13 shows a suitable method of flitching oak 

logs, 24 to 30 in. diameter, for quartering. In crotches, 

stumps and burls, only experience and judgment can solve the widely varying individual 
problems of flitching. Flitches, except for the sawn veneer, go to the vats. : 

COOKING OR STEAMING.—A few species of veneer woods, as basswood, poplar 
and similar woods, are best cut ‘“‘cold,” without cooking. All logs are improved for veneer 
cutting by soaking inalog pond. The best authorities advocate cooking logs in hot water. 
Temperature and duration of cooking vary widely with the species, size, texture and fresh- 
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ness from the woods. A minimum is 4 to 6 hours at 200° F. up for coniferous woods, 
extending to 15 to 20 hours at 150° to 175° F. for hardwoods. Flitches of fragile figure 
are best soaked for longer periods at 100° to 125° F. Too much cooking produces “fuzzy” 
veneer. Logs are barked before mounting and should not be more than 30 minutes fram 
vat to machine. Some operators prefer steaming, a shorter and more intense process that 
is too harsh for fragile woods, and one which does not properly penetrate others. 

A cooking vat should be built of concrete liberally reinforced, especially at corners, to 
withstand severe temperature strains. It usually is made about 6 ft. deep by 10 ft. wide; 
the length is varied to suit capacity. Covers are preferably of steel plates with central 
rings, and are handled by the crane used for bolts and flitches. 


Bolt Way for 
Spur Knives 


Veneer Ss 
Knife Adjusting 
CS 


Fic. 14. Veneer Lathe 


VENEER LATHES.—Fig. 14 shows a typical rotary veneer lathe with one end 
omitted. Details of the cutting mechanism are shown in Fig. 16. Logs are mounted in 
the lathe from the back by crane. Standard operating speed, traditionally, is 25 to 
30 r.p.m. to accommodate 30-in. logs. This is slow for small logs. Spindle chucks or 
centers usually are 5- or 6-in. diameter for 60- to 100-in. bolts, leaving a 7-in. core, that is 
defective in many species, but which sometimes can be cut into crating. Lathes usually 
are equipped with 50- to 75-hp. motors for 60- to 100-in. lengths and logs up to 30-in. 
diameter. For larger logs, as on the Pacific Coast, power demand will be greater. An 
efficient set-up would be mechanical speed control permitting speeds to be changed with- 
out stopping lathes, giving 48, 36, 30 and 24 r.p.m., and permitting linear veneer delivery 
“speeds of 100 (for thick veneer) to 200 ft. per min. Electrical speed controls are to be 
avoided, as motors incline to race under wide load variations, caused by thick and thin 
cuts, and large and small logs. Table 8 shows the resulting delivery speeds in such a 
set-up. Rotary box veneer often is cut at 60 r.p.m., but quality requirements are low. 
Fig. 17 shows a typical lathe lay out, with delivery tables, clipper, and crew location. In 


Table 8.—Actual Veneer Delivery Speeds, Feet per Minute 


R.p.m. of 
Spindle 
Log’ ("94 [30 
in, | Lineal ft. per 
min. of lathe 
delivery 


R.p.m. of Spindle 
Log [374 | 30 | 36 | 48 


R.p.m. of Spindle 


Lineal ft. per min. of lathe 
delivery 


in. Lineal ft. per min. of lathe 
delivery 


> Baue.| gogeaoe 4 5 149.2 | 179.1] 238.8] 30 188.5) 235.6 
eer Otel ian ee 8 1 L578 .5) 2a1e31| 3 194.8) 243.5 
nao IotG 2 7 LOAM O79) cmap) S22 i201, 1b 251.3 
5 TO ad! 2 17238" | 9207.3 33) |207 73) 2595 2 
x1 8 (RUC |], UGB ANE 6baiG 6 21) | VAIO Rigooec 
52) 4 USSH3 ZZ6 025%. caer SEY PA Frese 
ay 9 U9G EAN) 235 36le ote 3 One ZLO a hater stele 
4 5 2OS52 | 245.0). 2%)... EVE EYE Baa so 
8 I Zeal 2542 Ol stew 38 0238).18) giaterere 
a2 Goh ZO LT SOF ZO, Deli teretosateilisrare aiery L430 0) ceaetros 
6 Zameen US 2eaee |e ehlO i ey rie gina che suves UN ed coer 
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species with sound cores, as birch, a supplementary high-speed (50 r.p.m.) lathe sometimes: 
is provided with 3-in. chucks to cut 1/g9-in. veneer from 7- and 8-in. cores, 42 in. long ort 


less. 
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Carriage Slides Here on Ways— 
Bed Casting: 


Fic. 15. Veneer Slicer 


VENEER SLICER.—Fig. 15 shows a typical veneer slicer. Flitches are mounted on 
the table or bed by dogs, the table moving up and down on angling ways to produce a 
shear cut. The cutting stroke is about 3 ft. long. The draw or lateral movement of the 
knife is about 11/2 ft. Cutting is done on 
the down stroke, and the log is fed forward 
on the return stroke of the knife. Horizontal 
slicers are used more in Europe than in the 
U.S., and afford greater latitude in range 


\ of angle cuts, often desirable in highly figured 

NY flitches. Veneer delivery equipment for 

me 7 “ slicers is simpler than for lathes. Flitch-cut 

. \ Bec Cation veneer always is kept in sequence to permit 
ressure 


matching. 

HALF-ROUND VENEER is an interme- 
diate method between rotary and sliced 
veneer. The log is flitched or sawn, as in 
slicing, and cooked. Itis cut on a lathe pro- 
vided with a stay-log swung from the lathe 
centers, with radial adjustment and providec 
with a table or bed to which flitches are 
clamped with bolts. See Fig. 6. The purpose 
of half-round veneer is to obtain a veneel 
with more regular grain than that of rotary 
veneer. 

CUTTING MECHANISM, Fig. 16, i 
Fic. 16. Details of Veneer Lathe Cutting essentially the same in both lathes and slicer 

Mechanism Its proper adjustment and manipulation i 

the critical factor in good veneer cutting. Thi 

feed mechanism in both lathes and slicers is mounted on two screws, moving the lathe 

carriage with the cutting mechanism into the log or flitch a distance equal to the venee! 
thickness at each revolution or stroke. 
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Rotary veneers usually are cut to widths, providing whole, half, third 

’ F 7 and quarter 
parts of the desired sizes. Flitch z 
veneers are kept together after [eee eee Large Rotary Production-——-——— | 
numbering and taking several (<--—- Fitch Stock-—-—> 


: | 
sample swatches from top, center L Clipper for \ 


and bottom of each flitch. © @__ Trimming Veneer 
VENEER DRYERS comprise 

rollers, traveling plates or mesh 

belts, on which veneer passes pro- 3 Delivery Tab Table 


gressively through drying cham- Ils ons 
bers. Controlled temperature and 
humidity establish the necessary tae 
moisture deficit to dry various Fra, 17. Standard Veneer Layout and Crew. Standard 
thicknesses at a single pass, the Crew bee Gs log peelers. (2) ties paneer! Pe 
AE — . operator. Oo earers or Treakers waste 
speed for thicker Veneers being collector. (6) * off bearers for large production. 
reduced. Veneer usually is dried (7) 1 clipper operator. (8) 1 clipper off bearer. 


to 10% moisture content. It 
must be dried within a few hours after cutting in order to prevent discoloration. 


3. PROCESSING 


Lumber Dry Kilns * 


EQUILIBRIUM MOISTURE CONTENT.—Wood products, in service and storage, 
should have, as nearly as possible, an equilibrium moisture content in the wood parts, to 
keep at a minimum dimensional changes (shrinkage and swelling) due to moisture changes. 
Under ordinary room conditions this is about 6%-8% moisture content; in normal out- 
door weather from 10%-15%. Lumber is stronger and stiffer when dry than when wet. 
‘Dry wood (to the extent mentioned above) will retain paint and finishes, whereas wet 
lumber will not hold surface coatings. Table 9 gives conditions for maintaining moisture 
content equilibrium in lumber. Correct atmospheric conditions are particularly impor- 
tant in raw lumber storage rooms. 

LUMBER DRY KILNS are of two principal types. In the single charge (box or com- 
partment) kiln, the lumber charge rémains stationary during the drying cycle; in the 
progressive kiln the lumber moves in the kiln through the various stages in the drying 
cycle, from the initial low-temperature-high-humidity condition to the final high-tem- 
perature-low-humidity stage. Fig. 18 is a comparison of the two types. 


Table 9.—Variation of Equilibrium Moisture Content of Wood 


Wet-bulb Dry-bulb Temperature, deg. F. 


BDepression,| 50 | 55 | 60 | 65 | 70 | 75 Se a os 100 
_ deg. F. Equilibrium Moisture Content, percent 

4 15:7 16.2 17.0 irae} 17.6 Peo mesa 18.1 See ol SEZ FT 8ss 
5 13.0 14.5 15.0 1523 15.6 (329: 16.2 VG, 4a G6) | 16ers 17. 0 
6 42.5 13.0 1325 13.0 14.2 14.5 14.8 DOM toeie| elas 1565) 
7 1h Lb ae) 12.4 12.8 ie Jee 13.4 13)7 13599 We t4e 14.3 | 14.4 
8 10.2 10.8 11.4 11.8 zee, 125.9 12.8 13.1 Wejeey |) gui Sys |] [eh y/ 
9 C74 9,9 10.4 10.9 ie es i eer 12.0 T2e2e We Nese e268 | 127, 
10 8.3 Eo 9.6 10.1 10.6 10.9 Nh Us Se eliess lz 08} i222 
11 a3 8.1 8.7 9.3 9.9 10.3 10.6 OSSe ei OM Ui e2, elites) 
12 6.4 7136) 8.1 8.6 9.1 9.6 10.0 Opa One | O6ni 0 s8: 
13 5.5 6.4 193 7.8 8.4 8.8 Clr, .6 Qe eel Ih WOR 
14 4.6 Bat! 6.6 fhe) 7/20) 8.3 8.7 cul 9.4 9.7 et) 
Exe) ol Reena 5.0 5.8 6.6 I fp 7.8 8.2 Re) 8.8 ei 9.3 
A Gis ae oir tatetotes ol {cuss osisie%ens Died 6.0 6.7 if? Tal .0 8.3 8.6 8.8 
NUR Seats Rev ciallisieisy ate clai[\crevoveie ei 5.4 6.1 6.7 if 59% oe) 7.8 8.1 8.3 
GMM Pattee tects aap s ais Stes: « 4.8 5.6 Gaz 6.7 ail 7.4 iE sth 729 
OEM eee cil iot steve! ehel|(ave:is¥ove} a1ch|<"ehe)re vie» 5.0 5.6 6.2 al) 7.0 (pee) 7-5 
Oy A a iaiche fondle Seeic | [egos Gato (Deco CRRCae (CReR Rea Sie! 5.7 37 6.6 6.9 7/ || 
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Fi Oe | oe ene ee a 


* See also Kent’s Mechanical Engineers’ Handbook—Power, pp. 3-52 to 3-54, forming Vol. 2 
of this series. 
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Drying Technique is of three principal forms, shown in Fig. 19: 1. Natural circulation 
or ventilated kilns, where air movement is accomplished by gravity; 2. Forced circulation. 
or fan kilns, in which air is 
mechanically forced through 
the lumber (circulation fre 
quently reversible) ; 3. Condens- 
ing kilns, where moisture-laden 
air passes over condensing coils 
(usually circulating cold water 
pipes), is reheated, and agains 
passes through the lumber. 
Compartment Kiln Most kilns have steam or water 


sprays to maintain the humid- 
PTY eh he OT ee temperate and ee 
CU —~—- SL 
tS he 
Progressive Kiln 


1 | 
I | 


Loading 


attachments, are essential to 

maintain schedulerequirements- 

Fig. 18. Dry Kilns with Equal Capacity In kiln drying programs, hu- 

midity refers to air conditions, 

and moisture content means the moisture contained in the lumber. The latter is computed 
by weight, weight of dry wood being divided into the weight of moisture removed. 
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Fie. 19. Types of Kilns. A, heating unit. B, condensing unit. C, fresh airinlet. D, D’, 
used air outlets. EE, lumber charge. F, humidifying unit 


Table 10.—Time Required to Dry Hardwoods in Ventilated Kilns to 5% Moisture Conteni 


4/4 in. Thick | 6/4 in. Thick 8/4 in. Thick 
Wood Moisture Content of Wood Entering Dry Kiln, percent 
a 15—20|21—30|3 1-40| 4 1-50| 15—20|21—30|3 1-40) 4 1-50| 15—20| 2 1-30| 3 1-40] 4 1-5¢ 
Days 
Hardwood: 
PREIS, ‘asics irene 6 7 10 14 12 15 
PS BBON ay sarc tatre cate ere 8 10 15 20 15 22 
Birch. RR ee ee / 8 12 16 12 18 
GHerry, ccs asus Comte 8 10 15 20 15 22 
CHestwUe cole tos cate 6 7 10 14 12 15 
FUE e BOLU este a serene 7 8 12 16 12 18 
Dem OO -aa! a) Seren tos 4 8 10 15 20 15 22 
Git, (WEGs « feare hc ee 8 0 15 20 15 22 
ae RROD i Seerc acct at 7 8 12 16 12 18 
SOME ROCIO! we ge ertveiais 6 7 10 14 12 15 
ELIGISORyiraust tins vic: oct) san 10 12 18 24 18 27 
Mahogany...........- 8 9 14 18 15 21 
Maple, hardiouene.. 0 7 8 12 16 12 18 
ue AOR Uspavarsone is itis (ere 6 7 10 14 12 15 
BK Th cv et ONG aes. fl os A 8 10 15 20 15 22 
By OamMore. . ism. wesw 8 10 15 20 15 22 
Wealmntcnsadeameeatis 10 12 18 24 18 27 
Semi-hardwood: 

Basswood. <j. occas aes. 5 6 y | 8 10 
Cottonwood.......... 5 6 " 8 10 
Poplar nth de stew ate toe 5 6 7 8 10 
LE er ee 6 7 8 10 
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In general, temperatures of 200° F i 
F . safely can be used on 1-in. (4/4) softwoods: for 
hae ee temperature range is 150° to 160° F. With thicker and greener lumber 
e tem i i i 
ie peratures must be reduced. Fig. 20 is a convenient chart for atmospheric 
EXXAMPLE.—Determine the relative humidit i i 
y of air when the dry-bulb temperature is 140° F., 
and the wet-bulb, 120° F. Enter the chart on the 120° wet-bulb line and follow it er it aie: 
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Relative Humidity Percent 
Fig. 20. Relative Humidity Chart 


TIME REQUIRED FOR KILN DRYING of pine and similar softwoods usually is 
from 3 to 5 days, from the original tree condition of greenness to about 10% moisture con- 
tent, usually considered shipping dry. Hardwoods require varying times, according to 
thickness, original and desired moisture content, and types of kilns available. A general 
survey of these drying times is given for ventilated kilns in Table 10. 

It is highly important that lumber be uniformly kiln dried to the required moisture 
content, and be maintained at that point during the entire product manufacturing proce- 
dure. In fact, most kiln authorities advocate kiln drying slightly below required condi- 
tions, and allowing reabsorption to equilibrium point in dry storage. 

Tests for Moisture Content usually are made by weighing samples. When tests are 
required, samples are cut from test boards whose locations in the kiln load are shown in 
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Table 11.—Moisture Content of Veneer and Lumber 
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Excess of Initial Weight over Oven Dry Weight 
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Fig. 21. The locations of the test samples in the test boards are shown in Fig. 22. The 
board ends, which probably are over-dried, are discarded. Fig. 23 shows the best proce- 
dure for marking weighed samples for filing, the figures on the left being moisture content 
and those on the right shrinkage. In both cases the upper figures are values immediately 
after cutting test samples; the lower figures are values after oven drying to minimum 
obtainable conditions, 7.e., bone dry. Fig. 24 illustrates a test sample prepared to show 
case-hardening. If the prongs flare out, the sample is case-hardened but dry; if they 
pinch, it was case-hardened before drying, and the stresses were not relieved during drying. 
A further test for exterior and interior moisture content is shown in Fig. 25. The test 
sample is band sawn, and outer and inner portions weighed before and after oven drying 
to determine the moisture content of each. A normal moisture content gradient usually 
will show an excess of 1% to 2% for the inner section. 
Table 11 gives data for determining moisture content of veneer and lumber. 
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Fie. 21. Kiln Stack, Showing Locations of 
Test Boards 


Fig, 24. Test Sample for Case-hardening 


a 


Fic. 25. Test Sample to Determine Dryness 
Fie. 22. Location of Sample in Test Boards between Center and Outside 


Kiln Accessories.—For kilns and adjoining storage tracks, 35-lb. rail generally is used, 
supported at 6-ft. intervals. Kiln bunks or trucks should have roller bearings, frequently 
lubricated because of the heat. Kiln transfer cars will facilitate lumber distribution 
- from railroad unloading siding direct to kilns, and from kilns to dry storage and cutting 
rooms. They are usually about 12 in. high, rail top to rail top, and preferably are motor 
driven. Lumber lifts elevated by motor-driven revolving screws, in a pit below, are essen- 
tial both for loading and unloading kiln cars, as well as for keeping the top of the lumber 
load at convenient height for serving rough planers or cut-off saws. Some mills use loco- 
motive cranes with 40-ft. booms to transfer lumber in packets to and from kilns and lumber 


piles in the yard. ? 
Machine Operations and Lay Outs 


In wood products factories, machine and department arrangement are substantially 
similar in major items, with considerable divergence in minor details, because of difference 
in character of products, and degree of pre-manufacture in raw materials. A typical 
example of standard procedure is given in Table 12. j i 

For further details of plywood and finishing, see below. For kiln drying, see p. 22-17. 
For details of operation of the other types of wood-working machines, see pp. 22-39 


to 22-48. 
Plywood and Gluing 


i layers of veneer, with 

PLYWOOD.—Standard plywood consists of an odd number of ( 
opposed grain in alternate layers, rigidly glued together. The along-the-grain strength 
reinforces the across-the-grain weakness, and distributes wood strength in both directions. 


_ The central layer (core), of veneer or lumber, has the lengthwise grain in the direction 


requiring strength. In 5-ply, face and core grains are parallel; in 3-ply, they are opposed. 
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Table 12.—Standard Sequence of Machine Operations in Woodworking 
Lumber yards 
Dry kilns 
Dry storage and tempering 
Transfers and lumber lifts 
Rough planing (sometimes omitted) 
Cut-off or stock saws 
Rip saws 
Edge jointers 
Revolving glue clamps (for solid lumber parts or plywood cores) 


Finish planing to net thickness 


(Plywood parts) * ‘ (Solid parts) 
Veneer preparation Dimensioning, Tol ny 
Glue room machining to size 
Plywood redrying Moulding 
Dimensioning Shaping 
Bending and curving Turning 
Routing Routing ‘ 
Moulding edges Special machine work 


Boring and ate 
Corner construction 
Sanding 
Stock room for machined parts 
Cabinet assembly 
Polish sanding 
Finishing (stain, filler, lacquer and rubbing) 
Trimming with hardware and glass 

Packing and crating 


Inspection stations according to product requirements 


* Omit plywood operations if plywood is purchased 


Fundamentally the layers should be balanced on the core to avoid uneven stresses. See 
Figs. 26 and 27. The face wood is chosen for appearance; the other layers supply the 
strength. For most purposes !/s-in., 5-ply plywood is stronger than 13/1g-in. solid lumber. 
Plywood is unsplitable, and has more nail and screw holding power than solid wood. 


Face Veneer 


Fria. 26. 5-ply Plywood Fie. 27. 3-ply Plywood 
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ARRANGEMENT OF EQUIPMENT.—Plywood manufacturing falls in two general 
classes: 1. Factories assembling plywood as a semi-raw material for others; 2. Factories 
making the ultimate product, as furniture, with an integral plywood department, in which 
plywood operations are seldom complete. Plywood factories preferably are located 
with reference to the supply of the bulkiest material, 7.e., rotary commercial veneer and 
core lumber, the face veneer supply being far less important. Propinquity to a consumer 
furniture area is a doubtful advantage, because of the higher wage levels. 

: Table 13 shows the general sequence of plywood operations. The face veneer prepara- 
tion, commercial veneer preparation and lumber core stock converge to a central tempered- 
air stock-room, where the gluing allocation for each day must be ready not later than the 
night before. The glue room is invariably the bottle-neck, has a higher man-hour-ratio 
per machine than any other plywood operation, and must produce at maximum efficiency. 


Table 13.—General Arrangement of Plywood Operations 


Face veneers Backs, bands and rotary Gores Lumber cores 
Flattening Flattening Cross and rip sawing 
Dimensioning Dimensioning Jointing edges 
Jointing edges Taping Matching 
Matching Edge gluing 
Taping Banding edges 
Gluing edges Planing or surfacing 


Tempered storage for all parts ready to glue 


Liquid Adhesives Film Adhesives 

Glue mixing " Film cutting 

Glue spreading : Interlaying film with veneers 
Cold pressing Hot pressing 

Baling and storage Sponging and tape removal 
ay on stickers 


Plywood dimensioning 
Sanding 


Inspection (sub-inspection as required) 


ee  ——————— 


> FACE VENEER.—Sliced, half-round and sawn face veneers are received in flitches, and 
their suitability for the job in question demands experienced judgment. Unused portions 
of flitches (lay-backs) are a serious problem, often because of wrong size or figure. In 
general, whole flitches should be charged to a job, leaving lay-backs as a by-product; 
otherwise costs may be seriously distorted. mx 
Highly-figured face veneers, if ‘‘ crinkly,’ must be flattened before dimensioning. 
For less fragile species, platen veneer driers are used; it is advisable to dampen fragile 
veneers and apply gradual pressure with heated boards; in extreme cases, as feathered 
crotches, veneers are dipped in a dilute glue size to make them more leathery, and are 
flattened even more gradually. Moisture content should be 5% to 6% after flattening. 
Longwood veneers, longer flitches in moderate figure, usually are cross cut on saws 
in packages of 25 sheets, and edge-clipped (sheared) with reference to figure matching. 
Clipped edges are jointed (see Veneer J ointers, p. 22-43), planed straight and square, to 
_ produce tight joints without cracks. Stumps (butts), crotches and burls and other highly- 
_ figured veneers usually are cut both ways in packages on a paper cutting machine, with 
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an angling shear cut under pressure. Such veneers cannot be jointed as the edges willl 
tear out. 


Tape to be sanded off Tape to be 


re Swing Saw for Cross Cutting 
sanded off 
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Fi cg. 29. Arrangement of Face Veneer Department. in 
etal tat Hite Metied cates position of operator. Numerals show sequence 0} 


Fie. 28. Matched Veneer operations 


Book-matched Veneer comprises two or four adjacent sheets of a flitch, with uni- 
formly (as to grain figure) trimmed edges, laid together to balance the figure as in Fig. 28. 
It resembles an unfolded 2- or 4-sheet booklet. 

Dimensioned Veneers (longwood or book-matched) are taped (see Fig. 28) with gummed 
tape from edge to edge on one surface to hold the pieces in position during gluing. The 
tape is sanded off later. Taping machines have 
angling rollers that draw the edges together and = rae — 
press the moistened gummed tape over the ad- + _———$——__—_= 
joining edges. Intricate combination faces, of -—=—-—-4---===-- a 
vari-colored species, with or without angling ———— a 
grains, give remarkable effects. Fig. 29 shows a. Faia Gore Mull Length 3) Random Com 
general arrangement of machine operations in a Parallel Strips) 
face veneer department. 

CROSS-BANDS, ROTARY CORES AND 
BACKS, unless two faces are required, are of com- 
mercial rotary veneer, flattened, edge-clipped, 
sometimes jointed if 3-ply, and taped asin face 4 Ratt Joint Strip Core aucoementalicn 
veneer, but without regard to figure. Cross- Sectional Core 
bands under faces, as well as cores in 3-ply ply- 
wood, should be one-piece and not taped, as 
tape will show through. Back cross-bands, backs 
and 5-ply cores may be taped. Commercial 
Nasede for long runs of standard sizes often are e@. Block Core for Desk Bed 

imensioned at the veneer mill into whole, half, 
one-third, two-third, one-quarter and three- Fig, 30. type ot Gore 
quarter sizes for taping. Moisture content must be kept close to 5%, except that certai1 
layers in film bonding should be 8% to 12%. A commercial veneer department arrange 
ment would be similar to Fig. 29, omitting the swin; 
saw, Sheridan cutter and edge gluing. 

LUMBER CORES generally are used for ply 
wood 1/, in. and thicker. Five-ply construction i 
the more stable; face and back veneers in 3-ph 
__ Planed or Sawed Joint usually are thin and do not effectively balance th 
“Jointer” Joint without Planing lumber core. Core lumber is preferably of poplar 


4 = chestnut, gum, or other available species. Only on 
4 species should be used in a core. Chestnut doe 

Mf 4, not give a sound edge for molding or shaping 

& To avoid warp, cores preferably should be mad 


Tongue and Groove Joints Single Double Of strips 2 to 3 in. wide. End joints are not ok 

Dovetail Joints jectionable and tend to eliminate twisting stresse 

Fie. 31, Types of Edge Joints in Fig. 30 shows various core constructions, and Fig. 3 

Plywood Cores various core joints. The dotted lines in Fig. 3 

indicate multiple cores to be cut apart after planin 

or gluing, to avoid showing endwise splices.. The veneer strips used as glue carriers in co! 
€ are patented. 


Fig. 32 shows the arrangement of a core department. 
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Lumber is most economically 


handled on kiln cars from dry storage and placed on a lumber lift; top of load then always 


Revolving Glue Clamps 


5 a] 


A O=_-Edge Glue Spreader 


afi 


Lumber Lift 


@ oryae 
wine 


Matching Table 5 


with Saw 


Swing Cut-off Saws 


Edgé Jointers’ 


8 2 o 
O— Badge Glue Spreader 


is at machine table height. If, 
before cross cutting, both sides 
are rough planed to reveal de- 
fects, a 2-side rough planer is 
placed adjacent to the lift, with 
the swing cut-off saws next 
in line. The stock then goes 
from cross-cut to rip-saws (see 
pp. 22-35 and 22-39) for trim- 
ming edges and removing wane 
(tapered and bark edges). If 
specifications are not too ex- 
acting, ripped edges may be 


oPlanersa 


ofr 


-———--80 fie - -—--——~ 


Revolving Glue Clamps 


Fic. 32. 
tion of operator. 


Arrangement of Core Department. O indicates posi- 
Numerals show sequence of operations. 


glued together without further 
finishing operations, but quite 
frequently edges must be jointed 


true, straight and smooth for gluing. The sliding matching table, operation 5, is used 
for the purpose of arranging core strips to distribute stresses, and to rip the last strip 


to net core width. 


Assembled core strips are glued edge to edge in an endless chain revolving clamp, 


with a cycle of about 
30 minutes. When the 
glued core returns to the 


loading point, it is re- 
moved and a fresh as- 
sembly inserted. The 
-application of edge glue 
swells the lumber, in- 
creasing thickness at the 
joint, and glued cores 
should be seasoned, or 
equalized in moisture 
content, before planing. 


Cores with Plain Rails 


Rimbound Semi- Semi-circular Inserted or 
circular Bent Rails Mitered Rails Interior. Rails 


- Fig. 33. Banded or Railed Cores 


Banded or Railed Cores (Fig. 33) have a band or rail, of the same species as the face 
veneer, on one or more edges, to give molded edges the same appearance as the upper sur- 


Bale 
o 
Storage 
with 
Conveyors 


i 


o 
Equalizing 
Plywood 


with Hot Pressing 


Fie. 34. Plywood Gluing Department. 
O indicates position of operator. Num- 
erals show sequence of operations 


Arrangement for Liquid Glue 
with Cold_Pressing 


Arrangement for Film Adhesive 


face. These bands are addi- 
tional core strips, glued on 
edges or ends, after the ends 
are trimmed. 

All plywood elements, faces, 


> —> 
— eee a a bands, backs and cores for an 
Stick ilar ae order should meet in an air- 
et Se conditioned central stock room 
jeer to avoid subsequent glue room 


delays. 

PLYWOOD GLUING DE- 
PARTMENTS are of two dis- 
tinct types: 1. Adhesives are 
mechanically mixed and spread in liquid form as 
layers are assembled. 2. Adhesive films are merely 
interleaved between the layers of veneers. The two 
types of department are shown in Fig. 34. 

Liquid Glues are: 1. Animal (bone and hide), 
prepared and spread hot. Seldom used because of 
cost. 2. Vegetable (casava or tapioca flour), cooked 
with caustic during mixing, and spread cold; used 
for cabinets and furniture, where water resistance 
is not required. 3. Casein (self-soured or acid- 
soured curds of milk), mixed, and spread cold with 
5% to 15% of hydrated lime; water resistance in- 
creases with lime content, but similarly adds abra- 
sive qualities that dull tools. 4. Soya bean (flour 


from soya bean residue after oil extraction), mixed with caustic, and spread cold; used 
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chiefly for box shooks and cheaper plywood. Some minor use is made of liquid glass: 
(silica) and fish glues. Resin adhesives are a comparatively recent development whicly 
are coming into extensive use. They are more fully described below. | 

Glue Mixers, except for animal glue which is heated without mixing, are steam- andi 
water-jacketed, and have revolving double beaters. They usually are located above the; 
spreaders and discharge into them. ; 

Glue Spreaders usually coat both sides of veneer at one operation; they have corru- 
gated steel rollers provided with scrapers (doctor bars or rollers), with glue reservoirs for? 
both rolls. The spread veneer is laid-wp with alternate layers of unspread veneer or! 
lumber, until a 3-ply or 5-ply unit is complete. Assembled units often are separated,, 
singly or in pairs, by cauls (waxed plywood or fiber sheets). : 

“When ad thick jd bee or Weide has been accumulated, as will enter the daylight of} 
the hydraulic press, the charge is pressed with 75 to 100 lb. per sq. in. of plywood area. 
While still under pressure, I-beams and clamp bolts are attached to maintain pressure} 
until the initial edge glue set has taken place, usually from 4 to 12 hours. Clamped| 
bales weigh 500 lb. and more, and are best handled by overhead conveyors. They usually: 
are stored over night and opened the following morning. 


Degrees Fahrenheit 


Degrees Fahrenheit 


5 610 | | 
Minutes - Minutes 


10 15 20 25 30 


Fie. 35. Temperatures Attained with Fic. 36. Temperature Attained with 


Veneers of Different Moisture Con- 
tent During Different Pressure 
Periods. Platen temperature (2 T.), 
300° F. Core thickness, 1/4 in. 
Specific pressure, 150-200 Ib. Pene- 
tration depth, 3/g in. 


Various Core Thicknesses During 
Different Pressure Periods. Platen 
temperature (P.T.), 300° F. 
Veneer moisture content 7-9%, 
Specific pressure, 150-200 lb. Pene- 


tration depth, 3/g in. 


Degrees Fahretheit 
Degrees Fahrenheit 


Minutes Minutes 


Fie. 37. Temperatures Attained Fic. 38. Temperatures Attained with 


with Various Penetration Depths 


L L ) Various Platen Temperatures and 
During Different Pressure Periods. 


Penetration Depths during Differ- 
Platen temperature (P.T.), 300° F. ent Pressure Periods. Specific pres- 


Veneer moisture content, 7-9%. sure, 150-200 Ib. Veneer moisture 
Specific pressure, 150-200 lb. Core content, 7-9%. Core thickness, 


thickness, 1/4 in, 1/g in. P.T. = platen temperature, 


The resulting plywood has excessive moisture content, due to glue water. It should 
be re-dried in an air-conditioned room at 100° to 120° F., and 70% to 50% humidity for 
about two days. Re-drying plywood should be piled with alternate layers of uniform 
stickers to give full surface exposure for easy moisture removal, and well weighted down 
during re-drying to prevent warping. Cheaper grades of plywood, as plywood box 


shooks, where gradual evaporation of moisture content and consequent warping are 
unimportant, need not be re-dried. 


Resin-film Adhesives are thin sheets of tissue 
resins. They have been successfully used in E 
‘since 1935. Typical and most used of these, 
comes in continuous rolls, is cut to veneer sizes 
and sometimes held in position by gummed 
ready for pressing, requiring simultaneous heat 
Setting of the resin film makes the resulting j 


paper, coated on both sides with synthetic 
urope for 10 years and made in the U. S. 
Tego, is a phenol formaldehyde resin. It 
, Interleaved with veneer on a lay-up table, 
tape or wire staples. It is immediately 
and pressure for setting or polimerization. 
oint insoluble in water, and produces the 
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strongest plywood bond known, such as is required for airplanes and other uses exposed 
to weather. Required temperatures are from 280° to 300° F. Specific pressures on the 
plywood range from 150 lb. per sq. in. up, depending on the compressibility of the wood 
species. Hot presses are hydraulically operated and equipped with from 6 to 11 steam 
(occasionally electrically) heated platens. Each hot press opening normally will take one 
layer of assembled plywood; but it often is practicable to insert two or more layers, up 
to 1/gin. each. The time required for heat penetration usually precludes more than 3/g in. 
total thickness in each press opening. Plywood is conveniently placed between sheet 
aluminum cauls (No. 16 gage) to facilitate press loading. Alternate veneer layers, usually 
the crossbands, should have 8% to 12% moisture content to aid in the initial flow of the 
resin as it becomes heated. Further heat and pressure give the final set. Figs. 35 to 38 
show the speed and extent of heat penetration to the furthest adhesive line to be polimer- 
ized. It is important that the effect of the variables be carefully observed to obtain the 
best results in film bonding. After removal from the press, plywood only requires cooling 
under slight pressure, to be ready to dimension. Some authorities prefer to cool and 
restore normal moisture content in the plywood by dipping or spraying with water. See 
Fig. 34. 

Liquid Resin Adhesives are (1937) coming into accepted use. They are mixed and 
spread as described for liquid glues, and bonded in hot presses. While having a urea 
formaldehyde base, lacking the full waterproofness of film adhesives, and requiring more 
processing than films, they can be extended by admixtures, and thus are considerably 
cheaper than films. A departmental lay-out can be had by adding section A of Fig. 34 
to section B, following the arrow. 

PLYWOOD DIMENSIONING preferably is done on double cross-cut and double 
rip-saws of the double-end tennoner type (see p. 22-46), in which a pair of endless chains, 
with lugs, carry the plywood through the saws. One saw head is fixed and the other 
adjustable to the size required, usually up to 72 in. Many other types of saws and saw 
tables may be used for this work. Ripping usually precedes cross-cutting. For center 

~matched plywood faces, pointers 


on the machine are used to in- ° j—_Inepéction 9 
, Double O}5]} O15} Of5] o 
sure proper centering of face Cross-eub | 
= Saw, 3 Be 


veneer joints. Sanders ¥ 4 
Sanding.—Plywood is sanded Special Equipment &{6]° 

to remove;the veneer tape and ofsts Edge Sanders 

to prepare surfaces for filling, p Sawo ss a 3 o pVarietyp 

taining, and lacquering. Usual pee Dise Sanders ane 

ee aH g- O1ste \ Spindle Sanders 

operations are: 1. Preliminary Ete, 


sanding of the back side of the a iM o pies jee 
plywood on a roll or endless belt og le K le fl 
sander, to clean it and remove ||Double Rip Saw 88nd Bélts 

most of the tape; other back 


[Inspection |} 
sanding seldom is necessary; 2. Fic. 39. Arrangement of Dimensioning and Sanding 


Department. O indicates position of operator. Num- 


Similar sanding on the face, tak- erals show*seduerice of operations 


ing care that high spots do not 
sand through; 3. Finish sanding on belt or stroke sanders, with very fine sandpaper. 
Some authorities advocate doing all sanding of plywood with highly-figured face on belt 
or stroke sanders, to prevent the waste of sanding-through by careful operation. Fig. 39 
shows a typical arrangement of a dimensioning and sanding department. 

Re-dimensioning sometimes is practiced when plywood is glued and sanded in multiples, 
as with small parts, where separate handling would greatly increase costs. See Fig. 30. 

Inspection.—The chief inspector usually is stationed between the sanding and crating 
departments, with sub-inspectors only in the face veneer and lumber core departments. 

Finishing 

FINISHING.—The term finishing generally includes polish sanding, filling, staining, 
lacquering, waxing, etc. The preliminary sanding operations (see p. 22-22) precede the 
cabinet assembly stage. Final polish sanding, either by hand or by mechanical devices, 
after cabinet assembly, should leave a very smooth surface which will not piace an undue 
burden on the filler. Many factories sponge before polish sanding to raise the grain, and 
cause the slender sander shreds to become more or less erect for removal in sanding. 
Since sponging tends to clean out the wood pores, they must be filled even with the sur- 
face, especially in open-grain woods like oak. The filler, silex and other ingredients, 
usually is a paste, diluted with naphtha. It is brushed on, allowed to dry partially, and 
rubbed into the pores with a circular motion. The surplus is wiped off, without removing 
any filler below the finished surface. Defective filling is indicated by pock-marks, when 
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too much filler has been wiped off, or the depressions are too open for the filler to stick. 
Correct results should follow the first filling; deficiencies may be remedied by repeating 
the process. In modern finishing technique, filler replaces the many coats of varnish 
formerly used. : | 

Stain.—After filling, stain is applied (this sequence is sometimes reversed), usually 
with a spray gun, to obtain the desired color. The color may be that to which the species 
will normally mellow from air exposure, or may be a purely artificial color. Stain and 
filler make end wood appear darker than side wood, because of the volume of penetration. 
Care must be taken to limit the amount of stain on colored areas. Stains are distinguished 
by the solvent as: 1. Water stains, erroneously called acid stains. They are the most 
permanent in color, but darken a trifle as the wood ages. They raise the grain more than 
other stains. 2. Spirit stains, dissolved in alcohol. They dry more quickly, fade easily, 
but do not raise the grain. 3. Oil stains, which are not extensively used in high grade 
furniture, because they ‘‘ bleed”? with the solvents used in later lacquer applications. 
In cheaper finishes, filler and stain are combined and applied in one operation; results 
are inferior. Water stain and aniline dyes, made from coal tar, are preferred for best 
all-around results. 

Varnish, formerly a widely used final finish, has largely given place to lacquers, which 
have much shorter drying cycles. 

Lacquer.—Many clear lacquers, of similar characteristics, gradually are developing 
into high-solid, quick-drying coatings. They perform more satisfactorily than varnish 
in drying ovens, and can be varied in constituents to meet the conditions of exacting 
service. A large number of them are made from a synthetic resin base, and many are 
formulated to withstand, without discoloration or blister, water, heat and alcoholic 
solutions. The number of coats applied varies, in general, with the degree of permanent 
finish desired. Consult the literature of the well-known makers of finishing materials 
for further details. 

Wax is one of the oldest finishes known. It is applied as a paste over about two 
coats of shellac. The shellac is applied on properly stained wood, which then usually is 
sanded. After the wax is dry, it is rubbed to a dull polish. If rewaxed occasionally, 
an excellent and easily maintained finish is obtained. 

Other Finishing Materials are colored lacquers and enamels, and various trade-marked 
products, some of which are of excellent quality. Their application is similar to the 
process outlined above. Usually a less expensive undercoater is applied, followed by the 
finish coats. Care must be taken to prevent the solvents used in the successive coats 
bleeding the preceding coats, thus producing muddy colors and sticky effects. 

ARRANGEMENT OF FINISHING EQUIPMENT.—Fig. 40 shows 
a typical finishing department. Finishing rooms must be dust free, Finishing || 
and thoroughly fireproof, since many solvent fumes are highly ex- vee 
plosive. All fan motors must be spark proof. Conveyor chains and efit 
other moving parts should be guarded against friction and sparks. 
Fully. air-conditioned finishing 
rooms permit standardization of 
drying conditions and make them 
independent of climate and 
weather. 

Many finishing rooms have 
overhead conveyors, from which 
semi-finished units are suspended, 
progressing successively from 
station to station in the finish- 
ing cycle. 

Some cheaper products are 
finished, in whole or in part, by 
dipping in tanks. Dipping ap- 
plies especially to stains and 
sealers, Provision then must be made to drain and drip, to avoid excess material form- 
ing beads in objectionable locations. 

; The ap Sanding Department, immediately preceding the application of finish- 
ee hag oe re should be separated from the spray booths by air-tight partitions to reduce 
= aun dé Drying ovens should be centrally located, with several separately 
ae ati a ARYL ME ana provide conditions required for drying filler, stain, 
Dadian See enka he ing materials are best stored in a separate fire-safe 
» where | xing can be done. All material should be piped and 
pumped to individual booth locations. 
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Hand sanding often is necessary between coats to remove small pimples that form 
around small particles of dust and undissolved solids. Many better grades of products 
require rubbing, to produce a dull, non-lustrous surface. On irregular shapes, rubbing 
may be by hand, or by holding the work against a cushioned revolving spindle. For 
table tops and similar products, mechanical stroke rubbers, with reciprocating cushion 
pads, are used. Rubbing down a good grade of lacquer gives a much better finish than 
semi-gloss lacquer, which lacks durability. The usual rubbing compounds are powdered 
pumice and oil, mineral oil and diatomaceous earth. 

Spray Booths are almost universally used in finishing rooms. They are closely regu- 
lated by local ordinances, requiring direct fan connections to outdoors, to preserve health 
of operators and to reduce fire hazard. Spray booths generally are equipped with auto- 
matic revolving tables, with pneumatic vertical travel, to give access to legs, backs and 
under parts. 

Spray Guns are atomizers, operated by compressed air at 75 to 100 lb. per sq. in. 
Guns giving smooth, glasslike, fan sprays are available that cover up to 60 in. width. Air 
volume may vary from 1/2 to 50 cu. ft. per min. Dual, triple, and quadruple heads are 
available for attachment on spray guns for special products. Consult manufacturers’ 
literature for details of spray booths and spray guns. 


Wood Preservation 


Preservatives that lengthen the life of wood exposed to decay or attack by insects 
or marine borers are: 1. Preservatives of an oily nature, relatively insoluble in water; 
2. Salts injected into wood in water solutions; 3. Toxic constituents in a volatile solution 
other than water; 4. Fire retardent wood treatments, which cover an industrial problem 
where municipal ordinances require fireproof construction. Intelligent selection for a 
particular service greatly prolongs usefulness of wood, with excellent ultimate economy. 

COAL TAR CREOSOTE, the best known wood preservative, is a black or brownish 
oily distllate of coal tar. It is the most generally adaptable preservative for a wide 
variety of uses. The broadest field is outdoor service, with weather and underwater 
exposure. Itsadvantagesare: 1. Toxicity to wood-destroying fungi and insects; 2. Rela- 
tive insolubility in water and low volatility; 3. Ease of application; 4. Facility of deter- 
mining depth of penetration; 5. General availability and relatively low cost. Its odor 
may be objectionable, but not serious, except where it may be transmitted to stored food 
products. The color sometimes is an objection where appearance is a factor, as creosoted 
wood cannot be successfully painted. Creosote does not increase the fire resistance of 
wood, but adds to its inflammability when freshly impregnated. The quality of coal tar 
creosote varies over a wide range. Grade 1 specifications of the A.W.P.A. (which are 
the same as those of the A.R.E.A.) should apply to creosote used for pressure treatments. 
For non-pressure treatments, the corresponding specifications of the A.W.P.A. should be 
designated. Coal tar, used alone, is too viscous for adequate penetration, but is used to 
dilute creosote for treating crossties. The blends most commonly used contain 20% to 
30% tar. ’ 

Creosote Petroleum blends are extensively used for the treatment of crossties. On 
the average, blends contain 50% petroleum and although this decreases toxicity, it still 
is sufficient for the purpose. The presence of petroleum is claimed to retard checking, 
splitting and brooming. Creosotes of distinctly lower value for wood preservation are 
made from distillates of water gas tar and wood tar. 

Toxicity Tests of wood preservatives may be defined as a ‘measure of extent or 
degree a substance acts deleteriously on wood-destroying fungi’’ (Schmitz). 

ZINC CHLORIDE is a water soluble salt. Its chief advantages are: 1. General 
availability; 2. Relative cheapness; 3. Uniform quality; 4. Cleanliness; 5. Painta- 
bility; 6. Freedom from odor; 7. Ease of shipment; 8. Absence of fire hazard. On the 
other hand, it leaches out rapidly in damp soil and underwater locations, and is not as 
effective against decay as creosote. It is used in building construction, on roof planking, 
and is more adaptable for use on sawn lumber, as contrasted with creosote, on piles, posts, 
ties and large timbers. The preferable degree of impregnation is about 1 lb. of dry salt. 
per cubic foot of wood, applied in 3% to 5% solutions, with subsequent evaporation of 
water solvent down to the moisture content required for the purpose intended. 

SODIUM FLUORIDE is less soluble in water than zinc chloride, and leaches out of 
wood rather rapidly. It is approximately as effective as zine chloride, but more expensive. 

MERCURIC CHLORIDE has higher toxicity characteristics than zine chloride. It 
is considerably more costly, and is objectionable because of its extremely poisonous char- 

ndency to corrosion. ' 
ee ccoenrcat. PRESERVATIVES, principally As,O3, have been used from time to 
time, but with questionable effectiveness. 


‘ 
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The foregoing preservatives are no longer protected by patents. Some patented pro- 
prietary preservatives, among which are the three following, give excellent results. 

WOLMAN SALTS are said to contain sodium fluoride as the principal ingredient in 
a water solution. They are of German origin, but have been used with reasonable success 
in the U.S. for mine timbers, roof timbers and miscellaneous lumber. 

ZINC-META-ARSENITE is a somewhat recent American development. It is a 
water-soluble preservative. Experience with it so far has been encouraging. 

VOLTATILE SOLVENT SOLUTIONS, in general, consist of a solution of beta naph- 
thol, one of the chlor-phenols, or some other similar toxin in the light petroleum fraction 
commonly known as mineral spirits. These preservaties are clean, odorless and paintable, 
and when contrasted with water soluble salts, have the advantage of drying quickly. 
They are usable for treating window sash, doors, flooring, and other mill work. When 
properly applied, warping, twisting or raising of the grain is avoided. 

FIRE-RETARDANT TREATMENTS are preferably by impregnation. They delay 
ignition and check the spread of fire over surfaces. For a thorough impregnation and a 
high degree of effectiveness, some authorities advocate approximately 300 lb. of chemicals 
per 1000 board feet of lumber, the cost of which often is prohibitive. Saturation must 
be as complete as possible, as many wood parts are extensively manufactured after treat- 
ment. Some fire-retardant treatments make the wood difficult to machine, requiring 
special cutters, frequently sharpened. Wood strength is not materially affected by fire- 
retardant treatments. The more usual chemical compounds for fire retarding have a 
predominating proportion of ammonium salts, but are rather complex and reference 
should be had to the literature of the industry and to that issued by the U. S. Bureau of 
Standards. 

EQUIPMENT AND PROCEDURE.—All bark must be peeled from round poles and 
piles, to facilitate impregnation. Round pieces and sawn lumber must be well seasoned 
(air or mechanical), as any preservative treatment is practically useless when applied to 
green or wet wood. Sometimes this pre-drying is the initial step in the wood preservation 
process. 

Complete impregnation is not essential, but penetration should be sufficiently deep 
to avoid subsequent checking or splitting exposing untreated areas. If possible, all 
cutting, framing, boring, etc., should be done before treatment. If such work is necessary 
after treatment, the freshly cut surfaces should be given two or three brush coats with 
hot preservative. Holes drilled on the job may be pressure treated by a simple device 
marketed for this purpose. 

An approved method of increasing penetration depth and diffusion is incising. Sawed 
or hewed timbers are passed through a machine, in which teeth on horizontal and vertical 
rollers sink into the wood from 1/2 to 3/4 in. The incisions are closer on the denser and 
less absorptive woods. 

The Pressure Processes are the most effective methods of treatment. The timber, 
separated to expose all surfaces, is placed on steel car bunks and run into a long steel 
cylinder, which then is closed and filled with preservative under pressure. Temperatures 
for efficient penetration usually are specified between 160° and 200° F., but are more 
advantageous toward the upper limits. 

The Full-cell Pressure Process (Bethell) is preferable for both oil and water solutions, 
when retention of a maximum amount of preservative is desired. It is not so satisfactory 
when limited oil absorptions are specified. Limited absorptions of water-soluble preserva- 
tives are obtained by lower concentration of solids, and subsequent evaporation of the 
water. The steps in this process are: 1. Charging the cylinder; 2. Applying a pre- 
liminary vacuum (10 to 12 in.) to remove all possible air from the cylinder and wood pores; 
3. Admission of hot preservative, without air, to the cylinder; 4. Application of pressure 
(150 to 175 lb. per sq. in.) until required absorption is obtained; 5. Withdrawal of preserva- 
tive; 6. A short final vacuum to free the charge from dripping preservative. 

Empty Cell Pressure Processes omit the initial vacuum step. In the Rueping process, 
an initial air pressure (25 to 100 lb. per sq. in.) is applied for a maximum of one-half 
hour with the denser timbers. The preservative is under a pressure of 150 to 200 lb. per 
sq. in. The Lowry process admits preservative to the cylinder under a pressure of 150 
to 175 lb. per sq. in. without either initial vacuum or air pressure. Neither empty-cell 
process will impregnate as heavily as the full-cell process, due to the resistance of the 
air imprisoned in the wood cells. 

PRE-CONDITIONING.— When natural or mechanical seasoning is impracticable, 
green timber is pre-conditioned, after peeling, on the treating car bunks in a closed cylinder 
which may be the regular treating cylinder. The process most used for yellow pine is 
to steam the charge at 20 lb. per sq. in. (259° F.) for several hours, followed by a like 
period of vacuum. The effect of the vacuum is to lower the boiling temperature in the 
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Table 14.—Specifications for Wood Preservation Treatments 
eS ee 


F 5 Absorption, 
Be city, Tae Specification No. | Ib. ft., Specifica- 
. eser- - tion No. 
poets Ss of Service vative * Am. Wood for Treat- a 
Federal | Preserv- Empty-| Full- ment ¢ 
eae cell | cell 

Crossties AUT FOUR We TREE Sa Ais 4 CT; CS | 556; 566} 4d; 5b 6 12 34b Note 1 
Crossties Douglas fir | Incised CT; CS | 556; 566} 4d; 5b 6 12 38a, Note 1 
Crossties AW Tay sets ls. demaze ea teeesk ZnCl 576 17nd Vise bare W/o} 34b Note 2 
Crossties Douglas ral aeasiras acter oy ZnCl 576 VER meneame err 1/24 38a Note 2 
Piling All ¢ Land; fresh water | CT; CS | 556; 566) 4d; 5b 8 16 39a Note 3 
Piling All ¢ Marine CT 556 | AO dey erate: 16 39a Note 4 
Piling All f Marine; severe CT SOO Pe etd Wee ae 22 39a, Note 5 
Piling Douglas fir | Land; fresh water | CT; CS | 556; 566) 4d; 5b 8 12 4la Note 3 
Piling Douglas fir | Marine CT 556 Fc a eee ae 14 4la Note 6 
Poles Pine Ordinary cr 556 ‘4d SP ileete 36b Note 7 
Poles Pine Severe CT “556 4d 12 16 36b Note 8 
Poles Douglas fir | Ordinary CT 556 4d ee Pane Ala Note 7 
Poles Douglas fir | Severe CT 556 Ale earearerecs 12 4la Note 8 
Poles Cedar Incised § cT 556 Adee es recaillaisetes 43D) |e aerr dene 
Poles Chestnut | Not incised § Oye 556 rie ho Al Ben el | ae ge Ban TER tens 
OHOR PORE AM Mili cree e Nes (hit. Gece wae eet Me CT; CS | 556; 566} 4d; 5b Geen. 37b Note 9 
Structural timber | Pine Under 5 in. thick | CT; CS | 556; 566} 4d; 5b 10 16 35c Note 10 
Structural timber | Pine Over 5in. thick | CT,CS | 556; 566] 4d; 5b 8 12 35¢ Note 10 
Structural timber | Douglas fir | Under 5 in. thick | CT; CS | 556; 566] 4d; 5b 10 16 45a Note 10 
Structural timber | Douglas fir | 5-9 in. thick CT; CS | 556; 566} 4d; 5b 8 10 45a Note 10 
Structural timber | Douglas fir | 10-14 in. thick CT; CS | 550; 566] 4d; 5b 6 8 45a, Note 10 
Building lumber | All 7 Painted ZnCl 576 lan PS eae ke 14 35¢ Note 11 
Building lumber | Douglas fir | Painted ZnCl 576 7g ee Be -t, s.. 17 38a Note I] 


* CT = Coal-tar creosote. CS = creosote coal-tar solution. ZnCl = Zine chloride. + Except 
Douglas fir. tAmerican Wood Preservers’ Assoc. § Butt treatment. { Based on dry salt. 

Note 1.—Empty-cell treatment recommended for ordinary conditions of use; full-cell treat- 
ment for exceptional conditions. 

Note 2.—Not recommended for arid or very wet regions. 

Notre 3.—Full-cell treatment recommended for important permanent structures where long 
life is of special importance, or for usé in warm, humid regions. 

Norse 4.—For North Atlantic waters. 

Norse 5.—For waters where marine-borer attack is severe. 

Nots 6.—For all waters where marine borers are active. 

Norse 7.—For use in the U. 8. 

Note 8.—For use in tropical regions. 

Notre 9.—Round posts recommended. 

Norn 10.—Full-cell treatment recommended for timber used under salt water. Empty-cell 
treatment suitable for most ordinary purposes. 

Nore 11.—For building lumber not in contact with ground, where painting is desirable, or 
creosoted material is otherwise unsuitable. 


cylinder and facilitate evaporation of moisture from the wood. The Boulton process is 
a preferred, and less harsh treatment for Douglas fir and hardwoods. This is a boiling- 
under-vacuum treatment in which the standard cylinder charge is heated in the preserva- 
tive oil at 180° to 210° F. under vacuum. As compared with steaming, the lower tem- 
peratures are less likely to injure the wood. The Boulton process removes more moisture 
from the outer surfaces (1 to 2 in. deep), but makes little change in the original moisture 
content below this depth. 

ABSORPTION AND PENETRATION.—tThe absorptive capacity of wood varies 
considerably with different densities of wood species, and the varying cell capacities of 
sap and heart wood, and spring and summer wood. ‘The amount absorbed is less per cubic 
foot in large timbers than in small poles, because of the larger proportion of center wood 
that is a negligible absorbing factor. A summary of Federal specifications for preservative 
treatment of wood is given in Table 14. 

NON-PRESSURE PROCESSES do not impregnate as thoroughly as the pressure 
processes, but are the only practical methods for butt ends of poles; posts and other items 
that require treatment only on the sub-soil end. They sometimes are used on submerged 
wood, where low costs are imperative or when pressure tanks are not available. 

The Hot and Cold Bath Treatment (Hunt process) is the most effective non-pressure 
process. The wood is heated in the preservative in an open tank for several hours, and 
then cooled in preservative for a like period. This may be accomplished by: 1. Trans- 
ferring the wood from a tank of hot oil to one of cold oil; 2. Draining the hot preservative 
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from a single tank, and quickly refilling with cold oil; 3. Shutting off the heat, allowing 
preservative and wood to cool together gradually. : ; TH 

Coal-tar creosote is the medium generally used in this process, as it is preferred for 
under-soil exposures. The hot temperature is about 230° F.; cooling should be to:about 
100° F. Higher temperatures penetrate better, but are subject to evaporative losses. 
The length of bath depends on the absorptive characteristics of the wood and the degree 
of penetration required. It is best determined by the conditions on each job. If pene- 
tration is insufficient, lengthen the time; if too much oil is absorbed, shorten the cold bath. 

The Steeping Process is old, but not extensively used. Timbers are soaked in a cold 
solution of preservative for several days. It is mostly used with water-soluble com- 
pounds on sawn lumber, which should be separated to maintain complete face exposure. 
Only fair results can be expected, especially with treatments of 2 or 3 days duration. 
If time is not a factor, 10 to 15 days is much better. . 

Miscellaneous Processes.—In the dipping process, wood is submerged in preservative 
at 200 to 230° I’. for 15 minutes. The effectiveness is limited. Brushing and spraying 
are even more superficial. Their use sometimes is unavoidable in emergencies, and on 
parts that have to be cut on the job. 


Wood Bending 


Several processes of bending are in use. The technique differs between solid wood and 
plywood, as the fiber strain usually is much greater and more unbalanced in solid wood. 
Fundamentally, in bending wood strips the individual wood fibers tend to slide by each 
other slightly; outside fibers are stretched under tension, and inside fibers are compressed. 

WET BENDING IN SOLID WOOD.—Any wood part is more easily bent when 
soaked or steamed to a point of thorough saturation. Consequently, bending is better 
and breakage less with steamed or cooked semi-dried lumber than with kiln-dried lumber, 
which is brash. Pieces to be bent should be dressed as 
nearly as possible to final sizes before bending. 

The following process is applicable to pieces of approxi- 
mately square cross-section; for wider or flat pieces, see 
Dry Bending below. Three factors are important in wet 
bending: 1. A smooth rigid form without abrupt changes 
in curvature on the concave side of the curve; 2. A thin 
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flexible metal strip, on the convex side, drawn tight, to reduce breakage; 3. Sufficient end 
' pressure to eliminate danger of shear on any fiber line. See Fig. 41. The cycle of 
bending and drying is much shortened if forming is done in a press under heat. 

DRY BENDING IN SOLID WOOD.—A preferable method of bending wider and 
thinner pieces of solid wood is a series of three rollers, as in Fig. 42. Heat is applied to 
the upper roller D, and below the endless steel flexible conveyor belt H. The wood W 
is rocked back and forth until the desired degree of curvature is obtained. Temperatures 
may be as high as possible without charring wood surfaces. This method can be used 
for such items as curved slats for chair backs, and for plywood up to 5/16 in. thick, if the 
adhesive is heat resistant (resin or casein). The bent pieces, both of solid wood or ply- 
wood, should be placed in skeleton curved forms until thoroughly cooled and normalized 
as to moisture content. 

BENDING PLYWOOD DURING GLUING ASSEMBLY.—As a practical manufac- 
turing problem, only such curves can be economically bent in plywood assembly operations 
as can be formed in hydraulic presses with vertical pressure. There is a definite limit to 
the extent of curved segments that can be glued effectively. Fig. 43 shows that, with a 
given direct pressure A, a 90-deg. segment will have a pressure of approximately 2/3 A atits 
extremity B, while a 120-deg. segment will have a pressure of 1/o A at the extremity C. 
It is possible to bend a 120-deg. segment successfully, and it will include enough more 
than a quadrant to produce grooved and well-fitted corners. A 180-deg. segment would 
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have no vertical pressure component at D: i 

; pressure would be derived only from the 
snugness of the forms. The limit of 120-deg. segmental angle applies t i 
compound curved surfaces. Se ce, ie 
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Figs. 44 and 45 show typical curved segment 
plywood constructions. The thickest layers of 
veneer are bent with the grain, and thin sheets only 
are bent against the grain. Increasing the number 
of plies (Fig. 44) often facilitates the bending 
operation, and reduces the thickness of the layers. 

Cold Bending.—Plywood bending operations 
can be done with liquid adhesives, vegetable, 
casein and animal glues, in unheated hydraulic 
presses, utilizing the usual I-beam clamps on one 
or a series of pairs of forms (Fig. 46). A quick- 
setting (3 to 4 hr.) glue should be used to reduce 
investment in forms. After removal from gluing 
forms, the curved plywood should be racked in 
curved skeleton forms, and weighted during re- 
drying. See p. 22-26. 

Hot Bending.—Better results are obtained by Fia. 47. Plywood Bending Press 
making curved plywood with film or liquid resin 
in a hot press. Single assemblies of plywood are bonded, in one pair of male and 
female forms similar to Fig. 46a, but made of aluminum. A pair of forms is placed 
between each pair of heated platens. Upon completion of bonding, requiring about 
10 minutes, the forms are again available and may be used as many as 50 times per day. 
The plywood does not require re-drying to remove glue water, nor is curved hot-pressed 
plywood inclined to warp or lose shape. 

BENDING PLYWOOD AFTER BONDING.—Plywood with water-proof resin bond- 
ing can be steamed and softened after bonding to facilitate bending. This has opened 
up a new technique for curved plywood, allowing sharper bends and curvatures up to 
nearly a complete circle. These bends can be made in 1/g-in. plywood and thinner with- 
out recessing or cutting away on the concave side. Plywood thicker than 1/3 in. and up 
to approximately 1/2 in. is recessed on the concave side, leaving about 3/39 in. of plywood 
in the bend. The plywood is thoroughly steamed at the point to be bent, placed in a 
bending press, Fig. 47, and the lower female form pressed up against a heated cylinder 
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of the required diameter: The effect of the heat is to set the bend permanently. If the 
resulting bend is to be framed in a groove no reinforcement is necessary (Fig. 48a). if the i 
curved plywood is unsupported, a sheet of veneer should be added (Fig. 485), with its 
grain running around the curve, and bonded to the inside curve by a liquid or film resin. | 
This latter construction is patented. 

The process of bending plywood with lumber cores is somewhat different. The back 
is recessed, as in Fig. 49a, down to the 
face crossband, leaving only the crossing 
and face to be flexed. The wood core 
is cut to such a miter as will meet when 
the curve is made. A sufficient slot is 
provided, next to the face crossband, 
into which a glue-covered spline can 

inserted, the grain of the spline 


Cross Bana 1/28” 
a 
Totai Thickness 3/32! 


a. 90-Deg. Right Angle Be 


iy) 
Wy 


b, Reinforced b. Full 180-Deg. Bend 
Fia. 48. Bending Plywood After Bonding Fie. 49. Bending Plywood with Lumber Cores 


being parallel to the axis of the curve. When the glue is set on the curved spline, the 
joint will be firm. Glue setting usually is done while the plywood is clamped in curved 
position. 

FLEXIBLE PLYWOOD may be made 3-ply with a very thin core, and thick loosely- 
eut outsides. It is suitable only for rougher uses that are to be painted, and is not adapta- 
ble to figured face woods. 
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SANDING OF CURVED SHAPES presents some unusual problems. Good results 
may be obtained by attaching either the saddle or cradle, Figs. 50 and 51, to a belt sander 
to facilitate sanding either the inside or outside face of curved plywood. 


4. SMALL TOOLS 


Small tools for woodworking can, in general, be used practically unchanged for working 
the plastic and phenolic materials, and also rubber. 

THEORY OF CUTTING WOOD.—Wood is made up of parallel fibers. Cutting 
lengthwise is simply peeling a layer of fibers off from those below, as with a splitting axe or 
carpenter’s plane. In cutting across the fibers, every fiber must be severed. A knife or 
chisel driven forcibly across grain is the simplest form of cross cutting. Both examples 
represent “ line ’’ cutting without waste. 

Saws divide the fibers, lengthwise or crosswise, by cutting out a swath or kerf. Ina 
cross-cut kerf the fiber first is severed at both sides of the swath; the short cut fiber then 
is removed by a lengthwise cutting at the bottom of the kerf. In ripping a kerf with the 
grain, the fiber in the swath to be removed first is cross cut and then peeled loose from the 
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sides of the kerf. Cross cutting requires a knife point cut at each side of the kerf. This is 
made by teeth alternately high at the sides and pointed and beveled on the front. Raker 
teeth may be used to peel or split the severed 
fiber and remove it. Ripping requires chisel- oF 
pointed teeth, set or swaged to the width of the 
kerf, and with enough hook to sever the fiber with 
an adzing cut. It simultaneously is split loose at a, Circular Rip Saw 
both sides and removed. 
Saws are set, or hollow ground, to reduce fric- ANh@AMAA4 
tion. Surface tension or case-hardening of the ; 
lumber may cause boards to pinch or close the kerf US ong OA 
during a cut. This is one of the principal reasons 
for wide clearance and wide kerfs. See Fig. 52d. 
With revolving cutter heads having knives or 
bits, the cut generally is lengthwise. It is not short.rake, and cross-cut teeth 
exactly a splitting cut, since only at the finish ; F 
line of straight grain woods is the cut parallel with 
the grain. At other parts of the cut, the knives 
are chiseling or adzing, and cross-cutting the 
grain. 
SAWS may be classified generally as: 1. Saws 
for the primary conversion of logs into lumber and ; 

: : “ d. Cross-section of S 
timber. Being used on live or green logs, there ‘combination saw e. Huther Patent-tooth 
is no ‘danger of overheating and damaging saw 5lowground = Solid-plute Grooving Saw 
temper. Such saws should be designed to cut 
smooth and to close dimensions, as subsequent 7. Band-saw Teeth Showing Hook 
shrinkage necessitates machining to final size and 
shape. Cutting of tough, green wood requires a pict cage 
_ different tooth than does the cutting of stiffer and 
stronger, but more brittle, dry wood. 2. Saws 
for the secondary conversion of the board after 
seasoning, into intermediate or final products. 
Saws may overheat and lose temper in dry wood, 
and may scorch or discolor it. Acctrate, smooth 
cuts must be made, to produce final dimensions 
with maximum smoothness and minimum waste. 
Tooth shape must be such as will cut rapidly Rraesorormelot Saw Teeth 
without heating, and accurately, with minimum 
power requirements. The thickness of saws is designated by Stubs gage. See p. 6-23. 

These two general classifications may be still further subdivided as below. Fig. 52 
shows the various forms of saw teeth. 
Saws for primary production (converting green Saws for secondary production (converting dry 
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logs into timber and lumber): boards into diversified wood products): 
Circular saws Circular saws 
Solid discs Ripping (Fig. 52a) 
Parallel-to-grain or rip cut (Fig. 52a) Cross cutting (Fig. 52b) 
: Perpendicular-to-grain or cross cut (Fig. Combination (Fig. 52c) 
52b) Special purpose (Fig. 52e) 
Inserted teeth Band saws, continuous or endless 
Shingle saws, thin edges with thick centers Ripping or resawing, wide (Fig. 52f) 
Band saws, continuous or endless (Fig. 52f) Curved and special shape, narrow (Fig. 
Parallel-to-grain for cutting logs into lum- 52g) 
ber and timber Band saws, reciprocating 
Perpendicular-to-grain, drag saws for log Jig and scroll saws 
lengths Special purpose saws 
Band saws, reciprocating, mostly gang resaws Dadoing (Fig. 52e) 
Special purpose saws Tennoning and mortising 
Cylindrical, for cooperage stock (Fig. 52h) 
Concave 


KNIVES AND CUTTERS.—The function of a knife or cutter on a planer, moulder or 
shaper is to reduce the surface or edge of a part to the desired shape and dimensions without 
marks or scratches, and with a smoothness that can be finished. <A roughly-sawed surface 
or edge requires more subsequent machining than one smoothly sawed. Close correlation 
between the roughness of the saw cut and the depth of the planer cut is necessary. Often, 
as in jointing plywood cores, a saw can be made to cut smooth enough to eliminate a 
separate jointing operation. A slightly rough cut is considered better for gluing than one 


with too smooth an edge. 
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The basic machines using knives and cutters are: 1. Planers or jointers using straight | 
cutting edges to produce plane or level surfaces. They cut continuously along a straight : 
face, not on the side, and parallel or nearly parallel to the grain. 2. Moulders or stickers, , 
which are, in effect, multiple planers, usually designed to cut straight or irregular surfaces : 
on all four sides of a piece simultaneously. Cutting may be with either face or side of the : 
knife, but substantially parallel with the grain. 3. Shapers, which are particularly p 
designed to produce irregular and curved shapes or edges both in vertical and horizontal | 
planes. They use a variety of solid, sectional, and laminated cutters, often cutting at an | 
abrupt angle to the grain. 

On relatively large diameter wheels, the method of attachment of knives and cutters | 
for planers, moulders and shapers, determines the classification. This involves both the 
provision made for knife attachment, and the corresponding design of head to which knives | 
are attached. Rigid mounting is imperative because of high operating speeds, strong | 
centrifugal forces, and the deep cuts often required. 

Knives are distinguished, in general, by thickness as: 1. Thick knives, usually compris- | 
ing a tempered steel face and cutting edge, welded to a softer steel back used for clamping. 
Narrow knives of the chisel type may be entirely of tool-steel, tempered principally at the | 
cutting edge. 2. Thin knives which require clamp bars and plates, or attachments. Such 
tool-steel knives seldom are recessed for attachment. They require stiffer bars to provide 
rigidity and firmness. A knife that chatters will not cut smoothly. : 


Knives and cutters may be classified by machines and by thickness, as follows: 


Planers and Jointers for cut- 
ting straight surfaces, 
single and double, par- 
allel to wood grain. 

Thick rigid knives, parallel to 
axis of head (Fig. 53a) 

Square heads 
Two-knife (Fig. 54a) 
Four-knife (Fig. 54c) 

Face clamping 

Oval holes in knife with 
bolts adjustable in 
slotted head (Figs. 530, 
54c) 

Slotted holes in knife, 
with tapped holes in 
head (Figs. 53a, 54a) 

Ribbed-surface knives for 
rigid clamping (Fig. 
53c) 

Round heads 

Clamped with counter-~ 
sunk bolt heads 

Internal bolt clamping 
devices 

Thin knives, semi-flexible, re- 
quiring support and 
clamp bars (Fig. 53d) 

Knives parallel to axis of 

head 

External clamp bars and 

bolts 
Square heads (Fig. 54d) 
Round heads (Fig. 54g) 

Internal clamp bars and 
bolts (Figs. 54e) 

Wedge and taper clamps 
(Fig. 54/) 

Knives spiral to axis of head 

External clamp bars and 
bolts 

Internal clamp bars and 
bolts 


Moulders and stickers for cut- 
ting multiple straight 
and irregular surfaces 
parallel to wood grain 
(Figs. 56a, 56b, 56c) 

Thick rigid knives (straight, 
not spiral) 

Angular heads 
Two-knife (Fig. 54a) 
Three-knife (Fig. 54b) 
Four-knife (Fig. 54c) 

Face clamping 


Tapped holes in head 
(Fig. 54a) 

Bolt slots in head (Figs. 
54b, 54c) 

Ribbed-surface knives for 
rigid clamping (Fig. 
53c) 


Edge clamping 

External bolts (Figs. 55a, 
55d) 

Vise or jaw clamps (Figs. 
55c, 55d) 

Slotted bolts with adjust- 
able cutting angles (Fig. 
55c) 

Round heads 
Clamped with countersunk 


bolt heads 
Internal bolt clamping 
device 
Wedge and taper clamps 
(Fig. 55f) 
Thin knives, semi-flexible; re- 
quiring support and 


clamp bars 
Knives, parallel to axis of 
head 
External clamp plates 
and bolts (Fig. 54d) 
Internal clamp plates and 
bolts (Fig. 54e) 
Wedge and taper clamps 
(Fig. 54f) 
Knives spiral to axis of head 
External clamp plates and 
bolts 
Internal clamp plates and 
bolts 


Shapers for cutting irregular 
surfaces in two planes 
and frequently at 
abrupt angle to wood 
grain 

Knife blades clamped to head 

Face clamped to head 

Slotted hole, tapped hole 
in head (Fig. 54a) 

Slotted knife and bolt in 
head (Figs. 54b, 54c) 

Edge clamped 

External bolts (Figs. 55a, 
55d) 

Vise or jaw clamps (Figs. 
55d, 55e) 

Slotted bolts with adjust- 
able cutting angles (Fig. 
55c) 

Clamped with pressure bars 
or plates (thin knives) 

External clamped with 
countersunk bolt heads 

Internal clamped 

Wedge and taper clamps 

Thin knives of slightly irreg- 
ular shapes (Figs. 56a, 


56b, 56c) 
Solid knife heads mounted on 
arbor 
Thick knives of a wide range 
of shapes (Figs. 56d, 
56e) 
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T-Slots T-Slots 
f Crosswise Lengthwise 
for Bolts for Bolts *, aaa] 
a. Thick (Solid or Lamina / 


Knife Slotted from Back ‘ 
Delle se f 


6. Thick (Solid or Laminated) 3 
Knife,Drilled or Slotted Holes @ Two-knife Head 


Eras i (| = 


¢. Thick (Solid or Laminated) Knife; 
Serrated Cape or Washer 


SOT 


Ha | 
d. Typical Thin Knife : : 
Pia. 532 (F ‘orms of Cutter . Four knife Square Head e. Six-knife Solid J. Six-knife Solid 
Knives for Thin Steel Bits Round Head Round Head 


BORING TOOLS.—The principle 
underlying a boring tool or bit is similar 
to that of a shaper tool, except that the 
boring tool advances into the wood. 
Mechanical means must be provided for Geant Gta ter asi datety Can; 

.this movement, as well as for the removal Two Thin High-speed Steel Knives 

of chips from the enclosing hole along 

the spiral shank of the bit. The two ate ee 

basie types of boring tools are: 1. Boring into side wood, where the bit requires side 
spurs to sever the wood fibers on the circumference of the hole, before the cutting and 
lifting edge of the bit separates the chips along the fiber line. 2. Boring into end wood, 
where the bit shears off the fibers as it advances, the cutting of the circumference being 
merely a separation of the fibers. See Fig. 57. 

Bits.—Fig. 58 shows four main.types of bits. The double-spur bit is a general utility 
tool, usually made with a single- 
thread screw point. The extension 
lip bit usually has a double-thread 
point. Itisused to producesmoother 
holes, with less liability to split hard 


c. Bits Edge-clamped 
by Slotted Head Bolts 


b. Side Clamping 
a.Edge-grip Head for Milled Bits 
v\ D {95 \SS>5 oe 


a. Bolted-on _—b, Slotted c. Side-clamped 
ree Type ype 


@: Thin Solid Knife Head e. Thick Solid Knife Head 
Fia. 56. Bits and Solid Knife Heads 


e. Head with Slotted Knife and 
Clamped Bits Held by Clips 


d.¥our-bit Vise-grip Head 


* Taper-Pin Face-clamped Head : ; , 
rie Fic. 57. Boring into Side and 


Fia. 55. Methods of Clamping Cutter Knives and Bits End Wood 
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wood. Both types are used to bore holes in side wood. The taper head drill is designed | 
for boring end wood. It may be used for side wood if a rough hole is not objectionable. 
The spur machine drill is a modification of the taper head drill. It has spurs and a brad — 
point, to adapt it to better boring service in side wood. It is used in gang boring where | 
holes may be at various angles to the grain. 

The kind of spiral groove or twist for chip removal, depends on bit size, depth of hole, 
and direction of grain. Fig. 59 shows the more important types. The double twists are 
usual for medium and large regular boring; left-hand is standard for a bit turning clock- 
wise. Some gang boring machines require right-hand twist bits, rotating counter-clockwise. 
The solid center twist, with a round stem or shank in the center, is used for small bits. 
The ship auger twist has the largest body of metal on the edges, the center being used 
for more adequate chip removal. It is most suitable for deep boring in large timbers. 
The drill twist has a much more rapidly rising spiral than others, its function being the 
removal of smaller end wood cuttings, rather than side wood chips. It is so ground that 
the margin is wide enough to resist wear, thus maintaining the diameter. 


Bide Li Single Screw 
Bhank Hollow Twist Throat \ Spur Point i Hollow Hollow, Twist 
Cutting 
Edge a 
DOUBLE SPUR MACHINE BIT Cutting Pitch Left Hand pousve twists Right Hand, 


Shank Holloy Twist Throat. Spur Extension Lip Twist Stem 
Cu 
eames OE Gus PaaS a 
EXTENSION LIP MACHINE BIT( Double Screw Point SOLID CENTER Twist 
Shank Twist) Flute Margin ;Throat “Utting Pitch Twist Hollow 
Taper Cutting 
CoSSSor ions 


Body Clearance Cutting Pitch SHIP AUGER TwisT 
T 
‘APER HEAD DRILL tting Flute Body Giearanée Margit i 


Shank Twist Flute Margin a ene 
roa! Cutting 
Brad EB 
Body Clearance \ Point GS age ORILL Twist 
spur . 
SPUR MACHINE DRILL Fic. 59. Types of Chip Removal 
Fia. 58. Types of Boring Bits Grooves 
Fic. 62. Plug Cutter 
a, Gountersink Drill 
a. Single-flute Router Bit 
b, Countersink Machine Bit 3. Double-end Router Bit. 
ee eee with a. For Solid Wood 6.For Plywood ¢. Double-flute Router Bit 
aper Head Drill ; Fre. 61. Bits for Large Diameter Made Right and Left Hand 
Fie. 60. Counterbore Bits Shallow Holes Fig. 63. Router Bits 


Fig. 60 shows bits for boring concentric holes, sometimes called counterbores. The 
countersink a is for flat-head screws, while recessing, as for washers or bolt heads, is done 
with one of the forms of counterbore of which } and ¢ are examples. Many other combina- 
tions may be made for both side and end wood. 

Large diameter shallow holes do not require bits with spiral shanks, as chips seldom clog. 
Fig. 61 shows two types, a for solid wood, and b, with saw teeth on the circumference, for 
ae Both have brad points. ; 

ig. 62 shows plug cutters with ejector plungers, on i i igh- 
steel teeth for abrasive plywood adhacetee as oer idlaieoiet yet gaits 

; Router Bits, Fig. 63, while similar in appearance to boring tools, have different func- 
tions. A router is chiefly used to cut recessed grooves, or to cut out, by means of grooves 
regular or irregular outlines. A router bit has a cutting lip throughout its length to 
produce smooth-edge grooves. It rotates at much greater speeds than a boring bit. The 
function of side cutting is much more important than end cutting. The advance out of a 
spur is not needed, and the fluted clearance slot, for chip removal, may be straight instead 
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of spiral. Router bits may be designed for various sha es, like T- 
and the like. In this form they may resemble shaper ites and alee paar tote 
MORTISING TOOLS, Fig. 64, are duplex boring and chisel cutting tools. A 
central standard bit bores a round hole, and, surrounding the bit, a square four-side chisel 
removes or broaches out the round fillet corners. Chips from both cuts are lifted out by 
the spiral shank of the bit and discharged through clearance clots in the square chisel shank 
(one for soft wood, two for hardwood). The slots are located above the wood surface at 
maximum cutting depth. Chisel points are longer at the corner than at the center, to 
ee a eis cut Fi Saas corner fillets. 
ong holes, up to 1 1/2 1 dimension ratios, (ees 
can be made with a rectangular oblong chisel, ry Sacco | AD cca 
as in Fig. 646. If a 2 X 1 ratio is required, a. Hollow Chisel with Chisel Bit 


and the shape of hole is concealed by shoulders (ei SS a, Na 
on the tenon, the result can be obtained at a EE Sasa Ss) 
single stroke by the hollow chisel, Fig. 64c. \ Aes cd 

S ong Ow 


aa cutting edges of the chisel are arranged for Min Cie 
shear cuts on all four sides. Otherwise, oblong’ @) 
holes are made by multiple strokes of a square aaieonmrase tas 
mortising tool. Proper clearances must be GLAS) stg pete ler Ovestt 
provided between internal bits and external Fig. 64. Mortising Tools 

chisels to avoid friction, heating and burning 

the wood. In setting mortising tools, the chisel is set first, and then the bit, with the 
bit cutting lips extending a little beyond the extreme cutting tips of the chisel. Mor- 
tising tools are not suited for cutting end wood. 

Mortising Chains are available for oblong holes, being a series of cutters attached to 
an endless chain. They are not boring tools, but produce a similar result. The hole has 
a rough edge, but may be satisfactory for such products as mortise-and-tenon doors, 
although the joint cannot be very snug, 


5. MACHINE TOOLS FOR WOOD * 


_ Saw Machines 


The five principal types of saw machines are: 1. Rip-saws, circular cutting; 2. Cross- 
cut saws, circular cutting; 3. Variety saw tables, circular cutting; 4. Band saws, con- 
tinuous band cutting; 5. Jig and scroll saws, reciprocating band cutting. In many 
machines, rip, cross-cut or combination-tooth saw discs may be used interchangeably, 
while some are single purpose machines. See p. 22-35 for saw disc types and teeth. 

Saw cuts are required on a variety of machines, where the saw cut is auxiliary to the 
general purpose of the machine. Examples are double-end tenoners, dado heads or 
grooving cuts on moulders, trim cuts on veneer jointers, or a cut-off on a dowel machine. 
In general, the best cutting speed for either a circular saw or band saw is approximately 
10,000 ft. per min. 

RIP SAWS.—Machines designed exclusively for ripping are of two main classes: 
1. Single or multiple ripping of full length boards, often the preliminary dimensioning 
operation in a planing mill, and sometimes in a furniture factory. In gang set-ups, to 
avoid a winding cut, saws must be of equal diameter and approximately the same degree 
of set and sharpness. Saws usually are mounted on the lower arbor, with pressure or 
feed rollersabove. 2. Single ripping of cross-cut stock (often called straight-line rip paws). 
The saw usually is mounted above, with an endless feed chain below. Such saws often 
give a sufficiently straight and true edge for gluing. Arbors are sometimes below the 
work, the saws extending upward between a divided feed chain, above which are mounted 
idling pressure or feed rollers. 

CROSS-CUTTING SAWS (also called stock-cutting saws) may be of the following 
types: 1. Swing saw (an older type) hung from the ceiling and swinging into the work on 
an arc; 2. Clip saw, swinging from below, with the motor drive pulley concentric with 
the pivot; 3. Saws on sliding ways, or other mechanical device, to move them horizontally 
into the work and out. Cross-cutting usually is the first dimensioning operation in a 
furniture factory. , 

VARIETY SAW TABLES may be equipped interchangeably with rip, cross-cut or 
combination (rip and cross-cut) saw discs, depending on the work. For grooving or 
tenoning, dado heads or wobble saws may be used. Wobble saws are angle mounted, with 


* For machines for primary saw mill conversion operations, see p. 22-09. 
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-shaped collars, between two perpendicular saws for slotting or rabbeting. Variety ' 
cee are’ equipped with side gages, back gages, and angle adjustments for 
miter sawing. ~For angle cutting, the table may tilt or the arbor may be pivoted. In size, , 
they range from small bench age up to floor machines. Speed of floor units usually » 
i to 3600 r.p.m., requiring 5 Hp. 

o fans all ey tie cut against the feed, the operator should take great care to | 
avoid dangerous “ kick backs.’’? Most modern saws have mechanical devices to protect | 
against both kick backs and hand hazards from the saw discs. ; d 

BAND SAWS.—Resaws for such operations as ripping special thicknesses, usually 
are about 6 in. wide, with heavy corrugated feed rollers on vertical shafts. Regular 
band saws may be equipped with a variety of blades, seldom wider than 1 in. for straight 
work, and down to 1/4 in. for curved work. Band saw wheels range from 30 to 36 in. 
diameter, with direct-connected motor on the lower wheel. Band saw throats take work 
up to 36 in. wide by 18 in. thick. Motors are 3 to 71/2 Hp.; wheel speeds are 600 to 
1200 r.p.m. Small bench models also are made. 

JIG AND SCROLL SAWS are used chiefly for cut-outs that cannot be made on 
band saws, and are much less costly than band saws for small shops. The development 
of the high-speed router, producing smoother edges, has greatly lessened the utility of 
the jig saw. 


Planing Machines 


The underlying principles of cutting wood surfaces in the planer also are used in the 
jointer, moulder (sticker) and flooring machine. The following explanation of these prin- 
ciples in the planer, applies also to these other types of machines. See p. 22-37 for the 
forms, shapes and methods of attachment of knives. 

CUTTING MECHANISM.—Fig. 65 shows a section of a typical planer cutting 
mechanism. The cutting head revolves against the infeed of the stock, and the grooved 
infeed rolls should be powerful enough to withstand the double load of feeding stock and 
holding it against 
the action of the 
cutters. Infeed rolls 
often are made in 
sections to bear 
more uniformly on 
thick and thin 
stock. Large single 
surfacers and _ all 
double surfacers 
have two pairs of 
infeed rolls. Pres- 
sure of the feed rolls 
tends to straighten 

: crooked lumber, 
Stock bea and the ordinary 
Fic. 65. Planer Cutting Mechanism. planer cannot be 
relied upon to re- 
move wind and warp entirely. A special type (straitoplane) is used for this purpose. 
See p. 22-42. The chip-breaker prevents lifting and tearing of the grain, and reduces all 
chips to a size that will not clog the cutting head, nor be difficult to move as shavings 
in the dust collector system. The steel tipped chip-breaker shoes ride the top surface of 
the ineoming lumber, and are substantially concentric with the cutter head. They are 
suspended from a sturdy cross bar, as a heavy cut places a severe strain on chip-breaker 
mechanism. The smooth outfeed roll and the pressure bar require exact adjustment to 
the final planed thickness. They must be rigid enough to prevent any chatter or end 
clipping in the board during the planer cut. 

The cutter head in Fig. 65 is of the round type with four thin knives, clamped in slots. 
While it is possible to set the several knives in approximate alignment, it is necessary to 
joint or grind all knives, at operating speed, to a true cutting line, after they have been 
set and clamped in the head. This preferably is done with a special motor-driven traveling 
grinder mounted over the main bearings of the planer. In some cases (as an enclosed 
lower knife head), the head is partially or wholly removed, with the knives clamped in 
place and ground in that position. 

Planer cutting circles usually are about 6 in. diameter but vary with the different 
makers and shaft lengths. Since the standard speed of planer shafts usually is 3600 r.p.m. 
(7200 when a frequency changer is used), it is important that they be in perfect mechanical 
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and static balance, requiring careful attention to the individual weights of knives and 
clamping devices. One of the most difficult problems of planer design is to overcome 
shaft whip or deflection at high speeds, especially in the wider machines, tending to 
produce uneven thicknesses and rough planing. 

Proper cutting angles are important. They vary with the species and dryness of the 
wood. Table 15 gives their dimensions. 

Knife Cuts per Inch.—A definite relation exists between the rate of feed, the peripheral 
speed of the cutter and the number of knives in the shaft. At best, any planer cut is a 
series of miniature waves in the planed surface, the degree of smoothness depending 
on the shortness of the individual waves. This relation is clearly indicated in Table 16. 

TYPES OF PLANERS.—tThe principal types of planing machines are: 1. General- 
purpose planers; 2. Cabinet planers, for high quality work; 3. Mill-type planers, for 
surfacing full length boards. 

General-purpose Planers, ordinarily used in so-called planing mills and job shops, 
have a bed (thickness) adjustment in vertical ways by means of two geared screws. With 


Table 15.—Cutting Angles and Knife Cuts per Inch for Planers and Similar Machines 
(Copyright, S. A. Woods Machine Co., Boston) 


Dry Air Dry Wet Green 

Kind of Wood] Cutting a Cutting oe Cutting oe Cutting rae 

Angle per in. Angle per in. Angle per in. Angle per in. 
NOBGAT asta os 20-25 8-12 25-28 7-10 28-35 7-10 28-35 7-10 
Redwood..... 20-25 8-12 25-28 7-10 28-35 7-10 28-35 7-10 
CY DIES «4 ons 20-25 812 25-28 7-10 28-35 7-10 28-35 7-10 
White Pine...] 15-20 9-13 20-25 9-12 28-35 8-12 28-35 8-12 
Bpruce....... 15-20 9-12 20-25 9-12 28-35 8-10 28-35 8-10 
Norway Pine.. 9-18 9-12 18-23 9-12 23-25 8-10 25-28 8-10 
Hemlock. .... 9-18 9-12 18-23 9-12 23-25 8-10 25-28 8-10 
Douglas Fir.. . 9-18 9-12 18-23 9-12 23-25 8-10 25-28 8-10 
RGAPGDN fence «8 9-18 9-12 18-23 9-12 23-25 8-10 25-28 8-10 
IPODIAT se wiciext 9-18 9-12 18-23 9-12 23-25 8-10 25-28 8-10 
Yellow Pine... 9-13 9-12 13-18 8-11 18-23 7-10 23-28 7-10 
RTI ooo: s oxeiens 9-13 10-16 9-18 10-16 18-25 9-12 25-28 9-12 
Ogle hace ay 9-13 10-14 413-18 10-14 25-28 10-12 25-28 10-12 
PAS erent: oe 9-13 10-14 13-18 10-14 25-28 10-13 25-28 10-12 
Mahogany.... 4-9 12-14 9-13 12-14 13-18 10-13 18-25 10-13 
Beech........ 4-9 12-14 9-13 A2-14 13-18 10-13 13-18 10-13 
Birchis a sce e 4-9 12-14 9-13 12-14 13-18 10-13 13-18 10-13 
Maple........ 4-9 12-15 9-13 12-14 13-18 12-14 13-18 12-14 


Above figures apply to stock 1/9 in. thick or thicker. For stock less than 1/2 in. thick, increase 
the knife cuts per inch 10-50%. ; : é 

To prevent tearing out grain on dry stock, decrease the cutting angle or increase the knife cuts 
per inch. eh : : é 

To prevent roughing up or raising the grain on wet or green stock, increase the cutting angle and 
decrease the knife cuts per inch. 


Table 16.—Knife Cuts per Inch with 3500 R.p.m. Spindle Speed 
(R.p.m. X Number of Knives)/(Ft. per Min. X 12) = Cuts per inch 


ce es ead wae Number of Knives per Head 

per min. | 2 3 4 6 8 ic 12 | per min. 4 6 8 10 12 
15 MEA a \ vrata ter me ree Nena a f'seyszeros || afore sravel| <laictaio.nIPtstcatals 160 Tae LOOM T4 56 M1822 2108 
20 {VSS | SESE Yes ep thes el See (anal Boone! cence 170 6.9) 10035) 1358.) 17.11 | 20,6 
25 ire |\0V8 3s eat Bs ot Ada ecdeel MBs see ineaerte |seanse 180 6.5 9.7 | 13.0] 16.2} 19.4 
30 Oh tee PERO ameaoe| | iia baasee adden pomecs 190 6.1 OLON Ww) MERE |) EZ 
35 heal Akseulhe-Se Onl lk cregael tersoocd Ico Ocel (eR aeeey eneaores 200 5.8 8.7] 11.6] 14.6 | 17.4 
40 EST UAT GN G22 AO MNEZ9 2) |||. Betoicte|| Petty, otai||steleieterelaiererstet. 2200 eee. 7L-C) |) MORE Eie74 |) LEME) 
45 GESTS HON MIO S426, OPE aichacal| Meters cial lleseyoreeselllescnererae 240 Keene Teo 957) | NZ 1436 
50 BS TA WA | 22 | occ bec||eonuea eased laececc ZOO EN secre Gaze 930) 2 Ss 
i A echoes OR ALO lM carl 20 ao Me uatiep ee || Yonge youl avckokorere PEE neers 6.2|) 8.3] 10.4] 12.4 
LOM ie orc Cte OSH CNS || el soma a) iacen| eeercn BOO a ltssicaces 5 Oaliae f neo teal acd 
Ge. ees PBA MOSM ee inal PRA ee PAE Ss oa8l anaes 32D ame pecuceia is ssctereks 7.2 | 90) 1058 
Oe si @peere Gea Oe al SEO UN 194 ZOO ear. -\|tereve care 350M leer «|r: 6.7) 8.3) 10,0 
lO, beaten SVG meso 7a MP OMMseD: [Zane || 29-2 \|c rere CY bye «lle cel abe 6.212728 || 95 
ATOM ilvecolerel oieill-to-se see Ze NOROM tao tzl.2 |) 2GE5 a". ra, ACM) ae | es edi | avant 5.85) Salers 
ZO eseseycreds||ta ate tet 7.3) 97 14.6) | 194") 24.3: 402922 D5 Ma eevee acral lagi ade ace tars. 6.8 | 8.2 
130) 9 cel cxgers?ey| (fo ser 6.7 | 9.0 | 13.5 | 18.0 | 22.4} 27.0 7a) le saeeel Secaed Grocer 625:\\— 7.8 
LO) 9 en aaa eae 6-2) |) 8.3 |) 12.5.) 16.6 | 20.8 | 25.0 CO Re all me cee leertererse fee ae Onli 
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this construction a slight rocking motion is unavoidable, when stock is entering the infeed 
or leaving the outfeed rolls, which may be unimportant in many rough planing operations | 
that do not require precision. Since the average cost of this type is less than that of | 
the cabinet planer, it usually lacks the better attachments and more accurate adjust- 

nts of the latter. 
as paver Planers owe much of their precision to bed adjustment by motor-actuated 
sliding wedges, giving both accuracy and rigidity. The range of adjustment is less than 
that of the general purpose planers, but tendency to rock is entirely eliminated. In 
cabinet planer design, the point of the chip-breaker is placed as close as possible to the 
actual point of cutting, to reduce the size of chips, and lessen the tendency to tear out 
ahead of the cut. The chip-breaker usually is of sectional or flexible construction, to 
ride equally well on thick, thin and rough spots in the stock. High-grade planer work 
demands a large number of knife cuts per inch, which is obtainable either by increasing 
the number of knives (up to six, rarely more) in the head, or stepping up the speed of the 
shaft, a point on which opinion (1937) is divided. Straight knives generally are used, but 
spiral knives occasionally are used to distribute the load and reduce pull-outs at the back 
end of the stock. : 

Motor Equipment for planers varies with the service. Standard power ratings for 
single surface cabinet planers are: 
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Fic. 66. Feed Mechanism of Cabinet Planer 


Feed Mechanism may be driven direct from the motor on the cutter shaft by belt, 
often a severe handicap when using frequency changers, or by separate multiple-speed 
constant-torque motors. Speeds usually are up to 60 ft. per min., occasionally 100 ft. per 
min., with considerably slower speeds for exacting work. 

Production cabinet planers often are fitted with hopper feed, the infeed bed or table being 
equipped with an endless rubber-faced conveyor chain, with slats or side rollers for random 
lengths. Hopper feeds usually are set on an angle to feed pieces diagonally. 

Cabinet planers are made for double surfacing, the lower cutter shaft then being 
arranged to be pulled out for adjustment and jointing. See-Fig. 66. Double surfacing 
planers usually are built from 30 to 44 in. wide with larger power requirements than single 
surfacers. 

The Straitoplane is an unusual type of double surfacer in which the lower cut is made 
first. The freshly-cut under surface of the board then is advanced on to the rigid center 
bed, against which a second cut is made by the upper cutter head. During the first cut, 
the stock is held by an overhead flexible-fingered feed-chain, thus providing one true 
surface. The second cut can be adjusted for accurate thickness. This machine operates 
efficiently on stock as short as 10 in., and is particularly adapted to furniture work where 
most pieces are relatively small. Each cutter head is driven by a 15-Hp. motor at 3500 
r.p.m. <A 5-Hp., 2-speed motor drives the feed. The machine is standard at 36 in. wide. 
Feeds up to 60 ft. per min. are practicable. 

Mill Planers, Fig. 67, primarily are designed for full-length lumber. They have been 
developed, and are principally used, on the Pacific Coast. Feed mechanism comprises 
endless chains with cross slats of ribbed cast iron, giving a more powerful and positive 
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feed than is possible with rolls, but lacking somewhat in accuracy of cut. The cutter head 
is above, with the adjustments of a cabinet planer. Bed adjustment is of the sliding wedge 
type. Capacity is stock 8 in. thick, 30 to 36 in. wide. Feeds of 100 ft. per min. are practicable. 

JOINTERS are classified as: 

Standard Jointers.—The cutting mechanism of the jointer is quite similar to that of the 
planer, but the feed mechanism is omitted, since edged jointing is the predominant function 
of the jointer. Jointers are provided with a high fence (side gage) to permit them both to 
square and true the edge. Portable bench jointers are made and extensively used in 
preference to the hand plane. Jointers seldom are made over 16 in. wide, and sometimes 
are hand fed to take the wind out of dimension stock. This is particularly important in 
producing a true bed surface for moulder or sticker work. 

Lumber Jointer.—The continuous feed lumber jointer has an automatic return feed 
for edge jointing strips for plywood core stock. This.is a duplex or return cycle machine, 
with an endless feed-chain in the center, mounted on vertical shafts. The two cutter 
heads revolve in opposite directions. A board to be jointed on both edges is placed 
edgewise at the infeed end against the feed-chain, jointed on the lower edge, passed over a 
tipping mechanism that turns the unjointed edge down and into the reverse feed track. 
The board travels back to the infeed end, moved by the opposite side of the feed-chain, 
passing over the second cutter head. This machine is suitable only for use on ripped 
stock, as the cut is insufficient for rough or waney-edge stock, and it will not produce uni- 
form width, 
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Veneer Jointers are highly specialized jointing machines. They operate on a flat 
package of sheets of veneer, aggregating 2 in. thick, which must be clamped firmly during 
the entire cutting period. The cutter head, usually mounted on a vertical shaft, carries 
as many as 12 knives to give the smooth edge necessary for matching high-grade veneer 
faces. In some machines the clamped package travels past the revolving knife head. In 
others, the clamp is stationary, and the head travels. : 

MOULDERS OR STICKERS essentially are four-sided planers, with two horizontal 
and two vertical shaft cutter heads, usually square 4-side heads (see Fig. 54c). The feed 
may be by pressure rolls against a rigid bed, or by endless feed-chain below. Cuts fre- 
quently made are irregular and curved faces on mouldings. Cutter heads so far as possible, 
have chip-breakers and the other auxiliary devices of the planer. Since all cutter shafts 
are short, knives and cutter heads are bolted on ends of shafts, and itis possible to use high 
speeds with frequency changers, up to 7200 r.p.m. Fewer knives are required at high 
speeds to give the same number of knife cuts per inch. This is a distinct advantage in 
grinding special knives as most moulder heads are 4-sided, and the uniform setting of 4 
irregularly shaped knives is most. difficult. It is usual to operate a moulder head at high 
speed with two opposed knives of the same shape and a correspondingly greater rate of 
feed. For long runs on standard shapes, solid cutter heads often are used, with knives 
joi i filing machme. 

Re rh dora dutdore have brackets for cope heads, which make re-entrant cuts that are 
not possible with regular heads. They also often supplement the regular heads by making 
deep cuts that would require impractical or very costly knives. Moulders are close 
coupled and compact, usually with individual motors for each head and for the feed. A 
pepular size takes stock up to 4 X 4 in., but they are made up to 16 X 6 in. for heavy 


: timbers. 
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Flooring Machines are specially designed moulders, the two vertical shafts making? 
the tongue and groove, while the lower horizontal head makes the flooring face, and the: 
upper head cuts the hollow back. A steel lettering wheel often grades and trademarks; 
the back as it leaves the machine. Flooring machines are designed to operate on full-: 
length lumber and at high speeds. 

Shaping Machines 

THE SHAPER is one of the oldest types of machines. It still is important in wood-. 
working, although many of its functions have been absorbed by more specialized machines. . 
It is a versatile machine for small shops, as it is more easily set up for short runs than) 
many of the specialized machines that are more efficient for long runs. 

The shaper consists essentially of a large flat metal table with a vertical spindle, driven | 
from below, extending up through the center of the table. Revolving cutter heads, , 
mounted on the end of the spindle, accommodate a variety of knives for a wide range of | 
cuts. (See Shaper Knives, p. 22-37.) Solid heads may be mounted for long runs. A. 
job to which a shaper is best adapted is the shaping of the edges of table tops, especially 
those of other than rectangular form. The table top blank is firmly mounted, by two or’ 
more points, on a jig of the desired shape. A spindle collar is mounted at the machine 
table level, above which the knives are set and clamped for the required shape, ogee or 
otherwise. The operator revolves the combined jig and blank, holding it snug against 
the collar for one complete revolution of the jig, and thus producing the ogee edge around 
the periphery. Shaper knives cut with the grain rather than against it, as far as possible. 
Slow feeds are necessary when cutting at right angles to the grain. Blanks may be 
reversed on the jig to help this condition. 

The shaper is especially useful in re-entrant curves, octagons and other odd contours 
not suited to machines designed for rectilinear or circular cutting. Small moulding, 
flutings, both straight and curved, and many edge and end cuts can be made on a shaper. 

Shapers frequently are equipped with two spindles, usually rotating in opposite direc- 
tions. All cuts around an irregular table top then can be made in a direction favorable 
to the grain, and no cuts have to “ dig into the grain,” leaving a rough and torn edge. 
The jig, with mounted work, is moved from spindle to spindle according to grain require- 
ments. Automatic shapers are equipped with mechanically-operated jigs or revolving 


tables to which blanks are held with pneumatic clamps. These are suited only to long 
production runs. 
Routers 


THE ROUTER is a relatively modern machine, achieving its effectiveness with the 
development of high spindle speeds. It is somewhat the reverse of the shaper, and usually 
is designed for considerably lighter cuts. The cutting head is above the table, which is 
provided with an upwardly projecting, jig-guiding round plug of the same diameter as, 
and directly under, the cutter. The cutter head carries a router bit (see p. 22-38) rotating 
at speeds of 20,000 r.p.m. or higher. The table may be moved up to the bit, or the bit 
lowered into the work. The router is admirably adapted to cutting out (with grooved 
cuts) grills or irregular shapes. It works much better and more quickly than jig saws. 
Router bits may have shoulders for shaping the edges of cut-outs, or T-heads for slotting. 
Straight cuts on narrow strips can be made by clamping suitable gages to the table. A 
straight gage, through or near the bit center, permits shaping of straight-edge table tops 
and similar work. Double-spindle routers are available with separate tables, facilitating 
work requiring two types or sizes of grooves on the same job. 

Router motors, both electric and pneumatic, must be very accurately balanced for 
excessively high speeds. Brakes are provided to slow down the bits, which otherwise 
would require a long time to come to rest. Blowers, directed to the exact point of cut, 
are standard equipment to prevent chips and shaving from clogging the cut and heating 
the bits. Some routers are equipped with tilting tables. In these the bit is lowered 
into the work. Motors are 1 to 5 Hp. for heavy duty. Spindle speeds often are stepped 
up by V-belts. 

Portable Hand Routers are built to operate electrically and pneumatically. Electric 
machines operate at 10,000 r.p.m. maximum; pneumatic, at 60,000 r.p.m. maximum. 


Carving Machines 

CARVING MACHINES are of two main types, single and multiple. 

Single Carvers may he rigidly mounted on a floor standard, the work being moved 
free-hand by the operator. The single carver also is available in the balanced suspensior 
type, hung much like a dentist’s drill. The work is held stationary and the drill moved 
over the pattern by the operator. In both types the mechanism consists of a small high. 


speed motor with a small spur drill mounted directly on the motor shaft. 


; Single carver: 
are used for a certain amount of undercutting. . 


Final retouching usually is by hand. 
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Multiple Carvers may carry as many as 24 blanks, all to be roughed out uniformly 
from a master pattern or model, usually of metal. The spur cutters are moved in unison 
by link levers that are fixed in their relation to each other. Cutters usually are belt- 
driven from one or more motors. Individual motors can be used for extra heavy cuts. 
Such machines can only rough out the carvings, but their efficiency consists in removing 
all surplus wood, even on deeply recessed carvings, leaving a minimum of hand carving 
of finer lines and under cuts. This type of machine has greatly extended the use of 
carving on classical furniture at very reasonable cost. But one operator is required, who 
guides the blank cutter over the pattern, carefully watching the direction of the cut to 
avoid tearing the wood. The hand finishing work reproduces the character of hand 
carving. This process is displacing pressed and overlaid imitation carved work. 


Boring Machines 


BORING MACHINES range over a wide variety of woodworking machines, from a 
single bit held in clutch jaws on the end of a motor shaft, to gang or multiple machines 
in various arrangements, sometimes equipped for as many as 30 bits. Some bore only 
vertical holes, others bore horizontally, and still others will bore at various angles, depend- 
ing on the complexity of the work. The maximum number of individual bits seldom 
exceeds 30, but special machines have been made for a large number of boring problems. 
The literature of the industry should be consulted for more specific information. 

Vertical Multiple Borers carry a series of fixed or adjustably positioned spindles, 
usually arranged in approximately single or 
double vertical ranks, with a clamp-equipped 
work table moving up the bits. Spindles 
may be fixed or rigid, t.e., maintain a verti- 
eal alignment with the splined drive shaft 
above, or adjustable to points at quite a 
_. horizontal distance from the plane of the 
drive shaft, by a telescopic universal joint 
(see Fig. 68). 

Horizontal Multiple Borers differ from 
vertical borers principally in boring a series 
of horizontal holes, having a work table that 
moves in and out. They are used mostly 


b. Adjustable- 


for end boring. Universal-joint spindles are Fie. 68. spindle-Head 
not generally adaptable to horizontal boring. Boring Mill - Saree 

However, adjustable multiple or cluster bor- Spindle with Saat , ; 

i = = % are Universal Fic. 69. Multiple Boring 
ing heads, to which bits are fixed in position Teint leads 


in the head, are available. 

Cluster Vertical Borers (not made in horizontal types) have universal-joint spindles, 
adjustable over rectangular or circular areas up to 40 in. diameter, with many combina- 
' tions of bits that may be attached. Motors are above, and operate the bits through 
gear trains which terminate in fixed sockets for spindle connections. The universal-joint 
spindles permit a wide range of adjustment of bits in any horizontal direction within 
operating limits. 

Multiple Boring Heads are principally: 1. Fixed cluster (Fig. 69 a); 2. Adjustable 
multi-spindle (Fig. 69 b). Many other types of heads are made, for use in both vertical 
and horizontal boring machines. P 

Standard Spindle Speeds range from about 1000 to 2000 r.p.m., varying principally 
with the size of hole, hardness of the wood, and the rate of feed. 


Turning Machines 


LATHES differ widely in basic principles, developing by degrees from the plain hand 
lathes, which is one of the oldest woodworking machines and suited to a wide range of 
individual work. The principle of the high-speed cutter head has been borrowed from 
the shaper and adapted to many lathe cuts, especially for duplicating work. Patterns 
and cams have been adapted from such machines as the carver, and other devices, for 
various other types of cut. Only the principal types are described below. ; 

The Copying Lathe works entirely from a model or pattern of the exact shape required. 
It can be used for gun stocks, axe handles, shoe lasts, parts of period furniture, etc. The 
blank to be turned and the pattern are mounted on slowly rotating gear-driven centers. 

- The cutting member is either a high-speed revolving cutter head, or occasionally a heavy 
saw. Its movement is controlled by a tracing pin, or roller which traverses all portions 
of the pattern, producing an exact duplicate. Usually the cutter moves along the length 
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of the blank, but in axe handle lathes, the frame, with centers, blank and pattern, move 
past the cutter head. Of a | 

Back Knife Lathes first turn the blank to a rough round by a ring or die with insid 
cutting edges, supported on a traveling carriage. The die is moved out of the way, ovd 
the dead center, for the turning operation. The long back knife is so set, milled to such } 
shape, that when in an angling cutting position against the blank, it gradually cuts in, ani 
is stopped when the final turning is of the correct size and contour. The back knife neve 
is the exact reverse of the turning, but a mechanically developed extension of it. 

The Shaping Lathe is an exceedingly versatile machine, turning rounds and polygons 
sections in almost every conceivable combination. Both lathe centers are “ alive,” an! 
oscillate slowly into and out of the cutting zone, under the operator’s control. Cutte 
knives, similar to a series of shaper heads on a single shaft, are mounted on a cutter spindll 
or arbor in the rear, and revolve at high speed. All knives are mounted on the arbor 
whether for square, round or hexagon cuts. As a general rule, where squares and round 
are on one turning, flat surfaces are cut first, the lathe centers turning through a small are 
and keeping the work tangential to the revolving cutters by a cam. The piece to b 
turned is withdrawn from the cutters, turned through approximately a 90-degree angll 
(for a square), and the next flat surface is cut. The angle of movement controls thi 
number of sides for squares, hexagons, octagons, etc. After the flats are completed, thi 
rounds are turned, with lathe centers slowly and uniformly rotating. Various modifica 
tions may be made in this procedure for complicated types of turning or shaping piece 
other than turnings. The set-up of the cutter head may be so complex as to demand lon. 
production runs for good economy. . 

Many different types of lathes are built in addition to the major types described above 
The literature of the industry should be consulted for detailed information. 


Mortising Machines 


MORTISING MACHINES may be classed as: 1. Hollow chisel mortisers; 2. Chat 
saw mortisers; 3. Oscillating bit mortisers. 

Hollow Chisel Mortisers usually provide a vertical movement of the tool into the work 
Horizontal types also are available. The tool (see p. 22-39) is attached directly to th 
motor, the rotating bit being motor-driven; the surrounding non-turning chisel is mounte: 
in the chisel carriage on the motor frame, and both are forced together into the work. Th 
tables are equipped with clamps, adjustments and multiple end-gages, as several mortise 
may be made in the same piece. Tool strokes may be arranged automatically to repea 
cuts for oblong holes, up to about 50 per minute. Horizontal movement of the table als 
may be automatic for a series of mortises. Motor sizes range up to 4 Hp. at 3600 r.p.m 
Multiple hollow chisel mortisers always are horizontal stroke, limited to six heads, with | 
minimum of 4 in. center spacing, and a maximum spacing of 72 in. between outer heads 

Chain Saw Mortisers operate with cutting teeth mounted on the outside peripher 

of a link chain. The minimum size of hole is 3/1g X 3/4 in.; the maximum may b 
11/2 X 4in. Longer mortises may be cut at one stroke by using a double roll bar, or b; 
successive cuts. The table moves the work up into the chain cutters. Sprocket motor 
usually are 3600 r.p.m., giving the following approximate chain cutting speeds: 
No. of sprocket teethes i... 5 a taecuet eect Pree ne ore RC ene ae 5 G 9 
2) & \svaincnay'oy Sse Heeger SRNR meee tel ech arene ee 1330 1930 240 
Multiple chain saw mortisers are available up to 8 heads, which may be stationary, c 
adjustable in and out as well as sideways. Chain saw mortisers are not made in hor 
zontal types. 

Oscillating Bit Mortisers make round-end holes, whose depth is limited by the siz 
of the router-type bit. The bit oscillates between stops set for the desired length: 
Oscillations seldom should exceed 200 per min.; bit speeds are up to 7200 r.p.m. Oscilla 
ing motor usually is 1 Hp.; bit motors may be 4 Hp. Air clamps hold stock on the tables 


Double-end Tenoners 

DOUBLE-END TENONERS are highly developed machines that accomplish a wid 
variety of cuts at one passage of the work. Their functions have been broadened and ir 
creased by individual motors on each cutting head, which are more flexible than the bel 
driven heads of earlier machines. This machine originally was intended to cut tenor 
simultaneously on both ends of a piece of stock. Cutting heads of various types graduall 
wereadded for a diversity of end and intermediate cuts. 

In essential principles, the double-end tenoner consists of a sole (or bed) plate carryin 
two pedestals. One pedestal is stationary, and carries all operating switches. The othe 
may be moved along the sole plate to accommodate the work, limited in standard machine 
to about 90 in. Between the two pedestals, and below the work, a pair of endless feec 
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_ chains, with adjustable lugs, carry the work into the saws and other cutting units. The 
feed-chains are kept relatively close to the pedestals, but are adjustable along a spline 
feed shaft between them. They are fixed in the horizontal plane, all vertical adjustments 
being made with the cutter heads. Two idling pressure chains hold the work firmly 
operating directly above the feed chains. : 
For double cut-off and double rip cuts, as in plywood, only one saw is used in each 
pedestal. This cut is made from above. On modern double-end tenoners, the main 
cutter head can be tilted to make angle cuts. One or more additional horizontal (some- 
times tilting) cutter heads are located on each pedestal to make end tenons, grooved, 
shoulder or shaper cuts on either or both sides of the stock, and at one or both ends. 
Each pedestal also carries a vertical cutter head. An arbor can be placed between pedes- 
tals for intermediate saws or cutters. Cope units, dado heads, relishing cutters, etc., if 
_Tequired, may be attached in various ways. Jump dado cams can be used to enter and 
withdraw dado cutters near the edge of the stock. Dovetailing attachments may be 
_used for either male or female cuts. Methods of adjustment, attachment of various cutter 
heads, and other operating features vary considerably in the product of the several machine 
builders. The variety of work is limited only by the available cutter heads and the extent 
to which production runs justify elaborate set-up. 

Single-end tenoners, with corresponding attachments, are available for short runs. 

Stock is fed on a roller feed carriage, with the cutting units at the left of the operator. 


Sanders 


POWER-FEED DRUM-SANDERS are of two general types: 1. Work is forwarded 
by a rubber-cushioned endless-belt bed; 2. Work is moved ahead by pairs of pressure 
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Fia. 70. Endless Bed Sander 


rollers. Widths range from 31 to 103 in. Generally, the roll-feed type sands one side 
only, giving thinner and more accurate surface removal as in figured faced veneers on ply- 
wood; two-side types are available, if there is plenty of surface to be removed, and accurate 
centering between surfaces is unimportant. Endless-bed sanders sand one side only. 

Endless-bed Sanders.—In the machine shown in Fig. 70, the sandpaper drums, usually 
three, are on top. They are approximately 12 in. diameter, covered with felt cushion and 
sandpaper, sometimes wound spirally, but more often attached by clamps in slots. The 
feed-belt, with rubber cushions, is below. Surface speed of the first two drums usually 
is 3700 ft. per min. (1200 r.p.m.); that of the third drum is 5600 ft. per min. (1800 r.p.m.). 
Drums revolve against, rather than with the work. The work is fed at speeds ranging 
from 12 to 24 ft. per min. The coarsest sandpaper is on the first roll and the finest on the 
third roll. Each roller and the feed mechanism is driven by an individual motor. Motor 
sizes, depending on machine width, are: First and second rollers, 5 to 10 Hp.; third 
‘roller, 71/2 to 15 Hp.; feed mechanism, usually, 3 Hp. A brush roller frequently is 
installed at the delivery end to remove sandpaper dust. Standard drums oscillate slightly 
endwise (75-100 per min.), to simulate the side movement of hand sanding. 

Single-surfacing Roll-feed Sanders——The drum arrangement 1s similar to that of 
endless-bed sanders, except that drums are below the work, and sand through slots in the 
feed bed. An idler-pressure roller is above (see Fig. 71). Pairs of smooth feed rollers are 
located at the entering end, on both sides of the center drum, and at the discharge end. 
The roll type is not well suited to small dimensioned stock. The sandpaper drums are 
ot so conveniently located for paper changing as in the endless-bed type. 
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Fie. 71. Single-surfacing Roll-feed Sander 


Two-side Roll-feed Sanders.—The upper and lower drums are directly over each other 
in pairs, with the same arrangement of pairs of feed rollers as in the single surface type. 

Belt Sanders have a 6- to 8-in. endless sandpaper belt running clockwise on two 18-in. 
pulleys, 8 to 12 ft. apart. In the overhead type the work table, moving on ways toward 
and away from the operator, is below the lower belt, and the smooth side of the paper is 
against the pulley. In the underslung type, the table is between the belts, with the sand 
side of the paper against the pulley. In both types, the work is held on the table by stops 
at the left and an edge clamp at the right. The operator bears down on the cushion pad, 
hand operated or mounted on two-way sliding levers. The pad is above and applies 
controlled pressure through the moving sand belt to sand the stock. Belt sanders are 
preferred to drum sanders for work that requires a thin cut, as on plywood faces. 

Stroke Sanders usually are used for polish and finish sanding. They are somewhat 
similar to belt sanders, except that the pad is mechanically reciprocated under weights. 
The same type of stroke machine is used for rubbing finish, the sandpaper then being 
omitted, and a rubbing compound used. 

Automatic Belt Sanders for sanding mouldings consist of driven rubber feed rolls 
which carry the stock under a sandpaper belt, and a flexible shoe shaped to the reverse 
of the moulding contour. Feed is 32 to 50 ft. per min. 

Specialized Types of Sanding Machines are: Belts on vertical pulleys for edge sanding; 
sand discs on rotating horizontal or vertical tables for drawers and boxes; sand drums of 
large diameter for curved work; sand arbors for chair legs and irregular pieces, etc. A 
small portable motor-driven belt sander is available for bench use. 

MANUFACTURERS of woodworking machinery include the following (for manufacturers of 
saw mill machinery, see p. 22-14): E. C. Atkins & Co., Indianapolis, Ind.; Bell Machine Co., Osh- 
kosh, Wis.; Buss Machine Works, Holland, Mich.; G. M. Diehl Machine Works, Wabash, Ind.; 
Henry Disston & Sons, Inc., Philadelphia, Pa.; Ekstrom, Carlson & Co., Rockford, Ill.; Charles E. 
Francis Co., Rushville, Ind.; Greenlee Brothers & Co., Rockford, Ill.; Hermance Machine Co. 
Williamsport, Pa.; Jenkins Machinery Co., Sheboygan Falls, Wis.; Leitelt Iron Works, Grand 
Rapids, Mich.; Mattison Machine Works, Rockford, Ill.; Mereen-Johnson Machine Co., Minne- 
apolis, Minn.; Merritt Engineering & Sales Co., Lockport, N. Y.; J. M. Nash Co., Milwaukee, 
Wis.; Oliver Machinery Co., Grand Rapids, Mich.; Onsrud Machine Works, Inc., Chicago; C. O. 
Porter Machinery Co., Grand Rapids, Mich.; B. M. Root Co., York, Pa.; Tannewitz Works, 
Grand Rapids, Mich.; Vonnegut Moulder Corp., Indianapolis, Ind.; Baxter D. Whitney & Son, 


Winchendon, Mass.; Wilkin-Challoner Co., Oshkosh, Wis.; S. A. Woods Machine Co., Boston; 
Yates-American Machine Co., Beloit, Wis. ; 


BIBLIOGRAPHY.—Modern Woodworking Machinery, G. F. Cosgrove, Owosso, Mich., 1936; 
Proceedings of Wood Industries Division, Trans. A.S.M.E. 1921-1938; Timber Products and 
Industries, N. C. Brown (John Wiley & Sons, 1937); Wood Handbook, Forest Products Laboratory. 
Madison, Wis. (1935); Woodsman’s Handbook, H. S. Graves and BE. A. Ziegler (Government 
Printing Office, 1912); Veneers and Plywood, Knight and Wulpi (Ronald Press, 1926); Air Seasoning 
and Kiln Drying of Wood, H. L. Henderson (J. B. Lyon, Albany, N. Y., 1936), 
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~ best way, sheaves are relatively small in diameter, ropes are not reeved 
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By Frederic V. Hetzel 


HOISTING 


1. MANILA ROPE HOISTING 


See pp. 6-26 to 6-30 for allowable stresses, etc., of manilarope. Table 1 gives results 
of tests of manila rope hoists made in 1903 on a testing machine at Pencoyd Iron Works. 
The blocks were large, with Metaline bushed sheaves. The lead line was run through 
snatch blocks to simulate the course of a hoisting 1ope on a derrick from end of boom to 
engine drum. Column 5 shows overall efficiencies under best conditions. Column 6 
shows probable efficiencies of the hoist alone after allowances for snatch 
blocks and other known losses. 

MANILA ROPE HOISTING IN PRACTICE.—New manila rope is 
stiffer than used rope, friction losses due to bending are greater, and 
hoisting efficiency is less. Table 2 gives efficiency of manila rope hoists 
for new rope and used rope, based on tests and experience. Values rep- 
resent efficiencies of commercial tackle blocks used in pairs under every- 
day operating conditions, wherein blocks are not always mounted in the 
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right and lubrication is neglected (Western Block Co., Lockport, N. Y.; 
Plymouth Cordage Co., Plymouth, Mass.). In using Table 1 to determine 
load capacity of a hoist, note that manila rope limber enough to show 
higher efficiency than new rope has lost some of its strength, and will not 
be as safe. Safety in a hoist is more important than efficiency. For instance, 
a 1000-lb. pull on a lead line might be rated by Table 1 to lift 3400 lb. in 
an 8-part hoist with new rope, and 4400 lb. with used rope, but the latter 
would not be so safe. 

Manila rope hoists are seldom used with more than 6 or 8 parts of line. 
Fig. 1 shows a 6-part hoist with rope properly reeved. The lower block is 
at right angles to the upper, lead line 1 comes off a middle sheave in one Fyg, 1. Triple 
block, and becket line 7 comes off a middle sheave in the other. A 6-part Tackle Block 
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- hoist has 6 parts of rope at the movable block. 


LOADS ON TACKLE BLOCKS.—If lead line comes off upper block, Fig. 1, the block 
must carry weight lifted plus pull in the line. If Fig. 1 is reversed so that the hook block 
is uppermost, this block carries the weight minus pull in lead line. The reversed illustra- 


Table 1.—Efficiencies of Manila Rope Hoists in Testing Machine 


Efficiency, Efficiency, 
Rope | Parts Sheave Percent Sheave Percent 
Diam of | Outside] Groove Diam., of | Outside| Groove 
rer ges 5 : As Ob-|} Calcu- : : ‘ As Ob-} Calcu- 
in. Rope | Diam., | Diam., in. Rope | Diam., | Diam., 
eal eae served | lated tm in, | Served lated 
4 12 6 1/2 57 84 16 9 45 77 
11/4 6 12 61/2 52 75 16 9 41 68 
yf 12 61/2 49 70 16 9 39 61 
4 14 8 50 84 20 11 4] 68 
1 1/2 7 14 8 46 70 20 11 37 61 
9 14 8 47 62 


Parts of Rope 


New rope...... Bracisicteciete cis 
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Rope sizes and corresponding block and sheave sizes are given in Table 3. 
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tion shows 2 7-part hoist,.and lead line pull is less than in a 6-part hoist where line comes 
off upper block. 

MANILA ROPE BLOCKS are made in a variety of patterns for different services, a8 
occasional or steady, slow or rapid hoisting. Table 3 gives working loads for regular- 
pattern manila rope blocks used in pairs. These loads are what the blocks can continue 
to lift safely in daily service until sheave, pin and shell are worn out. Bronze self-lubricat- 
ing bushings prolong the life of sheave and block. If sheaves for hoisting rope can be 
hung or mounted independently of the block it is often wise to make them larger than 
block sheaves. The rope will last longer. 

LOADS SUDDENLY APPLIED.—Calculations of rope hoists assume the load to be 
uniformly divided among all parts of rope. With many parts of rope on multiple-sheave 
blocks, the distribution may be unequal if load is applied suddenly, or hoist started at 
full speed. In such cases, a rope may break at an apparently light load. 


Table 3.—Working Loads (Pounds) for a Pair of Manila Rope Blocks 
(Western Block Co.) 


Diam. | .. Diam. Diam. 


2 Dia 
of Rope, Size of of Singles} Doubles] Triples Jof Rope, Size of of Singles| Doubles! Triples 
in. Block Sheave in. Block Sheave 
3/g 3 18/4 | 150] 250 350 | 1 9 51/2 | 2000 | 2700 | 3400 
1/9 4 21/4 300 450 600 11/g 10 61/4 | 2400 3100 3800 
5/3 5 3 500 750 1000 11/4 12 8 2800 3700 4600 
3/4 6 31/2 800 1200 1600 1 3/g 14 91/g | 3800 4900 6000 
7/8 7 41/4 1200 1800 2400 1 5/g 16 11 4400 5700 7000 
1 8 43/4 1600 2300 3000 


Extra heavy wood blocks and metal frame blocks are good for loads listed for blocks one 


size larger. 
« 


2. WIRE ROPE HOISTING 


For the general theory of hoisting blocks, see p. 8-04. In practice allowance must be 
made for friction losses in sheaves and blocks, bending stresses in the ropes, etc. 

WIRE ROPE HOISTING.—For wire rope, allowable stresses, fastenings and fittings, 
see pp. 6-34 to 6-47. Table 4 (Am. Bridge Co. Handbook for Erecting Engineers) gives 
lead line pull for 1000-lb. load using 6 X 19 rope on sheaves 16 in. outside diam., with 
Metaline bushings. 

Table 4 is based on formula 


P= Wk (k= DA — 1) 92 alec eee eee 


where P = load line pull, lb.; W = weight lifted, lb.; & = factor from formula [2]; 
n = number of parts of rope at movable block. 
= 1+ 0.225(4/R) +- OL16G/R), “2 6 enol 
where d = diam. of wire rope, in.; R = radius of bending of rope on sheave, in.; r = half- 
diam. of sheave pin, in. Both formula and table have been checked by tests and accepted 
by Am. Bridge Co. as practically correct. The following notes are applicable to Table 4: 
1. Table is calculated for the case of the lead line coming off upper block; if it comes off 
‘ lower block, divide by k, or increasen by 1. 2. If lead line is snatched or deflected between 
block and hoist drum, add 8% for each 180° bend, 4% for each 90° bend. 3. Lead line 
should always come off a middle sheave of a multiple-sheave block, and the becket line, 
z.e., the end of the rope that is dead-ended on a block also should lead off a middle sheave 
(see Fig. 1). Otherwise blocks will tip sideways, ropes will chafe, and stress in the lead 


Table 4.—Lead Line Pull Per 1000 Lb. of Load 
6 X 19 Wire Rope in Am. Bridge Co. 16-in. Blocks with 2-in. Pin 


7/8-in. 


Rope Rope Rope Rope 
2 107 110 112s ee naa 
3 101 103 105 108 
4 95 97 100 102 
5 90 93 95 97 
6 86 89 91 93 
j 82 85 87 90 
8 79 82 84 86 
9 76 79 81 84 
i 74 76 79 81 


=( 1.041 1.045 1.048 1.052 
eS 
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line will be greater. Dynamometer tests with a 13-part hoist lifting 60 tons showed a 
20% increase in pull with lead and becket lines reeved from outside sheaves. 4. Wire rope 
sheaves are listed by outside diameter. Diameter at bottom of groove is about 2 in. 
less. 5. In lowering a load by slackening on lead line, friction and bending effects are 
reversed as compared with hoisting. The relation between P and W is found by sub- 
stituting 1/k for k in formula [1]. Hoists having many parts of line may require weight 
to be added to lower block to make it overhaul the lead line if latter is long or much 
deflected. 6. Table is calculated for Am. Bridge Co. standard blocks with 16-in. sheaves 
on 2-in. pins. Values of k range from 1.041 for 5/s-in. rope to 1.052 for l-in. rope. For 
other combinations of rope, sheave and pin, k may be calculated and interpolated in 
Table 4. Within limits of Table 5, giving commercial sizes of wire rope sheaves for 6 X 19 
rope, it is unnecessary to calculate k. For these sizes of sheaves in standard blocks, lead 
line pulls from Table 4 may be taken as correct within 5%, as qualified below. 

EFFICIENCY OF WIRE ROPE HOISTING.—Table 6 shows percentage ratio of 
theoretical to actual pull (called efficiency), based on Table 4. Values in Tables 4 and 6 
probably represent the best that can be obtained in wire rope hoisting. Loads in the 
Am. Bridge Co. tests were from 20 to 60 tons, riggers were skilled and operating conditions 
good. Makers’ tests of tackle blocks with lighter loads show lower efficiency. Table 7 
gives test results that represent average practice in wire rope hoisting. 

Table 7 refers to 6 X 19 wire rope used with manufacturers’ standard blocks carrying 
sheaves of sizes shown in Table 5 as related to rope diameters, fitted with self-lubricated 
bronze bushings. 

Considering only life of rope, sheaves of commercial tackle blocks are of too small 
diameter; practically, it is inconvenient to make them larger. Some single blocks for 
whip or rapid cargo hoisting have construction refinements, making the blocks safer, more 
durable and less troublesome, and add life to the rope. Sheaves are relatively large, of 
manganese steel, with ball or roller bearings. Shells are cast-steel with heat-treated alloy 
steel pins. 

WIRE ROPE BLOCKS are made as regular, heavy, and extra heavy, with hook 
(lower block, Fig. 1) or shackle (upper block, Fig. 1) connections. Shackles are used for 
permanently-attached blocks, and hooks for detachable blocks. Hooks fail by straighten- 
ing, thus giving notice of overloading before failure. Shackles fail by shearing the pin at 
loads about 5 times those at which round iron hooks straighten, size for size. Hooks flat- 
tened to give more depth of cross section at the back are 10 to 15% stronger than hooks 


Table 5.—Commercial Sizes of Wire Rope Sheaves 
a a Ee ee ee eee EE 
Diameter of rope, in............---- | 3/3 | 1/2 | 5/8 3/4 7/3 1 
6 


Diameter of sheave, in.............. 8 10, 12 12, 14 14, 16 | 16, 18, 20 


Rope, 5/g in. diameter........ 
ae 
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Table 7.—Percentage Efficiencies with Standard Wire Rope Block 

(Western Block Co., Lockport, N. Y.) 
Sum of No. of sheaves, both blocks. . 
HE TICIENC Ys DENCOM bic a slelelsiciele © cece. 
Combination of rope diameter and sheave diameter are those listed in Table 5, 


5 6 7 | P| MO" 
84082) 800] 26ne745|) 73) 70063 


1 2 in 4 
98 | 96 | 91 | 88 


Table 8.—Working Loads (Tons) for a Pair of Wire Rope Blocks 
(Western Block Co.) 


Regular Pattern Extra Heavy Pattern 
4 With Hooks With Shackles a With Hooks With Shackles 
f= al ea eee a es 

85 g CMe ee ee ee eed fot 
ee ec Sa eee! Puce ess. lesa} ca) 8 
pee pe pe | 12 | eles) aye |e] S| Be 
Anl| @ a = A A Ge lieinateae | Orie [anol a | oe 
Ri aT is) a4 [Bl 2iasie| 414) 4) 6 | 7 

6 Teton 2 21/2 2 3 4 8 | 21/2) 31/2) 41/2 
8 2 : PRAYGY 2) 3 5 6 10 | 31/9 5 7 A 
10 21/2 31/2 4 6 7 12 | 41/2 6 u 
12 3 41g | 51/2 5 7 8 T4iae 5: 8 He 
14 | 41/9 | 51/2 | 61/2 7 9 10 16 | 61/2 0 20 

51/2 | 61/2 | 8 8 10 11 18 | 71/2 1 
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bent from round bars. Drop forged hooks are more generally used and are even stronger. 
Table 8 gives recommended working loads for a pair of wire rope blocks. Recommended 
working loads refer both to ultimate strength of block and its parts, and to durability 
and safety of block in use. 

STRESSES IN HOIST ROPES depend on load, acceleration or retardation of load, 
and stresses due to bending over sheaves and drums. The factor of safety is intended to 
cover other items, accidental or incidental. For bending stresses, see Table ll. If a load 
W (including weight of rope), starting from rest, is brought to velocity V in distance D 
by uniformly accelerated motion, rate of acceleration is V?/2D; since f = Wa/g, the 
added pull required to bring the load up to speed is f = WV?/2gD. 

Exampnip.—To accelerate a 10-ton load from rest to 20 ft. per sec. in 10 ft. requires 
(10 X 2000 X 400)/(64.3 X 10) = 12,440 Ib. plus 20,000-lb. load. The rope is under the same 
stress if the hoist brake is applied to reduce the speed from 20 to 0 ft. per sec. within 10 ft. of travel. 


If rope slack is wound in at full speed, the sudden increase in stress when load comes 


on may injure or break the rope, unless it is long enough to absorb the shock by its own | 


elasticity. Table 9 gives results of dynamometer tests on taking up slack at full speed. 
Speed and length of rope are not stated. 

STRESSES ON INCLINES.—A rope pulling a load up an incline is stretched to a 
tension T= (W+R)sina+ WF cosa + Ff cosa, i lea eae 
where W = weight of load, usually a car or cars; R = weight of rope; 2 = angle to hori- 
zontal of incline; F and f = respectively, coefficient of friction of cars on track and of rope 
friction over rollers. Table 10 gives tension required to pull 2000 Ib. up inclines of vari- 
ous slopes; F (assumed) = 2 1/2%; f = 5%. 

For descending loads, T = (W + R) sin a — WF cosa — Rf cosa. For the added 
pull for acceleration or retardation on an incline substitute 7’ for W in the acceleration 
formula. For speeds under 500 ft. per min., allow 5% to cover acceleration stress. For 
speeds of 500 to 1000 ft. per min., allow 10%; for higher speeds, calculate it. 

BENDING STRESSES IN WIRE ROPE.—A standing rope bent over a thimble or 
eye loses some strength, as the bent wires do not all share in taking load. Such a rope 
shows, in a testing machine, strength of 88 to 90% that of straight rope. A standing rope 
bent over a sheave of a size in common use may lose 5% strength. 

Running ropes have a similar loss. A greater loss comes from wire breakage due to 
fatigue of metal. Fatigue depends on the number of bends, that is, on velocity of the 
rope, and also on bending stress on outside wires. Magnitude of stress due to bending is 
impossible of direct calculation or estimation; various formulas give discordant results. 
James F. Howe (Trans. A. 8. M. E. vol. xl, p. 1043, 1918) tested many sizes and kinds of 
wire rope. The data were used in a formula giving values shown in Table 11, which 
represent a stress to be added to direct tension to show equivalent total load on the rope. 


Table 9.—Rope Stresses in Mine Hoists—Taking Up Slack at Full Speed 
(Trenton Iron Co.) 


Se SEE Ee 
Average of 2 Dynamometer Tests for Each Case 


Weicht of cage and load...... cc. .ccucewbersweve 6,375 lb. 11,300 lb. 
Taking up 3 inches slackicc.tu. o+ os weine sce eee 11,200 19,025 

¥ 5 Om ae ae a Paki cieteiere {eres erscereheetecs 12,250 24,000 

‘ bee ty {Oh salud: dude alae 15,675 26,000 


Table 10.—Rope Stresses on Inclined Planes in Pounds per Ton (2000 Lb.) 


Rise, ft., Stress R 
per 100} Angle of | Due to ee ae er 100} Angle of | D une 
ft. Hori-| Incline |(W + R) oe Friction,| ft. Hori-| Incline wR) Friction, 
zontal X sin a cos a| Rf cose} yontal X sina WF cos a| Rf cos a 
5 ye Te 100 90 4V259% 1338 74 
10 5Shaor 199 100 45° 0’ 1414 70 
15 Bo 32" 297 110 47° 44/ 1480 67 
20 Lie 1? 392 120 50° 12’ 1537 64 
25 14° 02’ 485 130 52° 26" 1585 61 
30 16° 42’ 575 140 54° 28’ 1628 58 
35 1 aa I 660 150 56° 9197 1664 55 
40 21° 48’ 743 160 58° 0” 1696 53 
45 24° 14’ 821 170 hee i Ae 1724 51 
50 26° 34’ 894 180 60° 57’ 1748 49 
55 28° 49’ 964 190 622015" 1770 47 
60 30°58" 1029 200 63° 26 1789 45 
70 34°59” 1147 250 68° 12’ 1857 37 


80 38° 40’ 1250 300 7 ice a! 1897 32 
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Table 11.—Bending Stresses over Sheaves for Cast-steel Rope 


Diameter of Sheaves, in. 
12 oe SOE 86.p 4890 | PhO 72 


Size of 


Rope, in. 
Bending Stress, lb. 
CE tT) Ue 1,840 1,400 1120 920 
1/2 6% 19 920 680 560 460 
6 xX 37 620 AGO ||\ sense, fen ol eee 
8 xX Ue 560 420 340 280 
aay Galles iiper ues | Speer geeaeee 6,240 4,720 3760 3120 
3/4 6 xX 19 3,200 2,360 1880 1600 
6 X 37 2,080 1,560 1260 1040 
8 x 19 1,920 1,440 1160 960 
CGP ie atarceerslrese Oayer ieee crard sihecqaaic se 14,960 11,200 8960 7480 
1 Ge uO een ee 7,440 5,600 4480 3720 
Gx 37 5,040 3,760 3000 2520 
ee all Ba ieee oe ‘ 4,560 3,420 2740 2280 


Values must be regarded as comparative only and not absolute. The principal value of 
the table is to suggest fatigue effect due to bending. High bending stress with respect 
to direct load means relatively short life of rope. Low bending stress as compared with 
direct load prolongs the life of rope. One maker says that if in calculating rope stresses 
the total static load is increased by force necessary to accelerate it to maximum rope 
speed, and if sheave and drum diameters accord with good practice, bending stresses will 
have little effect on safety of the rope or economy of operation. C. D. Meals (Zrans. 
A.S.M.E., MH-51-5, 1929) gives diagrams and tables to show comparative effects of bend- 
ing in wire rope of various constructions. 

Fatigue of metal is more rapid if rope is subjected to reverse bending. Reverse bends 
_ should be avoided if possible; if not, all sheaves should be made larger than ordinary. 

If a hoisting rope runs direct from drum to load, Fig. 2, each part of the rope makes 
one bend in wrapping on the drum and one bend in leay- 
ing it, a total of 2 bends for the cycle of hoisting and 
lowering. In Fig. 3 the rope makes 8 bends and 2 re- 
verse bends per cycle, and the wear on rope, due to 
bending, will be at least 5 times that of Fig. 2; the reverse 
bends of Fig. 3 will make the ratio still more unfavor- 
able. - 

Small equalizer sheaves used with double ropes on 
hook blocks on cranes often cause wire breakage. The 
motion of the rope on the sheave is slight, bending is 
concentrated on a short length of wire and breakage 
results. Some makers use equalizer bars instead of 
* sheaves. One rope is fastened to each end of the bar. 

Internal wear in the rope due to wires and strands 
sliding on each other can be reduced by proper lubrica- 
tion. Tests of 9/1s-in. plow steel ropes showed that a 
lubricated rope run over a 10-in. sheave made 21/2 
times as many turns as a dry rope before the rope 
failed; over a 24-in. sheave, 5 times as many. ANN 

DRUMS AND SHEAVES FOR WIRE ROPE.—A Aa 
wire rope may be used for hoisting haulage or power Fria. 4. Winding Machine Drive 
transmission in various ways: 

1. By winding on a drum, grooved or smooth, in one or more layers. The drum may 
be cylindrical, a frustum of a cone or a combination of the two. Winding on a drum 
generally is used in hoists and in haulage back and forth. 

2. By winding on a winch head. Rope leads on a large diameter, makes several wraps 
and pays off on a smaller diameter. Tension is applied to the slack rope. Under load, a 
side slip tends to wear rope and winch head. This method is used on capstans, car pullers 
and for intermittent hoisting and hauling. 

3. By winding several wraps of an endless rope on a concave-faced drum or sheave 
shaped like a winch head. Tight side of rope leads on a high diameter; slack rope leads 
off a low diameter to a tail sheave to which tension is applied. The side slip of the rope 
on the drum is objectionable and this method is not used widely. 

4, By winding and rewinding an endless rope around a pair of grooved drums, and 
from drums to a tail sheave to which tension is applied. This method is used in endless 
rope hauling, in traction drives for high-speed elevators, etc. See Fig 4. If Ti = ten- 
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sion in rope leading to main drum, and T2 = slack tension in rope coming off drum, then 
YAS Gp MU An a ac TS ec [4] 


where f = coefficient of friction between rope and drum, @ = total angle of wrap on the 
driving drum, deg. of arc. In Fig. 4, 0= 720°. For discussion of this formula, see 
p. 24-14. For values of f, see p. 8-24. If rope runs in V-shaped grooves, bears on the sides 
only and does not touch the bottom, the increased coefficient of friction, fi = f/(sin V/2). 
Angle V between sides may be from 25° to 45°. The smaller this angle, the larger the 
friction and the greater the value of 7; for a given value of Js, but the wear on rope and 
groove from slip, creep and motion at engagement and disengagement may be destructive 
if the load is great or the hours of service long. 

5. By tractive effort of a sheave with grooves lined with wood, leather or rubber 
friction blocks. ‘This method is used for power transmission with high-speed wire ropes. 
Such large diameter sheaves used with counterbalanced mine cages is the Koepe system 
of hoisting. See Peele, Mining Engineers’ Handbook (John Wiley & Sons), and catalogs 
of wire rope makers. . ' 

6. By the use of a grip sheave. Within the rim of the sheave pairs of jaws hinged 
together are spaced. As they yield to the pressure of the rope they gripit. Springs open 
the jaws at point of disengagement. This method is used for endless rope carhauls for 
rope tramways. Older forms of grip sheaves have been known to cut and break ropes; 
for an improved form (Am. Steel and Wire Co., Worcester, Mass.) see Trans. A.S.M.E. 
1931, MH-53-1. 

German hoisting machinery uses several forms of grip sheaves; the sheave is parted 
along the axis of the rope, and the two parts squeezed together to exert pressure on the 
rope. Another German device obtains tractive force from asingle drum. The rope wraps 
several times around a plain cylinder but rests in grooves in sections of a link chain, which 
hangs loose and is pushed across the face of the drum by auxiliary mechanism. Another 
method is to wind the rope around two drums (Fig. 4) and drive both drums through 
gearing which equalizes the work on each drum. See Foérdertechnik, 1929-1932. 

SHEAVE AND DRUM SIZES.—The larger the diameter over which rope runs, the 
longer will it last, but the cost and trouble of renewing rope usually is less than the difficulty 
of accommodating larger drums and sheaves and the greater weight and cost of heavier 
machinery. Such cases are tackle blocks, small hoists, shop cranes, derricks, dredges, 
excavators, etc. 

Ropes on small sheaves and drums are subjected both to a larger stress due to direct 
bending (see Bending Stresses), and pinching of wires and strands on each other, prevent- 
ing free movement; also, they may be nicked and broken by the pressure. When a rope 
runs over a sheave, the tightening of the outer wires tends to twist the rope. The smaller 
the sheave, the greater is the twist, and also the greater is the unit pressure of the rope 
on the sheave tread. This twist under pressure causes the rope to cut the sheave, pro- 
ducing sharp edges which wear away outer wires and shorten rope life. To avoid this 
trouble cast-steel sheaves should be used. Manganese-steel sheaves, ground true in the 
groove, are still better. C.D. Meals (Civil Engg., 1930) gives a table of allowable pressures 
for various kinds of rope on cast-iron, cast-steel or manganese-steel sheaves. One way 
to destroy a new rope is to run it on sheayes worn and corrugated by an old one. 

Table 12 gives in the form of ratios of sheave or drum diameter to rope diameter, the 
following: 1. Critical diameters; those which pinch the rope and prevent free movement 
of strands. Rope has short life under such conditions. 2. Minimum economical diam- 
eters; these should be chosen where sizes of sheaves and drums are not limited by consid- 
erations of available space or weight of parts, and where economy in the use of rope is 
important. 3. Desirable diameters; those recommended for heavy work in important 
installations, as mine hoists, skip hoists, heavy cranes, hot-metal cranes, and in places 
where safety is important, and where shut-down from rope breakage cannot be tolerated. 
The table refers to cast-steel ropes which tests as wire about 180,000 lb. per sq. in. Ropes 
of stronger steels are stiffer, harder and cost more. They should be used with larger 
sheaves and drums. If of improved or special cast-steel, good for 200,000 lb., 1/9 larger; 


Table 12.—Diameter Ratios of Sheaves and Drums for Cast-steel Running Ropes 


Seale |6 x 19 8X 19 
6x7 aes is 6X 19| Filler nee! 6X 37| War- 
eale | War- | Wire Bee rington 


14 10 
20 
31 


Chitical Ratioss. 1.2.1 sence 
Minimum Economical Ratios 
Desirable Ratios............ 
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if of plow steel, good for 210,000 lb., 1/¢ larger; if of improved plow steel, good for 240,000 
Ib., 1/3 larger. See Bending Stresses. 

PROPER GROOVE CONTOUR.—Groove diameter as measured by template or gage 
should be slightly larger than rope diameter. New ropes are slightly over size, and for a 
proper fit groove diameter as measured by template should be larger than nominal rope 
diameter as follows: 1/2-in. rope and smaller, 1/1 in.; 9/1g- to 1-in. rope, 3/32 in.; 1 1/16- to 
2-in. rope, 5/39 in. See Fig. 5. 

As metal wears away in the tread or bottom of groove, and as rope wears smaller in 
diameter there is a new condition of fit, with groove diameter equal to that of the worn 
rope. See Fig. 6. If a new rope runs over worn sheaves, it will not fit the worn groove 
with proper clearance but will be jammed into it, preventing free movement of the rope, 
and concentrating abrasion on two lines. Also, there will be a tendency to distort the 
shape of the rope and cause nicking and breaking of wires. Rope diameter is the largest 
diameter outside of strands. 

DETERIORATION OF WIRE ROPE.—Ropes deteriorate by: 1. Frictional wear. 
2. Breakage of wires due to defects of materials. 3. Breakage due to bending stresses. 
4. Corrosion, inside and outside. 5. Fatigue in steel in the wires. All defects finally show 
as broken wires, and their appearance guides decisions of when to discard a rope. After 
a new rope has been put in service, the crowns of out- 
side wires wear to an extent necessary to form a wearing { 
surface or contact area to support the rope on sheaves D be 
and drums. The reduction in strength of rope is slight Zp \ Di 
and need not cause concern if wear is slow. The ap- 
pearance of broken wires does not necessarily indicate 
rapid deterioration. If the rope has started with the 
proper factor of safety, early abrasion and breakage 
of wires may be considered normal deterioration with- Lt ip : 
in safe limits, but when broken wires continue to eG. a pepe ee ca see 
appear regularly, removal of the rope should be con- Groove Vaiteoe 
sidered. 

Safety of operation depends on strength of the rope as it nears the time of removal. 
The factor of safety at this time is hard to determine; it depends both on wear and breakage 
of visible outside wires, and on corrosion and breakage of invisible inside wires. These 
combine to cause a reduction in diameter of the rope, which, when greater than wear on 
outside wires would account for, may indicate internal corrosion. Coal Age, Nov. 1924, 
reports a 1 3/g in., 6 X 19 mine hoist rope regularly inspected and reported in good con- 
dition, which suddenly broke at the part in contact with the head sheave, with cage at 
bottom of the shaft. Examination of the broken ends showed internal corrosion due to 
entrance of water; the hemp core was crushed to a pulp 10 ft. on each side of break and 
rope diameter was reduced from 1 3/g in. to 1 9/39 in. ; 

If a rope has not been corroded, its remaining strength may be estimated by counting 
broken wires in one rope lay in the worst part of the rope, and measuring amount 
of metal removed by abrasion of outside wires. In one rope lay all outside wires in that 
length of rope can be seen. Most of the strength of the rope is in these wires, ranging 
from 83% for 6 X 7 rope to 57% for 6 X 19 Warrington rope. John A. Roebling s Sons 
Co. publishes charts which show, from observed facts of breakage and abrasion, the 
remaining strength of a used rope, provided there is no internal corrosion. Amer. Cable 
Co. publishes tables telling when ropes in various kinds of services should be discarded. 
These tables may be summarized as follows: Rope should be discarded when in one rope 
lay from 8% to 20% of visible wires are broken; or when 15% to 25% of _wires in one 
strand are broken, especially if they are adjacent wires; or when outside wires are worn 
to 1/p or 2/3 of original diameter. For high-speed work, heavy loads, and when risk to 
life or property must be kept low, the lower percentages are recommended. } If breakage 
of a rope merely means a machine stoppage, ropes can be run until outside wires are worn 
off or until a strand breaks. : >. 

Rules and tables for discarding ropes are suggestive only. For instance, it is not pos- 
sible to group all shop cranes in one class. It is better to treat each installation separately, 
examine rope systematically and regularly, note and record breakage and wear of wires. 
A minimum life based on observed facts can be set up as a standard; if tensile tests of 
parts of discarded rope show it to have more than requisite strength, considering a proper 
factor of safety, a new basis can be set up. After a few ropes have been discarded and 
tested, a standard for that installation can be established that will allow rope to be used 

i fety and economy. k 
cree FAILURE OF WIRE ROPE.— Faults which appear early in the use of a rope 
should not be laid always to poor manufacture. Careless handling and reeving of the 
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rope often is responsible. » The life of a rope often can be increased by putting an iets 
tion of responsibility and competition on the men whose duty it is to use it. (Proc. 
. "i1982).. : ; ; 
Se resi sored a ese of Mines, 1919, gives valuable information on use of rope in 
mine hoists. It suggests: 1. If one broken wire is found in a rope at a socket fastening, 
socket should be cut off and renewed. 2. Even if no broken wire is found ata socket or 
thimble it should be renewed at intervals of not over 4 months, depending on life of rope 
in service. 3. Bolts in clip fastenings must be kept tight. 4, After 3 yr. in service, 
even if idle, rope should not be used unless tested for ultimate strength. 5. Safety factor 
must never be less than 41/2. 6. Ropes of 6 X 19 construction must be discarded when 
6 broken wires occur in one rope lay, or when outside wires are worn to 2/3 original diam- 
eter. 7. It is better to err on the side of safety than to prolong life of a rope. Accidents 
ost more than new rope. ; 

Seabee Committee of the A. S. M. E. is (1936) co-operating with the U. 8. Bureau 
of Standards to establish by tests of used rope a relation between observed facts of wire 
breakage and abrasion and the strength remaining in the rope. ‘ 

ATTACHING WIRE ROPE. (Tech. Paper, 237, Bureau of Mines.)—The rope may 
be attached to its load by a socket, Fig. 7, or it may be bent back on itself to form an eye 
and the loose end clamped to the rope with rope clips, Fig. 8. Properly done, the first 
method develops the full strength of the rope, but has as disadvantages: poor workmanship 
is concealed; it cannot be readily inspected; the rope is 
rigidly held and the effect of bending is concentrated just 
above the socket; it is more difficult to make. Fastening 
by clips develops not over 85% of the strength of the 
rope. It bruises and crushes the rope where the clips are 
applied, and is liable to slip, but it can be readily in- 
spected, and requires little skill in making. Rope makers 
recommend the socket method of fastening, which, if 
made according to instructions, never fails. After either 

= a socket or clip attachment is made it should be tested 

Fie. 7, Fia. 8. oO i i 
eon ass a eed he by a. a trips under a heavy load before men 
Raita is The Geert is made as follows: The rope 
fn Rabe baa Ge be ee is bent back over a thimble of the proper size and the 
loose end clamped against the long end of the rope with the proper number of clips. 
The Crosby type of U-bolt-and-drop-forging clip has proved most satisfactory. The clips 
should be spaced a distance apart of 6 times the rope diameter, the drop forging being 
against the long end and the U-bolt against the loose end of the rope. The number of 
clips required to develop approximately 80% efficiency of the rope and the proper length 
of wrench to tighten the bolts are given in Table 13. Never put the drop forging of the 

clip against the loose end of the rope. 

The clips must be carefully inspected occasionally and tightened if they show any 
signs of loosening through the reduction in diameter which comes from stretching of the 
rope and compression of the hemp core. 

Thimbles (Fig. 9) may be held in the bend of the rope by clips or they may be spliced 
in. A spliced end, properly made, will not pull out, but it will not develop the full strength 
for 1/9-in. rope, and not over 60% for 2 1/9-in. rope. Thimbles and sockets form the means 
of attachment of hooks and shackles and eyes of various kinds. See Figs. 12, 13 and 14. 
For high tensile ropes (plow-steel, etc.), it is best to use the special heavy thimbles and 
sockets listed by wire rope makers. 

FASTENING WIRE ROPES TO DRUMS.—Fig. 10 (Link-Belt Co.) shows a method 
of readily attaching or detaching the rope from the circumference of a drum on an electric 
hoist. The last groove sweeps with a large radius into a depression which allows the 
socket on the end of the rope to be slipped into the inside of the drum; a pipe plug closes 
the cavity and locks the socket in place. By unscrewing the plug, the socket can be 
pulled out and the rope removed. 

Where the end of the drum or its hub is readily accessible the rope can be secured by 
a few wraps around the hub with the end clipped to itself or to one of the arms or spokes 
of the drum. 


Table 13.—Number of Crosby-type Rope Clips Required to Develop 80% of Strength 
of 6 X 19 Plow-steel Rope 


Diameter of rope yin csen cs erie 


3/4 7/8 | 11/g 11/4 
Number of elipa’s, on ue x aacies saree 5 5 5 5 6 
Length of wrench: int..2.cst ose eeu: 18 18 24 24 24 
Efficiency, percentin mee sa eee es 77 79 ri 80 82 


HOIST HOOKS 23-11 


Table 14.—Drop-forged Hoist Hooks 
(J. H. Williams & Co., Brooklyn, N. Y.) 


Shank H , i i 
an ook Hook with Eye Capacity, Net Tons 
bak Approx- 
Diam. | Length} Ex- Ex- pee side Ex- Ex- Safe ee Tee 
of of treme | treme eo Diam. treme | treme | Work- oe Re. 
Shank, | Shank, |Length,| Width, .° of Length, | Width) | ine | an® rel 
in. in, in, in. te Hye, in, in. ; Load oie eee 
in. suits Straight- 
ere eee | ee | ee n Out 
1/2 2 5 27/s 3/4 11/9 4 3/ ; 
8 27/3 0.5 0.9 ie 
9/16 |} 21/4 5 1/2 31/g 7/3 1 3/4 47/8 3 1/8 6 1,2 2 3 
o/s 21/2 | -6 31/o| 1 2 5 8/g | 3 Yo a7 1.5 3 
Ya | 28/4 | 63/4) 37/8] Ive | 204 Cee Be | Wades be e2.5 o7 
/g | 3 71/2 | 43/g| 11/4 21/9 Gilg. Pease o1s7 3.5 7h 
31/4 8 1/4 47/8 1 3/g 23/4 7 5/8 47/8 Dal 4.2 825) 
11/8 31/9 91/4 5 5/8 11/2 3 8 9/16 5 5/g Za 5.4 18. 
11/4 3 3/4 10 1/4 6 3/3 1 5/g 31/4 99/16 6 3/g oe 6.2 1/3: 
eye t ts i 67/g | 18/4 Sivey || TMEV |) coal ee 8. 17. 
11. | 41/4 | 12 71/2 | 2 4 Roe Mere | 4 9. 19, 
15/g | 41/2 | 13 81/4 | 23/s 45/g. | 13 81/4 | 5. ; 26. 
6. 32. 
8. 558 


Fie. 11. Method of Fastening Chain 
to Drum 


Fic. 10. Method of Fastening Wire Rope Fies.12and13. Drop Fie. 14. Bemis 
to Drum Forged Hoist Hooks Safety Hook 


The hole in the rim through which the rope passes should be well rounded to avoid a 
sharp kink in the rope. Wherever possible the drum should be cast with a ledge or lug 
to lead the rope tangent to the hub over a radius of 6 or 8 diameters of the rope (similar 
to Fig. 10). To fasten the end link of a chain to a drum, it is customary to use a forged 
clamp, tap-bolted to the rim of the drum, and provided with a finger equal in diameter to 
the size of the chain. (Fig. 11.) 

DROP-FORGED HOIST HOOKS of steel without welds are made in sizes up to 25 
tons capacity. ‘They are heat treated after forging and tested to 50% beyond rated 
working load. See Figs. 12 and 13 and Table 14. Drop forge companies have stock 
dies for most sizes and furnish hooks in moderate quantities without making charge for 
dies. Drop-forged hooks of dimensions in Table 14 are good for loads of 31/2 to 5 times 
rating, if sling or fixture rests in the bottom of the jaw. If the load improperly comes on 
the point of the hook, the carrying capacity is much less. In no event is the hook apt to 
break suddenly; the jaw will open out first, and signify overloading or improper engage- 
ment of the hook. 

The Bemis patent safety hook, Fig. 14, (Am. Loco. Co., New York) has rated capaci- 
ties up to 14,000 Ib. It.is made in four sizes. Hooks fitted with movable guards are not 
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favored by stevedores. They are apt to get out of order and time is lost in putting slings 
on or off. 

Fig. 15 shows various forms of forged connections used with hoists and slings. A isa 
slip hook used on end of rope or chain sling passed around a load to tighten on the load 
when hoisted. B is a grab hook used on chain slings which are not to tighten on the load; 
the throat of the hook allows the chain to enter but not to slip. Cis a bunk hook used on 
tackle to take several rope slings at one time. D is a finger hook to avoid the danger of 

the hook catching under the 


5) edges of hatches in ships. EH 

A (O) (>) ‘i D is a cargo hook for the same 
Wf B CA purpose. fF is a grab link 

H H | t | q used instead of a grab hook; 

2 ees | ee one end of the chain sling is 


Slip Hook. Grab Hook. Bunk Hook. Finger Cargo fastened to the large end of 
Hook. Hook. ring; the chain is passed 


through and when the loop 


: is of proper size the small end 

G H of the link is pulled between 

5 L two links of chain. Gisa 
\ f/ ; double grab link used to 

K D) : shorten a chain or join two 


Grab- Double Grab Swivel. | Cold Shuts. Stone Hoist uickly and temporarily. H 


Link. Link. Hook. is a Swivel used to prevent 
Fie. 15. Forms of Forged Connections Used with Hoists and Swing ee by eee 
Sings of the hoisting rope or chain. 


K is a cold-shut for repair- 
ing a chain or connecting two chains. L is a stone hoist hook, used in quarry work; the 
points of the hooks engage the sides of the stone blocks. 

Steel for hooks, rings and hoisting fixtures should be of known analysis. Test speci- 
mens should be subjected to bending to insure absence of pipes, seams or other imperfec- 
tions.in the bar. Hot-rolled steel of forging quality, S.A.E. specification 1010 is used by 
some makers. 

In one important works all chains, slings, hooks and lifting fixtures are inspected once 
a month; parts that can be benefited by annealing are so treated once a year (Iron Age, 
May 22, 1930). 

WIRE ROPE SLINGS, as compared with chain slings, are lighter and, in general, will 
not fail without warning. Breakage of outer wires is the visible warning, but the inner 
wires alone will carry loads at which the slings are rated by the makers. 

Plain slings are made of standard 6 X 19 or 6 X 37 rope spliced endless, or fitted with 
sockets, thimbles or eye ends. In the Atlas patent slings (MacWhyte Co., Kenosha, Wis.) 
each member consists of one right and one left lay rope braided around a hemp core back 
and forth, so that the sling member has a strength of 8 or more strands of the rope. See 
Fig. 16. The ends are loops which can be used as eyes, or fitted to sockets or thimbles. 
In the Drew sling, made by the same company, an endless wire rope is braided into a band 


Table 15.—Plow Steel Wire Rope Slings 
(John A. Roebling’s Sons Co., Trenton, N. J.) 

; The safe load for any number of parts may be obtained from values given below by direct mul- 
tiplication. Slings 3/g in. to 11/g in. diameter inclusive, 6 X 19 rope; slings 11/4 in. diameter 
and larger, 6 X 37 rope. 

Safe Load Values when Used in Single Part 
° 


° 


60 ° 
* 45 ° 
Diam. of Vertical Ae = 


Rope, in. 


Connection Connection Connection Connection 
Socket Splice Socket Splice Socket Splice Socket Splice 


see ceetemetalition te’ rd pula diecast eat tia ian 
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about 2 rope diameters thick, 6 or more diameters wide. John A. Roebling’s Sons Co 

Trenton, N. J., makes slings whose members are of ‘‘ grommet’’ construction, 7.e one 
strand braided back on itself to form a 6- or 7-strand rope, endless except for a splice in 
the one strand. The ends preferably are held by patented thimbles, which are large 
permit some slip to equalize the load, and in the form shown in Fig. 17 one thimble can 
be passed through the other to form a loop or anchor sling. The grommet link, Fig. 18 
avoids using a forged steel ring to connect the two legs of a sling. All tension comes on & 
wire rope ring spliced endless as described above. 

Fig. 19 shows a sling with clamp hooks for lifting 
plate. It has an endless grommet with 3 equalizing 
thimbles, and carries plate clamps with a positive grip. 
Structural steel slings may be fitted with a toggle and 
releasing pin for detaching the sling, when slack, by 
pulling a hand line from a distance. 

’ The rated carrying capacity of a sling depends on the kind of fittings, the way the 
sling engages the load and other factors obtained by experience. Table 15 gives carrying 
capacities of plow-steel slings which bind against the load. If.the sling does not come in 
contact with the load or if it passes around a large diameter, so that stresses are not con- 
centrated at corners, safe loads may be increased somewhat above the tabular figures, 


Fic. 16. Atlas Patent Sling 


Double Groove 
\Eaualizing Thimb!o 


Fie. 18. Grom- 
met Link Fic. 19. Grommet Sling with Clamp Hooks 


HANDLING MATERIAL IN BULK 


1. WIRE ROPE HAULAGE 


Wire rope haulage is less important now than in the days before the general use of 
electric mine locomotives, chain carhauls, coal conveyors, etc. The following is abridged 
from publications of John A. Roebling’s Sons Co., and The American Steel & Wire Co. 

SYSTEMS OF WIRE ROPE HAULAGE are: 1. Self-acting inclined plane, used on 
grades where the descending loaded cars raise the empty cars. 2. Engine plane, where a 
reversible hoisting machine and a single wire rope are used to raise and lower cars on a 
slope. 3. Tail rope system, consisting of a reversible hoisting machine with two drums, 
clutches and brakes, a main rope hitched to the cars to pull them in one direction and a 
tail rope hitched to the other end of the train to pull them in the opposite direction, the 
brakes on the drums being used to check the speed of the cars on down-grades and prevent 
them from overrunning the forward rope. 4. Endless rope system, used in mines, on 
piers, and at coal and ore storage plants for moving railroad cars. The rope is driven by a 
grip sheave, or it is wrapped a number of times between the driving drum and a rewind 
(or back) drum mounted on the engine base, the number of half-wraps on the driving 
drum being sufficient to prevent slipping under load. The cars are attached to the rope 
at any place by hand-operated grips and can be detached by the same means without 
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stopping the rope. The driving contact between drum and rope must be maintained by 
tension applied to the rope by a weighted sheave somewhere in the circuit. The weight 
W = 7 +S, where 7 and S are the tensions in the tight and slack sides, respectively. 
The resistance of cars, rope, idlers, etc., = R= T — S. Then to prevent slip, W = KR, 
where K is a factor depending on the coefficient of friction between rope and drum, and 
on the number of half-wraps. Values of K are given in Table 1. In general, 
T= RK +1) +2 , 
The increase in tension in the endless rope, compared with the main rope of the tail- 
rope system, where the stress in the rope is equal to the resistance, is about as follows, 
ing f = 0.400: 
Pad A RES eee ee Reeds og 4 booger’ 
Increase in tension in endless rope, compared with 
Wirsct SLLERS, Ooo c< cin rn nie sls oes cote lees ae eeh « ee 40 9G Syl “Ble nels 1/10 
These figures are useful in determining the size of rope. For instance, if the rope 
makes two half-laps on the driving drum, the strength of the rope should be 9% greater 
than a main rope in the tail-rope system. The values of f below are coefficients of fric- 
tion between rope and drum. 


Dry Wet Greasy 
Wire rope on a grooved iron drum, f........--.+++-++: 0.120 0.085 0.070 
Wire rope on wood-filled sheaves, f......-.-+++-+++++ 0.235 0.170 0.140 
Wire rope on rubber and leather filling, f............- 0.495 0.400 0.205 


The importance of keeping the rope dry is evident from these figures, but calculations 
should allow for wet ropes in most cases. 

WIRE ROPE TRAMWAYS, or simply Ropeways are transporting systems in which 
moving carriers or containers hang from a 
wire rope carried on a series of spaced sup- 
ports, and are moved along by a rope, 
generally from one terminal to another. 
Ropeways which both hoist the load and 
carry it are cableways. 

For distances over a few hundred feet a 
ropeway often is the best, cheapest, and some- 
times only means of transport. Under favor- 
able conditions it is low in first cost, cheap to 
operate, and maintenance and depreciation 
are low. Ropeways are durable and service- 
able. One European builder says (1932) that 
over 90% of those built by him in the past 
30 years are in use; of those built within 50 
years, 75%. A ropeway 18 miles long carry- 
ing 36,000 tons a year at one-third the cost 

Fra. 1. Single Rope Fra. 2. Double Rope of transportation by truck is described in 

Tramway Carrier Tramway Carrier Trans. A.S.M.B. 1929, MH-51-2. Tram- 

ways are single rope and double rope. 

Single Rope Tramways comprise one endless moving rope which both supports and 
moves the carriers (Fig. 1). At the driving terminal is a large grip sheave (see p. 23-08) 
or a multiple-groove sheave working with a rewind sheave (see p. 23-07). At the other 
end of the line, an idler sheave with a pull-back weight puts tension in the rope. Towers 
on the run carry sheaves to support rope and carriers. The carrier has a pair of clamps 
to grip the rope. In one construction (Pohlig) the grip permits some axial rotation of the 
rope, to lessen wear on grip and rope. Grips are automatically engaged or disengaged at 
terminals, and the carrier runs on its own rollers over fixed track to be loaded or unloaded. 
Ropeways are best built in a straight line, but angle stations can be provided. Single- 


Table 1.—Values of Coefficient K 
f n = Number of Half-laps on Driving-wheei 
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rope tramways are used for relatively light loads, which can be spaced with some regu- 
larity, and where grades on the line are not over 30%. . 

Double Rope Tramways are those most used in the U. §.; they are suited to a wider 
variety of loads, grades and spans than single rope tramways. They have two track 
cables, one for loads, one for empties, usually of locked coil construction (see p. 6-42) 
anchored at one end, with tension weights at the other. The carriers, Fig. 2, have rollers 
running on the track cables and are pulled along by a hauling rope which they grip. The 
hauling rope is driven, tensioned and supported as is the rope of a single rope tramway. 
The grip is worked by two jaws on a threaded pin to which a lever is attached. At the 
terminal a stop throws the lever over and tightens or loosens the clamp. 

Wire rope tramways are built by manufacturers [4], [13], [71], [78] listed on p. 23-81, 
and others. For details of American ropeways, see Peele, Mining Engineers’ Handbook 
(John Wiley & Sons) and makers’ catalogs. For European practice, see P. Stephan, 
Die Drahtseilbahnen (Julius Springer, Berlin). Costs of handling are compared with 
costs by other methods in Trans. A.S.M.E., 1930, MH-52-4. See also Trans. A.S.M.E., 
1931, MH-53-4, E. J. Lloyd, on recent improvements in automatic dumps, etc. 

SUSPENSION CABLEWAYS OR CABLE HOIST-CONVEYORS are systems of 
hoisting and transporting materials consisting of one or two track cables stretched in one 
span between terminals, a bucket, container or grab suspended from a carriage running 
on the track cable, ropes for hoisting the suspended load and moving the carriage, and 
winding drums for the ropes. In quarrying, rock-cutting, ‘stripping, piling, dam-building, 
and many other operations where it is necessary to hoist and convey large individual loads 
economically it frequently happens that the application of a system of derricks is imprac- 
ticable, by reason of the limited 
area of their efficiency and the Digs 
room which they occupy. To meet Vj; To a Depth Equal to One-third 
such conditions cable hoist-con- mn: of the Operating Span 
veyors are used, as they can be : : 
operated in clear spans up to 1500 
ft., and in lifting individual loads 
up to 15 tons. Two types are Conveys 
made—one in which the hoisting > Any Distance up to 1200 Ft. 
and conveying are done by separate . 
running ropes, and the other ap- 
plicable only to inclines in which 
the carriage descends by gravity, ae 
and but one running rope is re- Ge 39 evates 
quired. The moving of the carriage To a Height of 100 Ft. or more 
in the former is effected by means 
of an endless rope, and these are 
commonly known as “endless- 
rope”’ hoist-conveyors to disting- Fe oes SE 
uish them from the latter, known Fie. 3. Slackline Cableway 
as ‘‘ inclined ” hoist-conveyors. 

The general arrangement of the endless-rope hoist-conveyors consists of a main cable 
passing over towers, A-frames or masts, as may be most convenient, and anchored to the 
ground at each end. Cable tension is maintained by a turnbuckle at one anchorage. 

The carriage travels on this cable. It is moved back and forth by means of the endless 
rope. The hoisting is done by a separate rope, both ropes being operated by an engine 
specially designed for the purpose, which may be located at either end of the line, and is 
constructed in such a way that the hoisting-rope is coiled up or paid out automatically as 
the carriage is moved in and out. Loads may be picked up or discharged at any point 
along the line. Where sufficient inclination can be obtained in the main cable for the 
earriage to descend by gravity, and the loading and unloading are done at fixed points, the 
endless rope can be eliminated. The carriage, which is similar in construction to the 
carriage used in the endless-rope cableways, is arrested in its descent by a stop-block, 
which may be clamped to the main cable at any desired point, the speed of the descending 
carriage being controlled by a brake on the engine-drum. ; 

For supporting the weight of the “‘ fall ”’ rope or hoisting rope, The Lidgerwood Mfg. 
Co., New York, uses ‘‘fall-rope’’ carriers spaced along a separate rope. The s. Blory 
Mfg. Co., Bangor, Pa., spaces them along the main track cable by sections of chains in 
loops. For details see makers’ catalogs; also Peele, Mining Engineers’ Handbook. 

SLACKLINE CABLEWAY.—Fig. 3 shows three steps in the digging, conveying and 
elevating of material by a drag-line bucket (see p. 23-22) used with a slackline cableway. 
The bucket (Fig. 16) travels on an inclined track cable, one end of which is anchored. The 
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other end is so rigged to the top of the mast that it can be tightened or slackened by the 
operator to vary its sag. One end of the hauling rope (load cable) leads to the bucket; 
the other end windsonadrum. The track cable spans the area served. When it is slack 
the bucket rests on the material to be dug, the hauling rope is wound in, the bucket digs 
its load and fills. The track cable is tightened, the bucket raised, and, according as the 
dump is at the high or low end, the carriage is pulled to or allowed to run to the dump. 
One man controls all operations. This type of plant is cheaply built and economically 
operated. It digs sand and gravel from pits and river beds, strips overburden and makes 
cuts and fills. By changing the position of the track cable anchorage and turning the 
mast it will dig a semi-circular pit. Fittings for slackline cableways and double drum 
hoists for operating them are made (see p. 23-81) by manufacturers {11], [50], [79]. 

CABLE CRANES are similar to suspension cableways, but by having one or both end 
towers movable they serve a greatly increased area. They are used in building canals, 
dams, locks and to serve large storage areas. In American practice (1936), work of this 
kind usually is done by power shovels (locomotive or crawler cranes) or slackline cable- 
ways, or combinations of them, with drag scrapers. 


SS Vy] Skip Bucket 
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Fie. 4. Power Drag Scraper System 


POWER DRAG SCRAPER SYSTEM OF STORAGE.—Fig. 4 shows elements of the 
system in a plant receiving coal by rail. The coal handling system crushes, elevates and 
delivers coal to the boiler-house, or forms a small pile near the railroad track. Two ropes 
run across the storage from a double-drum winding machine through tail blocks fastened 
to back posts. They are hitched to the front and back of an open end steel box, the 
scraper. Faced one way the scraper drags coal from the starting pile into storage; 
faced the other way it drags coal back to the track hopper. If the coal is frozen it goes 
to the crusher, otherwise the crusher is by-passed. 

In small plants, tail blocks are hooked to tail posts, which are short steel columns in 
concrete piers. They may be hitched to a bridle cable stretched between adjacent posts. 
In large plants, back posts may be mounted on a car on a standard-gage track, and 
counterweighted to resist pull of the scraper rope. For high piles the tail block may be 
carried by a steel tower, 20 or 30 ft. high, on a broad flat car on wide-gage tracks. In one 
plant (Beaumont) the tail sheave is mounted on a caterpillar tractor which can travel 
anywhere on the storage lot and form a pile of any size or shape. 

Advantages claimed for this system are: 1. Storage area can be any shape or size up 
to 900, ft. scraper travel. 2. Simple machinery, low first cost, cheap repairs, one-man 
operation. 3. Low fire risk in stored coal; ability to reach fire easily should it occur 
4. Wide range of economical handling capacities up to 1000 tons per hr. ; 

Dragline scraper systems are built (see p. 23-81) by manufacturers [11], [50], [79]. Fig. 5 
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shows a Sauerman scraper; smallest size, 1/3 cu. yd.; largest size, 12 cu. yd. Small drag 
scrapers for mines, tunnels, quarries are made by manufacturers [42], [86]. 

Fig. 6 shows a combination slackline cable- 
way and dragline scraper system used in dig- 
ging a canal in Russia and disposing of exca- 
vated material. All 3 towers are mounted on 
wheeled trucks running parallel to the canal. 
This combination has a higher capacity than 

Fie. 5. Dragline Excavating Scraper could be obtained with a cable crane (see p. 

’ 23-16) spanning the whole width of the plant. 

Drag Scrapers in Cargo Boats.—A number of self unloading boats on the Great Lakes 
and in coastwise service carrying bulk cargoes have a belt conveyor on a boom which can 
be slung to either side to discharge cargo ashore. See Fig. 7. Conveyor on the boom is 
fed from an inclined conveyor from the hold of the boat. There are several ways to 
take material from the hold and deliver it to the inclined conveyor. Some boats have 
two belt conveyors, others two apron conveyors, in tunnels extending the length of the 


Scraper Head Tower 


ed a i al E 
Fie. 7. Drag Line Scraper and Belt Conveyor System for Cargo Unloading 


cargo hold. Another method, patented by L. D. Smith, Sturgeon Bay, Wis., uses a pair 
of drag scrapers, each operated by its own double-drum winding machine, in two tunnels 
with smooth steel floors. Material flows into the tunnels through side openings. Along 
the top of each tunnel is an I-beam trolley track. The haulage cable is hitched to the 
open end of the scraper, Fig. 5; the pull-back cable for each scraper runs through a small 
tunnel, around end sheaves, over a trolley sheave hung from the I-beam, thence to the 
back of the scraper. The scrapers drop material into a hopper over the inclined conveyor. 
On the back pull the scraper is lifted up to the trolley, passes over material which has 
flowed into the tunnel, back to the starting point. Unloading capacities are 750 to 
2000 tons per hr. Small scrapers are 4 cu. yd. capacity; large ones, 12 cu. yd. This 
system has been applied to tow barges with electric motors for operating the winding 
drums, but without generating plant. Power cables are run from the dock for unloading. 

Boat unloading machinery with belt conveyors or apron conveyors in the tunnel is 
made by manufacturers [50], [77], [85] listed on p. 23-81. 


2. LOCOMOTIVE CRANES 


LOCOMOTIVE CRANES, Fig. 8, consist of a lower frame fitted with 4 or 8 wheels 
for use on track, and a rotating upper frame carrying the power plant and operating 
machinery. A boom, hinged to the upper frame, can be raised or lowered to handle loads 
at various radii. The crane will act as a portable hoisting engine, a swinging derrick, a 
grab bucket unloader or a switching engine. It will handle a lifting magnet, scoop shovel, 
dragline scraper or pile driver. Locomotive cranes with (usually) 8 wheels find widest 
application around industrial plants served by tracks. Besides lifting loads by hook 
block, they handle pig iron and scrap with a magnet, and shift cars. 
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Steam-operated cranes require a boiler, fuel 
tank and water tank. Usually a licensed engi- 
neer is required to run the boiler. Many later 
cranes have gasoline or Diesel engines, which 
require less space, can be started or shut-down 
instantly, and have lower standby expense. 

Crawler Cranes have, instead of wheels, a 
pair of treads made of steel plates linked 
together and driven by sprocket wheels. The 
weight is carried by a row of rollers on the 
lower frame. The width of tread plates and 
length of assembly make the unit bearing 
pressure so low that the crane can travel on 
soft, rough or uneven ground, and it requires 
no track or mats. Fig. 9 shows a machine 
built by Harnischfeger Corp., Milwaukee, Wis. 
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Fic. 10. Link-Belt Crawler Shovel (See Table 2) 
Crawler cranes as made by several companies are fitted with digging shovels, dragline 
buckets, trench hoes, skimmer buckets, etc. and can be converted easily from one to the 
other. The following information is from Link-Belt Co., Chicago: 


The Shovel, Fig. 10 is for gen- 
eral excavating, digging from the 
bank, handling blasted rock and 
for grading, including shallow cuts 
below grade. Its particular field 
is making cuts into and through 
banks, loading blasted rock on 


y ears or trucks, where the machine 
Pn. : <j stands in the hole or at base of 
hee rh artis For “ k ; the excavation. It can be used 
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reach is long or lift high a grab | 
bucket often works better. Table 8 
2 gives range of work for two sizes | 
of machines. | 

The Dragline, Fig. 11, is for 
removing overburden, digging under 
water, cutting wide or deep trenches, 
and where it is necessary to work 
above material handled. Dragline 
excavators work outside the hole, 
and when fitted with long booms 
can cover a large area, pile material 
high, and load cars some distance 
away. The dragline bucket is not SS STS 
so well suited to side cutting as the Fra. 12. Trench Hoe (See Table 4) 
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trench hoe. Table 3 shows the range of work for two sizes of dragline excavators. For 
dragline buckets, see Table 5. ; 

The Trench Hoe, Fig. 12, is used to dig trenches up to 12 ft. wide and 20 ft. deep in 
earth that can be cut and which will not cave in. It is faster than the dragline, can be 
more accurately controlled and will cut a greater length of trench in a given time, "Table 4 
shows the range of work for two sizes. 

The Skimmer Bucket is a form of shovel, comprising an open-end box armed with 
teeth. It travels back and forth on the underside of the crane boom and is used for 
grading, leveling, tearing up old pavements, etc. 

Locomotive and crawler cranes with hoisting capacities up to 15,000 Ib. at 40 ft. 


Table 2.—Dimensions and Capacities of Crawler Shovels 
(Link-Belt Co., Chicago) 


CxuparRance Dimensions (See Fig. 10) 
Dimen- |_ Std. Lift Shovel, 20 ft. Boom, 15 ft. Stick | High Lift Shovel, 35 ft. Boom, 21 ft. Stick 


sion 40° Boom Angle 60° Boom Angle ’ 40° Boom Angle 60° Boom Angle 

A 25/6” 20’-6” 35/-6” 32/-0” 

B 17’-0” 15/-6”" 24’-0” 21’-0” 

Cc 13/6” 19’-6”" 16/-6” 24/-6"" 

D 6’—0”" 47_0”" ] 0’—6”’ 8/-0” 

E 18/—6” 23’-0" 29’-0” 37’-0" 

F 20’-0” 26’-6” 25/6" 35/0" 

APPROXIMATE OPERATING SPEEDS, DippER PULL, ETC., FOR SHOVEL SERVICE 

use rptis bine lcriete tee SiN Tene MON. SENS; 5 ccc. 2 ioc» ote etree K 25 K 55 
Dipper hoist line speed, ft. per min................ 175 200 
Max .cipper pull, 2-pant line; Wy. 66:0 cc-.0 ave eye ew oe 8 24,000 44,000 
RUOUMULEE BDEGC, | TTIa nc cnyeipcativs aipis's © Sie 6 te fale sl eaters 4.2 oy) 
Eirevied Speed, Miles, PER NT. Of cele cis erovs os @'e sis -slevetsicts Wel 0.9 
enchnune: wilt Clrint) PEAS Ole ca. <cc.ec-crs'sie is wae s ep ecevare 30% 30% 
Operating weight, complete, Ib..................-- 60,000 145,000 
Size of dipper, struck measure, cu. yd............. 3/4 zi 


* 4 intermediate sizes are built. 


Table 3.—Dimensions and Capacities of Crawler Dragline Cranes 
(Link-Belt Co,, Chicago) 


CLEARANCE Dimensions (See Fig. 11) 


40’-0”" Boom 70’-0”" Boom 
Angle of Boom | A, ft. B (approx.), ft. Cpat. . AS hts B (approx.), ft. C: ft. 
35° 37 18 18 63 31 34 
30° 39 19 16 67 33 30 
22° 4} 20 11 71 | 35 21 
OprERATING SPEEDS, Linn Putt, Erc., DRAGLINE BUCKET SPRVICE 
Size K 25 K 55 
Drapes pecdesh rarely ITM et eysicr) e\ejcjere (pis ave a\sisivieise elesivac cine cece s 120 130 
MACAO T AP INTO) PUL e Lace). eicicleiaielslele c's wicisicie ole cee sis siee 010 600 a's 19,000 37,000 
ED OIs apie SIGE Maile AGE) LAUR G el soi) ote ot cic. tela =: a'0 ofoifeleyelersle wl eles eversvaieverd 140 155 
RAG a UTS ICC GLEE. 10. 104 ata cas trorel s| o xetale’mio’ clo clelel'e)elejevehelefelele cic cle ee ee eis Bae PTE 
PRpA vel apee a amItes: EL! Uihs io, elect lviobela/olels efere lols «evel eld\ere @loiersisicisas 0.9 0.75 
WW GI» rai.) oe ae Seed ORS O OCOD ODN OC OOD Cr Oceano 35% 33% 
Operating weight complete, lb., no bucket or load...........-...-- 57,000 128,000 
Peirce CesT Ze Lec OLMMeN Cle oye sitatiene: minaye ate soe wiclelete ciale cine oo suenrte a/a es Volt 2d /a tel wak 
SESS EAST CTE i Ee 


* 40 ft. boom. { 50 ft. boom. t 70 ft. boom. 


Table 4.—Dimensions and Capacities of Trench Hoes 
(Link-Belt Co., Chicago) 


Clearance Dimensions (See Fig. 12) Speeds, Capacities, etc. 

Size K 30 KD). K 30 K 55 
A—(Door closed)...} 27/—0’” 33/0” Drag-in speed, ft. per min..... 90 105 
B—( ‘ Be eno =Ol 23’-0” Max. bucket drag-in pull, lb...| 24,000 40,000 
C—(Door open)....| 2i/-0” 25’-0"" Hoist line speed, ft. per min... 150 150 
D—( *‘ i) Setenie liz 01? 117-0” Rotating speed, r.p.m........ 31.5 257 
Datroerciow ae eitheta ie oil 350/" 43/-6"’ Travel speed, miles per hr.... 0.9 0.75 
Og aaa rete nhs oxdcvels aiehe 20’-0” 22/01" Will climb grade of.......... 30% 30% 
Gute aden eR 17-0” 23’-0” | Operating weight, lb........- 67,000 144,000 

4 ‘ Bik 34 
Three intermediate sizes are built. Size of bucket, cu. yd......-- 1a 22's 
_LbTee INFETMETIA Le BIOS ae a 
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radius or with shovel capacity up to 3 cu. yd. are made (see p. 23-81) by [14], [39], [41], [50], 
[63], [64], [66]. Smaller cranes mounted on wide faced wheels or crawler treads with 
shovels of less than 1 cu. yd. are made for road builders and contractors by [16], [60], [87], 
and others. Some of these cranes cannot swing a full circle. Large excavators with 
shovel capacity of 4, 6, 9 cu. yd. are made by [15], [53], [67]. : 

For a comparison of these large excavators with the chain and bucket ladder exca- 
vators used in Germany, see Férdertechnik, Oct. 26, 1928, May 8, 1931, Aug. 26, 1932. 

STORAGE SYSTEMS USING LOCOMOTIVE CRANES, Fig. 13, shows a system 
of storing coal in semi-circular piles. Drop-bottom cars discharge to a central pit around 
which as a center are broad gage tracks for a long-boom crane. In large plants, working 
radius is 100 ft. The grab bucket 
has a capacity of 1 to 4 tons of 
coal which it digs from the pit 
and drops on the pile; in reclaim- 
ing, it digs from the pile and 
drops into cars. With coal piled 
25 ft. deep a crane of 100 ft. 
radius will store 70,000 tons ina 
full circle with crane tracks cov- 
ered. By continuing the tracks 
into more loops successive storage 
piles can be formed by one crane. 
The handling capacity, depend- 
ing on size of bucket, is from 100 
to 250 tons per hr. 

Locomotive shovel cranes and 
crawler shovels are used with belt 
conveyors to remove excavated 

Fig. 13. Semi-circular Pile System of Coal Storage material, or to build levees. 

Dragline cranes, feeding a system 

of belt conveyors in tandem, are used in building levees along the Mississippi River. In 

1929, over 6,000,000 cu. yd. were dug from a hill in the middle of Seattle, Wash., by craw- 

ler shovels, dumped into feed hoppers, thence to belt conveyors, some of them portable, 

and carried 3000 ft. for disposal. For the system used in building the Grand Coulee 
dam see Engg. News-Record, Aug. 1, 1935. 


3. GRAB BUCKETS 


GRAB BUCKETS.—Most rope-operated grab buckets, clam-shell buckets or orange- 
peel buckets work on the same principle, viz., an upper head, and movable, relative to it, 
a lower head. The holding line, attached to the upper head, sustains the weight of the 
bucket when it opens. The lower head is connected to the bowl of the bucket and the 
closing line, so that when this line slacks the bucket opens. When it is pulled the bucket 
closes. Various styles of bucket differ in the manner of reeving closing line through 
sheaves or around a drum (power wheel) or of attaching it to arms or a crosshead so that 
pulling the closing line will cause the digging edges of the bowl to dig material and fill 
the bucket. See Fig.14. Very heavy buckets may be 
operated with two holding and two closing lines to 
reduce size of rope, sheaves and drum. Fig. 15 is a 
diagram of two holding lines run from drum H and 
clipped to an equalizer lever at the top of the bucket. 
The closing line runs from drum C, around sheaves U 
and L in the bucket, thence to an anchorage or back 
to the drum. This is the “ fleeting through ’’ method 
of reeving. If the crane handles a hook block or 
buckets of different sizes, the bucket is readily detach- 

Tiatl 4 iiGrabuBucket able if the two closing lines in the bucket are dead- 
ended, instead of being in one length. 

The following is the cycle of operation of any rope-operated bucket: Assume bucket 
to be in upper position, Fig. 15, empty and closed; the weight is on the closing line. 
Drum C turns to lower bucket; drum H pays out holding line at the same rate of travel. 
As the bucket approaches material to be dug, H is braked, C pays out closing line, the 
weight of the parts L pushes hinge of the bucket down, the halves open and the bucket is 
ready to bite. Both lines then are let go, and the bucket drops on the material. With 
holding line slack, the weight of the bucket resting on its digging lips, the closing line is 
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pulled in; upper head B sinks, bucket closes, digs and fills. To raise bucket, C turns to 
pull in closing line, which now takes the weight; H pulls in the holding line. If the loaded 
bucket hangs from a trolley or carriage both drums are braked while the carriage moves. 
To lower the loaded bucket, both drums, under brake control, pay out line. To open the 
bucket, H is braked or stopped, C pays out clos- 
ing. line, lower head A sinks, and bucket opens. 
In its traverse back to the loading point, both 
drums are braked and the bucket stays open. 

The choice of a grab bucket depends chiefly 
on the materéal to be dug. Buckets with half- 
round bowls, Fig. 14, will dig loose free-flowing 
material and coal that is not too lumpy. To 
dig material that is lumpy or packed hard, the 
open bucket should have its digging edges in posi- 
tion to penetrate the material and not skid over it. 

Digging buckets are made (see p. 23-81) by 
manufacturers [12], [40], [41], [92]. Table 5 shows 
heavy duty buckets made by Blaw-Knox Co., 
Pittsburgh, Pa. Similar buckets up to 7 cu. yd. 
size are made to handle quarry rock, blast 
furnace slag and other difficult materials. Buckets 
of special shapes are made to rehandle stone 
from gondola cars, ores from the hold of steamers, 
and to excavate under water. 

Orange-peel buckets made by Hayward Co. and others have a hemispherical bowl 
divided into sections fitted with digging points. Holding, opening and closing is the same 


Fic. 15, Grab Bucket 
with 2 holding and 
2 closing lines 


Table 5.—Heavy Duty Buckets for Excavating or Hard Digging 
(Blaw-Knox Co., Pittsburgh, Pa.) 


Nominal rating, cu. yd.| 3/g 1/2 I/g 3/4 i 11/4 11/9 1 3/4 2 


Capacity, heaped, cu.{t.| 18.67 | 22.07 | 25.66 | 31.50 | 40.30 | 50.37 | 62.30 | 70.50 | 83.35 
Deckcoveringarea,sq.ft.| 12.50 | 14.97 | 16.15 | 22.31 | 26.40 | 30.68 | 34.14 | 38.33 | 41.36 


Width—overall........ 2’-0" | 2’-5” 2’-8" | 3/-2'" | 3’-6’" | 3/-9” | 4-0 | 4/-2” 4/-4”" 
Length—open......... 6’-3" | 6'-3""| 6-5" | 77-0" | 7-7" | 8-2" | 8-8" | 9/2" 9’-6”" 
Length—closed........ 5’-7" | 5/7" 5/-9” 6-0" | 67-5’ | 6-11") 7/-4” | 7’-9” 8’-0” 
Height—open......... 77-11") 7-11] 87-1" | 8-6" | 9/-9/" | 10’-6” | 10-117] 117-9” | 12’—-3” 
Height—closed pa He SL 6'—4” 67-4” 6=7” D2 8/— 1 ” 3/8" G90" 9/_9”” 1 0/—2”" 
Size of cable.......... 1/2" 1/9/’ 5/3!” 3/4" 3/4’ 3/4” 8/4" 7/3"" 7/3!" 
Line to reeve open 

bucket (4 parts)..... 32’-9” | 33’-9” | 34/0’ | 35’—4” | 40’-6” | 43’-8”” | 45’—4”" | 48-10’) 51/-0” 
Line pulled out to close 

DUCK Ot acs s.00 «ichewielss 22/-8” | 23’-2/” | 23’-2” | 24’-2’" | 26’—5”’ | 28-6” | 30’-10’| 31’-10”’| 33’—3” 


Weight—pounds * 
Without counter- 
weights—Weight A 1900 2200 2600 3300 4300 4900 6000 6500 7200 


With Counterweight 


—Weight B....... 2200 PAS em | een 3580 ANNE! 6 Reset At aca dl deal ll cates 
With Counterweight 
—Weight C.....2:] «te 2735 3000 3875 LU ASLO [evn er 8 Palin en otal | mowereen cet Nee creed 


Pick-up Capacity, cu. FT. FOR MATERIALS Listep IN CoxtuMN | *f 


Sand, slack coal, granu- 
lated blast furnace 
slag, gravel, 1/9- and 
11/g-in. stone, dolo- 
mite, cement seeees 

nd asphalt, aci 
ne Reyes cerers 13-B 17-A |20-A |26-A |35-A |45-A |56-A |65-A | 75-A 


Ordinary excavating, 

earth, clay and gravel | 18-BT | 22-BT | 25-CT | 3I-BT | 38-AT | 48-AT 61-AT | 70-AT | 82-AT 
Hard clay, cementitious 

gravel, hard-digging 

earth with boulders, . 

broken shale........ 11-BT | 18-CT | 19-CT | 23-CT | 28-AT | 34-AT | 42-AT | 48-AT | 56-AT 


Tron ore, 4-in. and 5-in. 
EOUG EET Tecate eT deters wine Wl pascal) Sieests Ml) xusaie-e 28-A 34-A 42-A 47-A 54-A 
*A = No weights added; B, C = Digging capacity attained by adding weight to bucket; 


T = digging teeth required. saa, 
T Similar buckets to handle quarry rock, blast furnace slag, etc., are made in sizes up to 7 cu. yd. 


capacity. 
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Table 6.—Weights and Dimensions of Single-line Buckets 
(G. H. Williams Co., Erie, Pa.) 


Overall Dimensions 


Capacity, Approx. Hei ; i = Tanah 3 
r ght, Height, ength, ength, 
cu. yd. Bi oteiat; AD. Closed Closed Open Width 
SSS ee ee oe IP tare 6/-9”" y-9" 
rs eats Jat 2’ go” 
1 - 3400 7'-8" 3/-3” 
1 1/4 3700 8’ Wd 3/—6" 


4800 


as in clam-shell buckets operated by two lines. They are made in sizes up to 1 1/5 cu. yd.; 
also in very small sizes that can be used in digging test-holes and holes for concrete piles. 

Single-line buckets are made in the smaller sizes to rehandle loose material from cars 
or stock piles or for light excavating. They are hung on a single rope which runs from the 
hoist drum of a crane or derrick, through sheaves on the bucket to a closing-arm which 
pulls the halves of the bucket together. A latched arm holds bucket closed; it is tripped 
open by a hand line. It is not possible to lower a single-line bucket to a pile and then 
dump or discharge a part of its contents. Table 6 shows the usual sizes. 

Electric Motor Buckets.—The Hayward electric motor bucket differs from all others. 
It uses an electric motor with a compact geared hoist in the upper head. Winding up a 
chain raises the lower head and closes 
the bucket; reversing the motor opens 
the bucket. A slip clutch prevents over- 
load on the motor if the current is not 
cut off when the bucket is closed. Cur- 
rent is supplied through a flexible cable, 
which, when the travel is considerable, 
is automatically wound and unwound 
from a drum operated by an internal 
coiled spring, and with collector rings 
on the end of its axle. An electric 
controller, hand-operated, starts, stops, 
or reverses the motor to close, hold or 
open the bucket. This bucket can be 
hung on a single hoisting rope, or from 
the hook of a rope tackle used with a 

Ria. 16.. Dragliné Bucket single drum, or from the hook of an 
ordinary hoist or crane. 

DRAGLINE BUCKETS are used with locomotive cranes, Fig. 11, or slackline cable- 
ways. The bucket is an open end box with a digging lip, with or without teeth. The 
dragline is hitched by a pair of chain bridles with clevis connections to front of bucket. 
When used with a locomotive crane, the bucket is pulled into dumping position by a line 
from one of the drums over the end of the boom, and hitched to the back end of bucket. 
In the slack cable system, the bucket, hung from the carriage, runs up the track cable 
with a traveler block, hits a stop button; further motion of the hauling rope pulls on the 
dump chain hitched to back of bucket. See Fig. 16. Dragline buckets are made (see 
p. 23-81) by manufacturers [12], [40], [79], [90], and others. 


4. LIFTING MAGNETS 


LIFTING MAGNETS are used with bridge cranes, monorail carriers, locomotive 
cranes and derricks to handle iron and steel of all kinds, sizes and shapes, hot or cold. 
In general the only labor needed is that of the crane man, who operates both crane motor 
and the magnet controllers. A magnet, in combination with a bridge crane, can pile 
steel higher and more compactly than any other means; cars can be unloaded more 
quickly and demurrage avoided; magnets will handle steel hot from the roll and will 
work under water. 

A lifting magnet consists of a circular or rectangular cast-steel case enclosing copper 
coils, inner and outer pole shoes to form contact with the material lifted, and a non- 
magnetic shield to protect the coils from the material. Rectangular magnets have less 
lifting power than circular magnets. They lift only what they actually touch, but round 
magnets will operate through an air gap of 5 to 15 in. according to their size. 

Fig. 17 is a cross-section of a round magnet made by Cutler-Hammer, Milwaukee, 
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Table 7.—Average Lift, Pounds, for All-day Service of Lifting Magnets 
(Cutler-Hammer, Milwaukee, Wis.) 


Size of magnet, in. diam.*. 65 55 45 39 24 
Skull cracker balls........ 40,000 30,000 24,000 18,000 6000 
Slabs Sealife al /sle ofe/aoet mie eles 60,000 50,000 35,000 20,000 6500 
Machine-cast pig from cars 2,800 2,280 1,275 750 250 
Sand-cast pig from cars... 2,650 2,170 1,150 680 229 
Broken scrap... ~s..<. <a be 1,800 1,300 1,000 600 200 
Cast-iron borings......... 2,300 1,500 1,100 600 200 
Steel Gurhings. |... occ less 1,100 750 450 300 100 
Principal Wsess:....on2s0.. Large capac-| Open-hearth | Gen. work; | Pig. iron; Light 
ity; plants; larger cap’y| scrap; finished 
heavy duty] steel mills |. with loco. med. cap’y} parts; pipe; 
cranes with loco. castings 
cranes 


* Round magnets 18 in., 12 in., 7 in., 5 in. diam., also are made. 


and Table 7 gives capacity per lift for different kinds of service for average 10 hr. steady 
work. If service is not continuous, the coils run cooler and the lifting capacity is greater. 
Round magnets and magnets of other shapes are also made by Ohio Elec. Mfg. Co., 
Cleveland. Fig. 18 shows 3 rectangular magnets hung from a spreader beam for lifting 
long plates. 
To provide direct current needed for a magnet, locomotive cranes are fitted with a 


Fie. 17. Lifting Magnet Fic. 18. Lifting Magnet, 
Handling Long Plates 


generating set in the cab. On alternating-current bridge cranes, a motor-generator set 
on a platform over the operator’s cage supplies direct current. The trolley has a cable 
winding drum for taking up or paying out electric cable to the magnet. 

Round magnets often are hung over a belt conveyor to remove stray iron from coal, 
foundry sand, etc., carried on the belt. The diameter of the magnet should be 1/3 larger 
than the belt width, and it should not be higher above the belt than 1/4 the belt width. 
Belt speed should not exceed 450 ft. per min. 


CRANES AND DERRICKS 


A hoist is a machine for raising and lowering loads. A crane is a hoist or number of 
hoists so mounted as to move loads both vertically and in other directions. 

SAFETY STANDARDS FOR CRANES, DERRICKS AND HOISTS.—The safety 
code sponsored by the A.S.M.H. and the A.S.A. (1933) defines terms, states requirements 
of design and construction and gives rules to promote safety in operating. 

Cranes generally are tested by their makers with a load 25% greater than the load for 
which they are rated. 


1. TYPES OF CRANES 


Cranes which lift and swing the load are pillar cranes, jib cranes in various forms, der- 
ricks, rotary bridge cranes, locomotive cranes. Cranes which lift the load and travel 
with it comprise many forms of bridge and gantry cranes. 

A PILLAR CRANE consists of a stiff self-supported column, turning on a vertical 
axis and fitted with an inclined boom, the end of which carries the load. The boom 
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swings in a full circle on ball or roller bearings. Hoisting is by hand power winch on the 
column. Fig. 1 shows a type made in sizes of 2 to 20 tons; working radius 12, 15 or 20 ft. 

Pillar Jib Cranes have a trolley traveling on a horizontal boom to carry the load. 
The hoist is hand or power; the trolley usually is moved by hand. The jib may be two 
channels or a single I-beam for chain, electric, or air hoist. See Fig. 2. 


Jib Cranes 


TOP-SUPPORTED JIB CRANES require the top of 
the column to be braced to a wall or ceiling, or by guy- 
ropes or struts. They include yard derricks, foundry 
cranes and sidewall cranes for machine shops. Fig. 3 
shows one with separate hand winches for hoist and 
traverse. Jib cranes sometimes are made with single 
I-beam jib for hoists hung from 4-wheel trolleys as auxil- 
iaries to traveling bridge cranes. 

PORTABLE JIB CRANES can be made to serve 
different areas of shop floor as needed, by fitting building 
columns with socket connections to fit loose-pin connec- 
tions on the crane mast. 

BRACKET JIB CRANES have a horizontal jib hinged 
to a wall bracket by a vertical pin, and stayed by a rod 

Fie. 1. Pillar Crane hinged to an upper bracket. The form shown in Fig. 4 

has an I-beam jib for a trolley, from which hangs a hand 

or power hoist. Bracket jib cranes also are made with 
built-up girder rail jibs for Cleveland tramrail or American 
monorail. See p. 23-44. The ends of the special rail on the 
jib can be fitted with interlocks to engage with fixed tramrail. 
Trolleys on the jib thus also may run on tramrails radiat- 
ing from the bracket crane, and serve a large area. To 
serve trolley tracks running through a doorway, Richards- 
Wilcox Co., Aurora, Ill., and others, make bracket jib cranes 
hinged to lie flat against the wall and allow the door to close. a 

WALKING CRANES and Traveling Wall Cranes are jib Fie. 2. Pillar Jib Crane 
cranes mounted for longitudinal travel; the first runs on a 
track on the shop floor with an upper rail on the wall or building columns to take the 
thrust at the top of the mast. The wall crane, Fig. 5, (Niles-Bement-Pond Co., New 
York) has an upper and a lower thrust track on which run flat-faced rollers, while the 
vertical load is taken on a separate rail mounted on wall brackets. The thrust load is 
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much greater than the dead load when the trolley is at the 
extreme end of the crane. Such cranes act as auxiliaries to shop 
bridge cranes in serving long lines of machine tools or in han- 
dling riveters on long structural steel work. 


Harebien ie Derricks 
IG, o. 10) u orte : 
Jib Deena GUY DERRICKS have a mast, with a step and vertical pivot 


eae pin, at the base, a boom hinged to the foot of the mast, whose 
inclination can be varied by rope tackle joining tops of boom and mast. A pivot pin 
on top of the mast fits a cap to which guy ropes are attached. For hand operation, a 
double-drum winch is mounted at the base of the mast for hoisting and luffing res- 
pectively. If angle of boom is not often changed, a single-drum winch will suffice, 
luffing being by a hand line hitched to the mast. Fig. 6 shows a guy derrick used in 
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quarries and by contractors in bridge and buildin i i 

; ‘ rs i g construction. It is operated 
or power hoist with two hoisting drums for load and luffing, and a pair prabeitigiaesdyic 
Ropes from the latter lead to opposite sides of a bullwheel, on the foot of the mast to 
swing mast and boom. The luffing rope runs to foot of mast, to masthead, thence to 


2 Thrust Wheels spaced 5! 6” 
Thrust on each 23000 1b, 


4 H.P. Motor for 100-125 

Ft.per Min. Trolley 
15 H.P. Motor for 20-40 
Ft.per Min, Hoist 


2 Thrust Wheels spaced a6" 
‘ cir: Thrust on each 23000 Ib, 

r 'e 
aL Feet Traxel of Hook-——————-—- 


” 


Fig. 5. Traveling Wall Crane 


tackle between masthead and top of boom. The hoisting rope follows a similar path, and 
runs through sheaves on the boom to the suspended load. The stress in the hoisting line 
(fall rope) can be taken from Table 4, p. 23-04. Stress in boom-hoist tackle increases as 
boom is lowered. Hoisting rope is generally 6 X 19 steel wire rope; boom hoist line is 
the same, but with more parts in the tackle. Stresses in guy lines can be calculated from 
their arrangement around the mast with respect to the position of the load and also with 
Tespect to the angle they make with the horizontal. For other points on derrick design, 
see Amer. Cable Co. Wire Rope Users’ Handbook. Contractors’ derricks often are made 
of steel for safety, and in sections for ease in handling. 

STIFF-LEG DERRICKS are used where it is not feasible to run guy ropes, or where 
derrick must be shifted often. See Fig. 7. Struts from masthead, inclined at 45°, are 
framed, or hinged, to two sills set on the ground at 90°, meeting under the step of the 
ee The boom can swing 270°. ° Sills can be bolted to foundations or held down by 
weights. 

JINNIWINK DERRICKS are similar to stiff-leg derricks. An A-frame replaces the 
mast, and with its back strut is mounted on a T-shaped frame acting as a base. The 

ae, boom, hinged to the base frame, is adjustable 
for angle. These derricks, light and easily set 
up, are used by building contractors. 


Fic. 6. Guy Derrick Fic. 7. Stiff-leg Derrick 


TOWER DERRICKS consist of a square tower of wood or steel with footings for 
booms on one or more corner posts. They are used in building construction, booms 
being shifted higher on the posts as the building goes up. A steel tower derrick with a 
revolving pivoted counterweighted 50-ft. boom is used in building construction in Ger- 
many. It will lift 1 ton with boom horizontal; maximum height of lift with boom luffed, 
100 ft. The tower rests on a wheeled platform, and has 3 small electric winches, con- 
trolled by a man on the platform. 

The concrete distributing apparatus made by Insley Mfg. Co., Indianapolis, Ind., is 
a modified mast and tower derrick. The mast hoist has a framed steel mast, about 20 in. 
square, made in 20-ft. sections with bolted end connections and guy attachments. It has 
guides for a dump bucket which discharges into a receiving hopper adjustable in height 
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on the mast, from which ‘chutes distribute concrete. The upper end of the chute is a 
boom, guyed from the mast head. Extensions of the chute hang from trolleys on a chute- 
extension cable which spans the area over which concrete is distributed. Fig. 8 shows a 
60-ft. mast with a 40-ft. boom chute, served by a 1-yd. hoist bucket. Larger plants have 
steel or wood guyed towers, with one or two hoist buckets. Masts and towers for this 
system of distributing concrete have been designed and standardized for rapid and easy 
erection. 

Complete steel derricks or fittings for wooden derricks are made by manufacturers 
[3], [21], [49], [52] (see p. 23-81) and by makers of steam, electric or gasoline hoists and of 
equipment for contractors. 


Traveling Cranes 


TRAVELING BRIDGE CRANES.—Makers of tramrail equipment (see p. 23-81) list 
and illustrate in their bulletins a wide variety of light cranes for 2 tons or less load. Table 
1 classifies Cleveland tramrail bridge cranes; similar 
cranes are made for American monorail. These light 
cranes are notable for several reasons: 1. End trucks 
E have equalizer levers and swivel wheels; wheel flanges 
Wire Rope Boom Tie a =) do not bind on the rail. 2. Structure is light; 

: wheels have ball bearings; crane is easy to move. 
3. The light construction of bridge, flexible mount- 
ing of the wheels, and absence of a squaring-shaft 
permit cranes to be hung from 3 runways if bridge 
is longer than 30 or 35 ft. By using 3 runways 
weight of the bridge can be kept so low that a 50- 
ton crane can be moved by pushing or pulling the 
load, and there is no danger of pinching or binding 
the runway. 4. Most types can be fitted with 
ig interlocks to register bridge rails with fixed tramrail, 
Fia.8. Tower Derrick and Boom Chute 8° that hoists, carriers and trailers can travel on 
or off crane bridge. 5. Electrical conductors and 

mountings, control and accessories are well standardized. See Fig. 9. 

Other bridge cranes, for loads up to 5 tons and for spans under 30 ft., are made of 
single I-beam spans with trolley hoists hung from lower flanges. The bridge travel of 
these cranes is generally by hand-chain hung from a chain-wheel on a squaring shaft that 
drives truck wheels at each end of the span. For loads over 3 tons, it is better to have 
a gear reduction between chain gear and squaring shafts. 

Double I-beam Cranes are used for loads up to 20 tons and for spans of 20 to 50 ft. 
The trolley runs on top 
of the girders. The hoist 
rope is wound on a drum 
which may be geared to 
Aaa ~ aie hoist light loads at faster 
Pectheng : s'ut, Speed than heavy loads. 
3h i Qrerhasg With double I-beams, 
| the load hook can go 
1 between the beams, and 
| fora given lift, the build- 
ing need not be so high 
as it would be if trolleys 
were hung below the 
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23 ft. with 40 ft. Boom Chute 
27 ft} with $0 ft- Boom Chute 


| Lower Sheave 


i Hoist“Bucket E 


Center Truck Used for 
Three Runway Crane Only 


i p—=-— beam. Someeranesihaye 
Fie. 9. Cleveland Tramrail Crane two trolleys for handling 
long or heavy pieces. 
ria _ Eee The hand-power 
tr ee, wn, aE 


cranes mentioned are for 
what crane builders call 
class D, 7.e., very inter- 
Rit mittent, service. If hand 
H BAR operation is too slow, 
Fic, 10, Light-duty Bridge Crane 1 beam eranes! CaNInN> 

fitted with one or two 
motors (class C service), or with three motors for class B service, which means the ordinary 
work of a crane in shops, foundries, yards, etc., where the crane is busy 8 or 10 hr. 
and adjustments, inspections and repairs can be made in idle time. 


\ 
{wh eat 
. ——thtwikertase Hey 
Ye | i | 
Tariana ia es | 


LIGHT DUTY CRANES 23-27 


A 3-motor Bridge Crane for class B service is shown in Fig. 10 and Table 2. The 
bridge is made of two I-beams to carry the load, with two light lattice-girders to stiffen 
the frame and to help carry the travel machinery. The bridge often can be shipped and 
erected as a unit. The trolley frame is a one-piece steel casting; the double-flanged 


Table 1—\ Cleveland Tramrail Bridge Cranes 
(Cleveland Crane & Engg. Co., Wickliffe, O.) 


Type BripcGrs PRopELLED BY Hanp (Putt or Pusu Loap) 

CH For any Cleveland carrier or hoist, hand or electric up to 2 tons capacity; 2 runways 
for bridge lengths up to 30 ft.; 30 to 50 ft. 3 runways. 

CHL For any Cleveland carrier or hoist, hand or electric, up to 2 tons capacity; 2 runways 


for bridge lengths up to 30 ft.; low headroom. 


DGH Double girder bridge; trolley hoist on top. Capacities up to 1 ton; 2 runways for 
bridge lengths up to 30 ft.; low headroom. 


Brinces PRopriiep By 2 or 3 Morors 


UCE For any Cleveland carrier or hoist, hand or electric up to 2 tons capacity, 2 runways 
for bridge length up to 30 ft.; for 30 to 50 ft. 3 runways. 


DGE Double girder bridge; hand pushed trolley; capacities up to 2 tons; 2 runways for 
bridge lengths up to 30 ft.; low headroom. 


DGEE Same as DGE except that trolley is motor-driven. 
DGC Like DGEE, but operator controls all motions from cab mounted on bridge. 


Table 2.—Clearance Dimensions for Light Duty Cranes 
(Shaw Electric Crane Co., Inc., Muskegon, Mich.) 


Dimensions (see Fig. 10) 


ad 20 2’— ut 17=—6"" 1“—8"" Tw 8’ 5'—6"" 5 1/9!’ 4/—9/" 20 4680 
30 2/-2”" 1’-6”” 1’-8” 1/— 8” 5/—6"" 51/9!’ | 4-9" 20 5120 
1 40 22" “6” 1/—8”" 1 8/’ 5/— 6!" 5 1/9" 4/9" 20 6240 
50 2/-2”" 1’-6” 1’-8” 1’/— 8” 5/-6” 5 Vol’ | 4-9” 20 7150 
20 2’-2”" V-6” | 1-8” l’/— 8” 5/-6"" 5 V/o’’ | 4-9” 20 5600 
30 ve Lia 7—6"7 |/—8”" ee 8” 5/_6/" 5 fet? 4/-9"' 20 6070 
2 40 qT". 2 ]’—6” 12 8” ie 8” 5/_6/" 5 1/9” 4/9” 20 7200 
50 2/-2"" 1’-6” 1’/-8” 1’— 8” 5/-6" 5 1/o’’ | 4-9” 20 8120 
20 | 2-7" | wor | 2-11" T 5-6" | 5 1/e” | 4-9" | 20 6880 
30 | 2-77 | v—2 | ave | wi | 5-67 | 51/9” | 4-97 | 20 | 7400 
: 40 | 277 | wear | oe | tie | 5 | 5 1/o” | #9” | 30 | 8540 
50. | 2-77 | 2-2 | - air | vii | 57-6" | 5 1/o” | 4-9" | 30 | 9470 
~e 20 = isa 2. Qt Uw 17 17 ie as 5/6” 5 1/9!’ 4/9" 30 7380 
30 2'-7" 2’-2”" 2/-1” 17-11” 5/-6"" 5 Ifo’ | 4-9” 30 7900 
p32 | 40 | 2-77 | 2-27 | 2-1 | vii | 5-67" | 51/0” | 4-97 | 30 9040 
50 2/-7" 2’-2” 2’-1" 7-11” 5’-6”" 5 1/o’’ | 4-9” 30 9970 
S| 20.) 277 |, 2" | | a1 | 5-6" | Sif” | 4-97 | 30 =| 8730 
30 | 2-7 | 2-2 | ai | v1 | 5-6" | 51/e” | 4-9” | 30 | 9250 
5 40 | 2-7" | 2-2 | ave | vt | 5-6" | Safe” | 4-97 | 30 | 10400 
47 | 2-77 | gear | over | yeni | 5-6" | 5 1/y | 4-9" | 30 | 11300 
20 3/-6” 3/-0” 3/—-1" 2’— 0” 5/-9"" oY” 5/--6"” 30 12000 
30 3/-6” 3’-0” 3/-1" 2/— 0” 5/-9” 6” 5/-6"" 30 12700 
71/2 40 3/— ” 3°. 0” 3/ (27 he 0” Bi Ger 6” 5/6” 30 14000 
45 3/-6/" 3/-0” 3/—1"" 2’- 0” 5/-9”" Ode 5/-6”" 30 14900 
/__6// 3%. 0” 3? ye 0” 5/_go”7 6// SY 6’ 30 14200 
a5 4 6” 3/-0”" 3/-1"" 2’/— 0” 5/-9"" 6” 5/—6"" 30 15000 
10 40 3/—6"’ 3/-0” 3/-1"" 2/-— 0” 5/-9"" 6!” 5/-6"" 40 16200 
42 3/6” 3/-0” 3/-1” 2’— 0” 5/-9"" al 5/-6”" 40 17000 
Crane RatiIncs 
C Full Load Speeds, ft. per Min. Hp. of Motors ened 
it | | of 
ce te Hoist Trolley Bridge Hoist Trolley Bridge in. 
5 3 1/4 
I BORne. het ien aR RERSE 42 110 175 3 3/4 
PRUODE cite ce os ice 35 110 175 5 3/4 3 1/4 
isp cs 5> 08 UE 33 110 175 71/2 1 3 wg 
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BRONBsse)sisegrh ae 26 110 175 
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trolley wheels run on flat bars welded to top flanges of the girder beam. These and 
similar cranes are made (see p. 23-81) by manufacturers [28], [41], [54], [61], [76], [80], [91]. 

Cranes for class A service work 24 hr. per day in steel mills, cement mills and foun- 
dries, or on heavy hoist and grab bucket or magnet work, where interruption of service 
is serious. Speeds of hoists, trolley and travel often are higher than for cranes in lighter 
service; motors are larger; parts are designed with a higher factor of safety and with 
more regard to access to working parts and certainty of lubrication. Such cranes are 
made by some of the companies noted above, also by (see p. 23-81) manufacturers [1], 
[20], [89], [59], [81]. Fig. 12 and Table 3 show cranes for heavy service. Cranes made 
by various makers do not differ much in essential dimensions. 

AUXILIARY HOISTS FOR CRANES.—The dimensions P and G in Table 3 for cranes 
over 10 tons refer to position of hook of the auxiliary hoist, which is used for rapid hoisting 
of loads lighter than those for which the crane is designed. For this duty the trolley car- 
ries two motors, each with its own set of drums and gearing. One set is for the main 
hoist of the rated capacity of the crane; the other is for 3, 5 or 10 tons auxiliary capacity. 

CRANES FOR OPERATING GRAB BUCKETS for handling coal at power plants, 
raw material and clinker at cement plants, unloading bulk material from cars, etc., have 
a trolley with two drums, one for closing line and one for holding line. The drums are 
mounted parallel to the bridge girders; each has its own motor, solenoid brake and reduc- 
tion gearing. If the crane does miscellaneous 
hoisting and a bucket is used only occasionally, 
the trolley can be of the ordinary hoisting 
type, and the bucket of the single-line or one 
of the motor-driven types, to be put on the 
hook block when needed. See p. 23-20, 

Grab bucket cranes are made by most 
builders of heavy type bridge or gantry cranes. 
Dimensions of trolley vary with weight and 
type of grab bucket and height of lift. Parts 
generally are of heavy construction, and pre- 
cautions are taken to keep dust out of gears. 
All motions of crane and bucket are electric- 
ally controlled from the operator’s cab, usually 
mounted on the trolley. 

TRENDS IN CRANE DESIGN.—(Trans. 
A.S.M.E., 1928, MH-50-1) Modern cranes 
are characterized by less dead weight, by rolled 
beams instead of box girders, lighter motors, 
alloy steel parts, ball or roller bearings, heat- 

Fic. 11. Tramrail Gantry Crane treated gears, gears enclosed for protection 

and running in oil baths, grease cups and 
intermittent oiling being avoided. Bridge cranes with structural parts of aluminum 
alloy are described in Engg. News-Record, Oct. 8, 1931. Advantages claimed are re- 
duction of weight, less power for travel motions and no necessity of painting. Comment 
of Férdertechnik is to the effect that the percentage of weight saved would not be so great 
for German cranes as they are lighter than American cranes for the same service. 

Cleveland Crane and Engg. Co. makes cranes in which end trucks, trolley frames and 
bridge girders are arc-welded and not riveted. Advantages claimed are greater rigidity 
and strength, less weight, faster acceleration, reduced maintenance. 

GANTRY CRANES.—For loads up to 2 tons Cleveland tramrail can be fitted to 
two gantry legs. See Fig. 11. All wheels have ball bearings, and the structure, with 
load, can be moved by one man at either end pushing or pulling. For rapid or long travel 
the crane can be electrically propelled. These cranes can be used in shops as auxiliaries 
to traveling bridge cranes. Cleveland gantry cranes can be interlocked to register bridge 
rails with fixed tramrail so that hoists, carriers and trailers can move on and off the 
gantry bridge. 

Gantry cranes of heavier type, Fig. 13, range in size from 5 to 250 tons, of any span. 
As regards construction, they are like bridge cranes built for hoist, bucket or magnet work, 
but have better protection from weather for operator and machinery. For travel motion, 
power is transmitted from a motor on the bridge through horizontal and vertical shafts 
to geared truck wheels at ground level. Truck should have brakes to prevent high 
winds moving the bridge. Such mechanical and electrical brakes are described in Trans. 
A.S.M.E., 1930, IS-52—-4. If the crane serves a yard alongside a building, it is sometimes 


convenient and economical to support one crane track on the building wall. The crane. 
is then a single-leg gantry, 
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Heavy-duty Bridge Crane 
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Table 3.—Clearance Dimensions, Heavy-duty, Roller-bearing Cranes 
(Harnischfeger Corp., Milwaukee, Wis.) 


Copa Svan Dimensions (see Fig. 12) nee Run- 
ity, | 4, er ead 
tons | ft. B C F G Wheel lb ae 

neta cd +: 2 ES ED eee Bae (coe 2 No yd. 

40 |5’—21/9"| 8 1/o” | 6 1”|2’-107*| 2— 9”| Be” | 97-10"]....... 14500 | 50 
50,| 5 i] 81/o” | 6 1712-10" 2 971 gsr | 10 o0”l....... 16000 | 50 
60 | 5 1] 81/9] 6 1712-107] 2 9”! gs” | 10 0”. 17300 
5 Se Ya [21088] = 9") SBINO= 071... 5 50 
70 | 5’ 1”| 81/9" | 6 1”\2-107*| 2 9”] Bev |i 77]... 19300 | 50 
80 | 5’ 5”| 81/o”} 6 1”12-107%| 2 9” gre 112 3]... "|| 21000 | 50 
100 | 5 5”| 83/4” | 6 1”/2-107%| 2 97] ge | 14 3”1....__|] 25500 | 50 
40 5’/-10”] 81/9’ 4_4//27_ Que be 1 re 
Oe ee le eek eae, | oe ene ee 21300 | 50 
50 10”| 81/9” | 6-117/3/— 0” *| 3 07] 8-8” | 10 7”]....... 22800, 50 
a 60 | 5’-10”] 83/4” | 6’-117/3— 07 *! 3 0”| B87 | 10 9”]....... 24000 | 50 
J 70 | 5’-10”| 83/4” | 6-11713/— 07 *| 3 o”| Be" | 11 5”1....... 26000 | 50 
80 | 6— 07] 83/4” | 6-11713/— 07 *| 3/— O”| 8-8” | 12 7”|....... 27500 | 60 
100 | 6— 0”| 83/4 | 6117/3’ 0” *| 3 0” Be” | 14-571... ...., 32500 | 60 
40 6’— 0] 83/4” Pi 2S 6” i “| g7_e7 | 117. 5/71 37-07 | R500 | 60 
30.| 6 07 gay” | rot 26" | 20 ort ae” Live ot 30” t 30000 | eo 
he 60 6/— 0” 8 3/4” 77-11” Z=— 6” { cay 6” 8/— tt (|) or 3/—0/" 32000 60 
ux! 79 | 6— 07] 83/4 | 77-1172 6” | 2 6”| 8-8” | 117-117] 37-0” | 34000] 60 
$ 80. | 6— 0”| 83/4” | 7-117] 2 6” | 2 6”| 8-8” | 127 7”] 3-0” | 36000 | 60 
; 100 | 6— 6”) 91/97 | 7-117] 2— 6” | 2 6”) 8-8” | 14 5”| 3/0” | 43500 | 70 
40 | 6— 37] 91/9” | 8— 7”| 37 0” | 2=10"| 8-87 | 11— 5”| 27-67 | 34000 | 60 
; 50 | 6— 3”| 91/9” | 8 7”| 3’ 0” | 2-107] 8-8” | 117- 7”| 2-6” | 36500] 60 
4 He 60 (-_ Qo” 9 1/9!’ 8/— Bf 3/— 0” 2/—10" 8/—8"" ih 9” ’—6" 39000 70 
Bs Pers) = 9 91/9) 8 707) BO" | 2-10") 8-8" | 12 07) 2-6" | 41500 |, 70 
80 a 9” 9 1/9" a he 3/_ 0” 2’—10” 9/8’ idee Vs 2’—6"' 44500 70 
100 | 6’-10”| 10” 8’— 7’) 3’— 0” | 2-10”] 97-8” | 14’- 5”] 2-6” | 52000 | 70 
o 40 WE 104 9 V/o’’ Y= Ope 3f— 1%" 3/— 4” 8/—8// Lie at 3/04 43000 70 
r 50 | 7— 17] 91/9” | 9 97] 37-1” | 3 471 8-8” | 11/— 7”| 3-07 | 45700 | 70 
60 i— 1” 91 ur g/_ gv 3/— V’ ae 4” 9/8” re Q’”’ 30" 48000 
Seni 70 | 7’— 3” tie g/— 9/7] 37 177 3 4”| 9-8” 112 2”| 3°-0"7 | 52000 é 
| 80 | 7’— 3”| 10” 9 97] 37 17 | 37 471 98 | 127-10] 3/-0” | 52500 ; 80 
’ 100 7— g”’ 11" Oo! 9” 3/_ 1” Ses 4’ 9/87 14/— 8” 3/—0” 61000 80 
| 40 | 7/— 3” 10” 9 97| 37 17 | 37 471 9787 | 12’— 477! 37-07 | 49000 | 80 
4 50 | 7— 3”| 10” gy 9| 37 17” | 3r— 471 9/8 | 12/- 6”| 3/-0” | 52000 | 80 
30 60.| 7/— 3” 10” 9 977] 37 177 | 3 47) G8 | 12/— 6”! 3-07 | 55000 | 80 
| Aux.,| 79 | 7 3”| 10” 9 97] 37— 17 | 3/— 4”) 97-8” | 12/— 8/1 3-07 | 58000 | 80 
Sor 10) gq | 7 ov} 11” g/— 9| 37 17” | 3 47) 9g | 12’-10"] 3-0” | 62500 | 80 
100 | 7’— 97] 11” g— 9”| 37— 17 | 3— 4} 9-8 | T47— 31 3-07 | 70500 | 80 
40 | 7— 6” 11” 10-10") 3’— 1” | 3/— 6”| 97-8” | 12-10”) 37-5” | 65000 | 80 
50. | 7— 6”| 11” 10-107] 3-1” | 3’ 6”| 9/-8” | 13’— 0”| 37-5” | 68300 | 80 
. 40 60 | 7 6” 11” 10-107] 3-1” | 3/— 6” 9-8” | 13/— 2”) 37-5’ | 71500 | 80 
5 Aux., 70 | 7 6”| 11” 10-107] 3’— 1” | 3’— 6”| 9/-8” | 13’— 4”) 3/-5” | 76000 80 
= 5 or 10 80 ye 13”” 10’—107| 3/— 1” 3/— 6'| 9/-8” 14/— 0”) 3/5” 78500 100 
100 | 8— 0”| 13” 10-107] 3’— 1” | 3 6] 9/87 | 147- 4/7] 37-5’ | 85000 | 100 
a 50 eee: emer, 
: Aux, | 40 | 8 6”) 13” 11 20h 3 1 | 3 6] 9-8 1 13% 7/7) 37=5¥ | 77500 | 100 
; 5 or 10 


* To main hook. 
Nor: Cranes of 50 tons capacity and above, and of 60 ft. span and over usually are equipped 
with 8 track wheels. On 10-ton crane with 3-ton auxiliary hoist, dimensions B and F are 3 in. 


7 greater. Wheel loads specified do not include impact. 
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Advantages of gantry cranes are: No expense for overhead runways; tracks can be 
extended or changed in position; no obstruction of yards by overhead track supports. 

Portal Cranes (double-leg) or semi-portal cranes, single-leg, are similar to gantry 
cranes. They generally have a rotating crane, or a crane with luffing motion mounted | 
on top of the structure to transfer freight from ship to wharf, or vice versa. 

SPECIAL CRANES FOR STEEL WORK.—Ladle cranes are made up to 300 ton 
capacity to control all the motions of filling, transporting and pouring hot-metal ladles 
in open-hearth plants. They have two independent trolleys with a pair of girders: for 
each. The main trolley travels on the outer girders and hoists the ladle; the auxiliary 
trolley travels on the inner girder and has two hoists to tilt the ladle one way or the other. 
To insure safety, the two hoist motors and two sets of hoisting machinery are geared to- 
gether to prevent the ladle from tipping sidewise and spilling metal if one motor or set of 
gears should fail. 


Fie. 13. 50-Ton Gantry Crane 


Ingot-stripping Cranes are of several types. In one, a vertical arm suspended from 
a trolley carries jaws which seize the hooks of the ingot mold, while a screw-actuated 
plunger pushes the ingot from the mold. Some cranes carry auxiliary trolleys to handle 
stripped ingots. In rope-operated cranes, the hoist block carries tongs which lift the 
mold while a stationary ram pushes the ingot out. 

Soaking-pit Cranes do all the work of handling ingots into and out of soaking pits. 
In one type, a trolley carries a guided vertical ram, gear-operated, with gripper Jaws on 
the lower end. These have an automatic closing motion, suitable to ingots of different 
widths. The ram rotates on a vertical axis. This type requires high headroom. Rope- 
operated types require less headroom, have a shorter ram, and the guides are below the 
trolley (Alliance Machine Co., Alliance, O.). 

Crane-type Charging Machines are made by Wellman Engg. Co., Cleveland. A 
vertical frame moves with the trolley and is braced against the under side of the bridge 
girders. It carries an arm that holds the charging box and turns it over when it has 
been pushed into the open-hearth furnace. 

ELECTRICAL EQUIPMENT FOR OVERHEAD CRANES.—(From Crane Engi- 
neering by Whiting Corp., Harvey, Ill.) Alternating current generally is used for most 
cranes, More delicate control can be obtained than with direct current, especially for 
light loads. If both alternating and direct current are available, choose alternating; if 
only direct current, do not convert it to alternating, but use it. 


Motors.—Slip-ring motors with wound rotors are preferable for crane service. Squirrel-cage 
induction motors may be used if delicate control is not required. Crane motors are rated for a 
given temperature rise in a stated operating time. For heavy service the Hp. rating is limited to 
a temperature rise of 40 to 50° C. in 60 to 90 min. operation. For intermediate or light service, 
a higher rating, based on 30 to 50 min., is permissible. 

Controllers.—Drum-type controllers, with cast-grid resistance, are preferable for both direct 
and magnetic control. Arcing is relieved by blowout coils, and for protection, controller is com- 
pletely enclosed, Controllers for-operating from floor instead of from cab have a cable drum with 
spring return. Special controllers to give 90% reduction of full-load speed can be supplied for 
delicate control in foundry work. 

Switchboards.—Main switch- and panel-boards are mounted in the rear of cab and totally 
enclosed. The switch may be locked in open position and it is impossible to open fuse box with- 
out opening main switch. Contactors for limit switches, magnets and magnetic control are 
accessibly located in the rear. Push buttons and master switches are in front near control levers. 
For heavy duty, cranes should have overload and low-voltage relays to protect all circuits. For 
regular service standard fuses generally are used. 

Crane Wiring should conform to Underwriters’ National Electric Code. 

Brakes.—In alternating-current service, hoist motor has two brakes, one mechanical and one 
electrical, either of which will sustain full load. The principle of the mechanical brake is shown 
in Fig. 1, p, 28-37, The electric solenoid brake has a weighted plunger, which releases the brake 
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shoes, and a wound coil to act against the weight and clamp the shoes to the drum on the motor 
shaft. Brake shoes are a composition of asbestos and graphite and are adjustable. Direct-current 
service uses dynamic braking. One or two solenoids are used to stop motor and hoist. 

Collectors and Conductors.—Runway conductors are furnished by the crane purchaser. They 
should be spaced 8 to 10 in. vertically, and supported about every 20 ft. by insulated brackets. 
Wire conductors should be pulled tight by strain insulators at the ends. 


OPERATING SPEEDS OF CRANES.—Table 2 shows motor sizes and operating 
speeds of shop cranes in intermittent service. For heavy-duty and 24-hr. service, heavier 
motors and higher speeds generally are used. High speeds of hoist and travel cannot 
be attained in short movements, because much of the time is used in accelerating and 
decelerating moving parts. See p. 23-32. In estimating capacity of a crane to hoist and 
transfer loads, allowance must be made for time thus lost. For short travel, as in trans- 
ferring loads from car to adjacent storage, the allowance may be 25% or more. 

CRANE SUPPORTS.—Running rails are furnished by the user; size is recommended 
by the maker for the particular service. They must be laid straight and at exact center 
to center distance. Track supports should be strong enough to carry maximum load 
close to one end of bridge, and stiff enough laterally to take the shock of sudden stops of 
the loaded crane trolley. Column connections and columns must be designed on a basis 
of maximum loads. It is well to consult crane builders before design of the building has 
gone too far. 

HOISTING ROPES are cast-steel wire rope, usually 6 X 37; 6 X 19 and 8 X 19 also 
are used. Sheave and drum diameter should be (30 X rope diam.) See p. 6-34. For 
use of wire rope see p. 23-04. 


2. POWER REQUIRED TO DRIVE CRANES 


POWER REQUIRED TO DRIVE CRANES. (Adapted from Electric Crane Con- 
“struction, by C. W. Hill, 1911.)—The current for hoisting is expended partly in lifting 
the load and partly in losses in the motor, the solenoid brake, the hoisting gearing and 
bearings and the friction and bending of the ropes on the drums and sheaves. As a 
rough average for shop cranes, these current expenditures may be 70% useful work and 
the losses 14%, 1%, 12%, and 3%, respectively, of the total current furnished. The 
size of the motor is determined by the torque required 
to lift the load plus the torque necessary to bring the 
load and all the rotating mechanism up to speed in the 
time allowed by the designer for the hoist to attain its 


full speed. The overload torque required for accelera- 3 dee 

tion to a speed »v in ¢ seconds varies as 1/t, and that “ dg 3 F ie 4 

factor, rather than the torque for direct lift, determines 33/55 %24 8/84 3 dg 

the size of the motor in all hoists except very slow ones. #75" B22 z/¥3 30s 4 
In a typical crane hoist, Fig. 14, the effect of the aia ae si" cy av 
acceleration of all the moving parts on the torque of 3 geo Bo ¥ ze g ee 
the motor can be obtained by calculating the weight 2 3 E Bas 


and radius of gyration of the moving parts at the drum 
shaft and on all other rotating shafts, and then finding fFyg, 14, Diagram of Crane Hoists 
an equivalent weight which at the center of gyration of Spee 

the motor armature, will produce the same energy 

effect. If W, w, R, r, N, n are the weights of revolving parts, radii of gyration, and 


numbers of revolutions of two geared shafts respectively, then 
WRN? = wr? n?, andw= WR N2/rn? . . . . . . ( 
The force necessary to accelerate a weight w to a velocity v in time t is (w/g) (v/t). 
The duty required of the hoist motor in Fig. 14 can be calculated as follows: 
1. Assumed load on hook, 30,000 Ib. on four 3/4-in. ropes; load on drum, 15,000 Ib. 
2. Drums, 23 in. diam., = 6 ft. circumference. 
8. Speed of hoist rope, 36 ft. per min. = 0.6 ft. per sec. 


4. Time to attain full speed, 5 sec. ' 3 
5. Speed of motor, 775 r.p.m.; weight of revolving parts, 500 lb.; radius of gyration, 


5 in.; velocity at center of gyration, 2029 ft. per min. = 33.8 ft. per sec. ; 
6. Speed of first countershaft, 130 r.p.m.; weight of revolving parts, 300 lb.; radius 
of gyration, 10 in.; equivalent weight at center of gyration of armature is 
300 X 102 & 1302/52 X 775? = 33.76, say 33.8 lb. 
= ; wei ip ius = 12 in.; equiv- 
7. Speed of second shaft = 26 r.p.m.; weight of parts, 500 lb.; radius = 1 : 
alent weight at center of gyration of armature = 500 X 122 x 262/52 X 775? = 3.2 |b. 
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8. Speed of drum shaft 6 r.p.m.; weight, 4000 Ib.; radius of gyration, 13 in. equivalent 
weight at center of gyration of armature = 4000 X 13? 6?/5? S615 16: Ib. 
9. Speed of weight and rope, 36 ft. per min.; equivalent weight at armature 1s 
15,000 X 362/2029? = 4.7 lb. 


10. Total equivalent weight at center of gyration of armature = 500 + 43.3 = 543.3 
Ib., say 543 Ib. ; , 

11. Force at armature to lift weight = 15,000 X (36/2029) = 266 lb. Add 1/g of this 
= 44, approximately, for losses in gearing and ropes; 266 + 44 = 310 lb. 

12. Force at armature to accelerate all moving parts in 5 sec. is 

(w/g) (v/t) = (548/32.2) X (33.8/5) = 114 lb. + 1/6 for losses = 133 Ib. 

13. Ratio of (12) to (11) = 133 + 310 = 0.429, i.e., overload during period of accel- 
eration is 43% for 5 seconds. 

14. Horsepower for lift only = 310 X (2029/33,000) = 19.06 Hp. 

15. Horsepower for lift and acceleration is (310 + 133) (2029/33,000) = 27.23 Hp. 

In a similar way, the power required to travel the bridge may be investigated. 

16. Dead weight of crane assumed 75,000 lb.; load 30,000 lb.; total 105,000 Ib. 

17. Assumed coefficient of rolling friction, 30 lb. per ton; tractive effort at truck 
wheels = (105,000/2000) * 30 = 1575 lb. 

18. Speed of travel, 300 ft. per min. = 5 ft. per sec. 

19. Time to attain full speed of travel, 15 sec. 

20. Speed of armature, 775 r.p.m.; weight of revolving parts, 500 lb.; radius of gyra- 
tion, 5 in.; velocity at center of gyration = 2029 ft. per min. = 33.8 ft. per sec. 

21. Equivalent weight at center of gyration of armature for revolving parts [like 
(6), (7), and (8)], assumed 100 lb. 

22. Equivalent weight at center of gyration of armature for traveling load is 

105,000 x 52/33.8? = 2297 Ib. 


23. Total equivalent weight at armature = 500 + 100 + 2297 = 2897 lb. 

24. Force at armature to travel crane at 30 lb. per ton = 1575 X (5/33.8) = 233 Ib. 
+ 1/g for losses = 272 lb. 

25. Force at armature to accelerate all moving parts in 15 sec. is 

(w/g)(v/t) = 2897 X 33.8/32.2 X 15 = 202 lb. + 1/¢ for losses = 236 Ib. 

26. Ratio of (25) to (24) = 236 + 272 = 0.87, 7.e., overload during period of accel- 
eration is 87% for 15 sec. 

27. Horsepower for travel only = 272 X 2029/33,000 = 16.7 Hp. 

28. Horsepower for travel and acceleration (272 + 236)2029/33,000 = 31.2 Hp. 


From these figures we see that while a 20-Hp. motor might do for the hoist, which 
approximately figures 19 Hp., and not be overtaxed by the overload of 50% for 5 sec., 
the travel, which figures 16.7 Hp., requires a larger excess of torque because the overload 
of 88% is exerted for 15 sec. The full power of the motor during that time amounts 
to 31.2 Hp., so that a 25-Hp. motor is advisable. It will at the same time take care of 
irregularities in the track and poor handling of the controller. From (25), it is apparent 
that if the time of acceleration were reduced to 7 1/2 sec. the horsepower for travel and 
acceleration would be over 45 Hp. Characteristic curves of motors published by the 
makers show the permissible relations of torque and time, and should be followed in the 
selection of sizes. 

PRACTICAL RULES.—Builders of traveling electric cranes used in shops assume a 
hoisting efficiency of about 70%, which corresponds to 23,000 ft.-Ib. per min. per Hp. of 
motor rating. For cranes used in steel mills, grab-bucket hoisting, etc., subjected to 
occasional overload and rough handling 20,000 ft.-lb. per min. per Hp. is used. The 
margin of 30% or 40% generally is considered sufficient to allow for acceleration and for 
electrical and mechanical losses, but for high hoisting speeds and quick acceleration, the 
forces due to acceleration should be calculated and allowance made for them. 

For travel speeds not over 250 ft. per min. a rule used in practice is 


d 
Motor Hp. = 2 (w X FX 0.07 x 1.07" x s) oe 33,000 | ois 


where W = weight of loaded crane, lb.; d = diameter of truck axles, in.; D = diameter 
of truck wheels, in.; 0.07 = coefficient of axle friction, and also is the loss at each cut 
gear reduction, including journal friction of countershaft; n = number of gear reductions; 
S = speed, ft. per min. The factor 2 covers overload due to acceleration, bad condition 
of crane track, ‘‘ notching-up ”’ controller too rapidly, etc. For greater safety against 
these adverse conditions, the factor sometimes is made 2 1/2. For speeds over 250 ft. 


BOAT LOADING 23-33 


es nee a Ae quick acceleration the forces due to acceleration should be calculated 
Crane Engineering, by Whiting Corp., Harvey, IIL, gives the followin : 

of hoist motor = (Load in tons X Lifting speed, ft. per min.)/11. This rE caves 

to assuming an overall efficiency of 66%. Hp. of trolley motor or bridge motor = 

(WS/132) (d/D), if bearings are bronze bushed; or SW{30 + (S/20)}/33,000, if axles 

run in roller bearings. In these equations, W = total weight moved, tons; S = travel 

speed, ft. per min.; d = diam, of axle, in.; D = diam. of wheel, in. 


3. LOADING AND UNLOADING EQUIPMENT 


ORE BRIDGES AND COAL STORAGE BRIDGES are gantry cranes with a grab 
bucket to take ore or coal from boats, cars or a dump to storage, and to reclaim it from 
storage to cars or boats. As used at Great Lakes ports, these often are bridges spanning 
300 ft. or more over the storage area, with cantilever extensions over the water at one 
end and over railroad tracks at the other. In modern bridges (1936) up to 10-ton buckets 
have all drums for control of bucket mounted, together with operator’s cab, on the trolley. 
Man-trolley plants, fast in operation and of high capacity, are built (see p. 23-81) by 
manufacturers [41], [50], [77], [90]. For illustrations and descriptions of various types, see 
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Fia. 15. 10-Ton Man Trolley 


Trans. A.S.M.E., 1929, IS-51-4. For methods of operation and description of safety 
devices, see Trans. A.S.M.E., 1930, IS-52-4; also Demag Nachrichten, vol. (5 INGHE Ls 
Feb., 1933. , 

In some storage bridges a revolving crane, with a grab bucket on a horizontal boom, 
runs on the top chords of the bridge. Coal from boats is delivered to a belt conveyor 
on the bridge and tripped off into storage. In reclaiming from storage, the crane boom 
swings sideways from the bridge and the grab bucket drops the coal into a hopper deliv- 
ering to the belt conveyor. Coal can be reclaimed at the rate of 300 tons per hr. 
(Robins Conveying Belt Co., New York.) 

Fig. 15 shows a 10-ton man-trolley. The specifications as given by the makers, 
Industrial-Brownhoist Corp., are: Maximum moving load, 158,000 1b.; load on ropes, 
51,000 lb.; weight of trolley, 107,000 lb.; hoisting speed, 200 ft. per min.; max. height of 
hoist, 80 ft.; trolley travel speed, 800-1000 ft. per min.; bridge travel speed, 75-100 ft. 
per min.; bridge moved from trolley cab at any point on the bridge. 

BOAT LOADING.—At the upper end of the Great Lakes, over 50 million tons of 


iron ore are loaded into steamers each year. The ore is dug by steam shovel and loaded 
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p< 108-0" >! 
Basejof Rail_ 


Water Leyel 


Fie, 16. Link-Belt Car Dumper 


into large bottom-dump cars, which at the shipping pier run on high trestles. "When the 
bottom doors open, the ore drops out and runs freely through long chutes into the boat. 

On the Atlantic coast, coal is shipped from Norfolk, Baltimore, Philadelphia and other 
ports the year round. In winter, it sometimes is necessary to thaw the railroad cars in 
a closed thawing shed before dumping. At some piers the cars run into a rotary dumper, 
are turned over, and the coal runs into transfer cars. The transfer cars may be lifted to 
the top deck of the pier to dump their coal into hoppers and ship-loading chutes, or they 
may travel along the pier and discharge to a conveyor on a boom extending over the 
boat. In a plant at Baltimore the turn-over motion of the Wellman rotary dump is so 
controlled that the coal slides out, without much breakage, to an apron conveyor which 
in turn discharges to the conveyor on the boom. At the end of the boom a vertical 
chute with a control gate, to ease the fall, delivers coal to the boat. Boats loading coal 
at Atlantic ports are 
of all sorts; hatches 
generally are small, 
and chutes must be 
arranged to suitthem 
and to clear ship’s 


pier at Pensacola, 
Fla., a Link-Belt car 
dumper feeds two 
bucket elevators, of 
300 tons per hr. 
capacity each. They 
ean discharge at 
heights variable by 
Fic. 17, Hulett Unloader 45 ft. to suit a great 

variety of boats and 

conditions of loading. Loading chutes have telescopic ends and a horizontal swing of 180°. 
The large boats bringing ore from the head of the Great Lakes and taking coal back 
are designed for the purpose. At coal shipping ports, mostly in Ohio, boats are loaded 


by coal dumpers, generally of the lift type. Fig. 16 shows a Link-Belt rolling dumper. 


which pours the contents of a 40 ft. car into a barge. When car is empty the cradle 
runs down an inclined track. For history and description of car dumpers, see A. F. Case, 
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Trans. A.S.M.E., 1928, MH-50-6. Rotary dumpers and rolling dumpers are made (see 


' p. 23-81) by manufacturers [50] and [90]. The latter also makes lift type car dumpers. 


BOAT UNLOADING.—Clam-shell buckets are in general use for unloading boats. 
For intermittent service and small capacities, a mast and gaff with a clam-shell bucket 
and 2-drum hoist is good and cheap. An 
inclined boom (gaff) swings around the 
mast, the bucket being hung from the 
top end of the gaff. Guide sheaves for 
holding and closing lines (see p. 23-21) are 
spread apart at the heel of the gaff, so that 
the swing of the gaff toward and from a 
belt hopper can be controlled by putting 
more tension on one line than on another 
by means of clutches and brakes at the a y 
hoisting machine. Such hoists are used for 3! X ‘K N i 10,090 Ib, 
boats and barges having no rigging to Ba 
interfere with the swing of the gaff: for 
rigged boats, a tower with a boom hinged 
to swing vertically is necessary. 

Hoisting towers, with separate hoists 
to lift the bucket and trolley it on the 
boom, permit rapid work, as the two mo- 
tions are simultaneous part of the time. 
Such towers are made (see p. 23-81) by 


| E (Min. 
manufacturers [50], [52], [56] and others. -¥-- ee t= = peerage 
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They often work in combination with { | Ree 
eable railways or conveying systems to 81,800 Ib. 
handle coal at storage pockets and power Fig. 18. Level-lufing Type of Crane 


“houses on water fronts. To transfer coal 


or ore from boat to cars or to storage piles, the hinged boom may be a cantilever exten- 
sion of a bridge tramway. 

The Hulett unloader, Fig. 17 (Wellman Engg. Co.) comprises a gantry frame spanning 
a number of railroad 
tracks and carrying a 7 
trolley. To the trolley ee Se 
is pivoted a pair of TR 
arms carrying a vertical area 
bucket leg. The grab- isto X — , .15 toe #159 tone 
bucket is fastened to this [oe he, 
leg. An operator in the \4 
leg controls all motions 
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gantry. A second oper- | J ip orn Cote) 
ator on a traveling scale- je-— Vi sett. 
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| 
larry, hung under the ee ot a Oe ee 
gantry, receives the 
discharge of the bucket 
through a hopper hold- 
ing 3 bucket-loads. 
After weighing, the larry 1 slat 
discharges to railroad 
cars or to the reserve 
storage space under the é 
cantilever end of the Fic. 19. 150-Ton Hammerhead Crane 
gantry. Large Hulett 
buckets spread open to 24 ft., pick up 17 tons of iron ore, and make the cycle of load, 
traverse and dump in about 50 sec. 

FREIGHT HANDLING TO AND FROM SHIP.—In the U. S. ships generally are 
loaded and unloaded by the ship’s own winches and rigging. In Europe most of the 
work is done by wharf cranes, as much of the freight comes and goes in barges without 
hoisting machinery. To handle freight to and from ships faster and cheaper than by use 
of the ship’s winches, cargo cranes on the wharf must be kept to that one duty and not 
be burdened with distribution on the wharf. Monorail hoists and tramrail carriers have 
been used on a few wharves, but electric or gasoline tractors with trains of trailers are 


more flexible and useful. 
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cranes are traveling gantries with a revolving crane on top of the bridge. 
spake Ma ert are rigged with a “‘ level-luffing ”’ device. Fig. 18 shows one type. 
Outrigger B and counterweight D are so mounted that with hoist drum braked, boom call 
be moved in a vertical plane without raising or lowering the load. The Neg — | 
Several cranes can work in one hatch without interfering with each other or with t : 
ship’s rigging; time is saved; the boom pee gis a _ ee iat: oe ee 

; - e 
Dunell, Cargo Cranes, Trans. A.S.M.E., r enigma 
ing to the tension in the 
hoisting line, see Férder- 
technik, Jan. 13, 1933. 
Cargo cranes generally 

have a lifting capacity of 
10 tons or less, but im- 
portant European harbors 
always have some wharves 
with large cranes to handle 
heavier loads. Fig. 19 
shows a hammer-head 
crane that will lift 150 tons 
from a large ship at a dis- 
tance of 65 ft. from the 
wharf front, and to 80 or 
90 ft. above the wharf. 
Heavy lifting also is done 
by pontoon cranes; they 
often work from the har- 
bor side of the ship while 
the wharf cranes work on 
the other side. Fig. 20 
shows a 150-ton crane of 
this kind. It has a Diesel 
engine power piant! for 
hoists, lighting, and driv- 
ing the screws which pro- 

Fie. 20. 150-Ton Pontoon Crane ok fae ae a 
articles in Demag Nachrichten, Feb., 1932, and Férdertechnik, Feb. 12, 1932. 


HOISTS 


1. HAND-OPERATED HOISTS 


HAND POWER HOISTS (or Chain Blocks) are made in three types: 1. Differential 
hoists contain two chain wheels above, cast as one piece, and a single wheel below. An 
endless chain passes over one upper sheave, down around the bottom wheel that carries 
the load hook, then up over the other wheel. For theory of this device, see p. 8-05. 
2. Screw-geared hoists have a worm gear that holds the suspended load by friction of 
the thread of the worm. 3. Spur-geared hoists have a train of spur-gears with a friction- 
dise brake of the Weston type to hold the load. See Fig. 1. Type 3, when fitted with 
ball-bearings, will deliver 85% of the work of the operator to the load-hook. Its mechan- 
ical efficiency is about twice that of a screw-geared hoist and nearly three times that of a 
differential hoist. See Table 1. 

Table 2 shows hoisting speeds and pulls on hand-chain for the three types of hoist 
as stated by one maker. Other makers list the same sizes; their dimensions and ratings 
are nearly the same. The speed of a chain hoist depends on the pull required on the 
hand-chain and number of feet of hand-chain overhauled to lift load 1 ft. Speeds given 
in Table 2 are for short lifts with men accustomed to the work. For easy continuous 
lifting, use 2/3 of the values given for hoisting speeds. The spur-geared hoist has less 
internal friction, lifts and lowers load more rapidly than the others. The screw-geared 
hoist is lighter, takes up less headroom, will work in any position (as for horizontal pulling), 


and is well suited to work of riggers and repair gangs. The differential hoist is still 
lighter and serves well for occasional use. 
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Similar hoists are made (see p. 23-81) by manufacturers [18], [30], [76], [93]. Fig. 1 
shows the Cyclone hoist made by Chisholm-Moore. Gearing is compact and entirely 
enclosed in a grease-filled case. Brake-wheel A is keyed to the shaft that carries hand- 
chain wheel B, whose bore is threaded to fit a 
thread on hub of A. The pull of the load-chain 
on wheel C acts through the gears to move B to 
the left, squeezing the leather and steel friction 
Tings against A. A pawl engages ratchet teeth 
on the rim of A, prevents the latter from turning 
and holds load suspended while the friction sur- 
faces are squeezed together. To lift load, B is 
pulled in direction in which ratchet is free, the 
friction surfaces being engaged. To lower, load 
B is pulled in the opposite direction; it moves on 
threaded hub of A just enough to overcome friction 
imposed by the load; the pawl engages the ratchet 
and holds brake wheel when the motion of hand- 
chain stops. This description applies generally to 
all screw-type brakes (known also as Weston 
brakes) used on hand-driven or power-driven 
hoists. 

The Cyclone hoist, in sizes up to 2 tons capa- 
city, also is made with aluminum alloy parts. 
These hoists are 1/3 lighter than regular hoists, and . 
can be put up and taken down more easily. A Fyg, 1, Spur-geared Hoist with Friction 
safety device throws the hand-chain out of gear if Brake 
the hoists are subjected to an overload more than 
the 50% excess over normal rating to which they are tested by the maker. Constants 
_for speed and pull are about the same as those given in Table 2. 

If it is not convenient for the operator to stand under the hoist, a fixed winch operated 


Table 1.—Comparison of Chain Block Hoists 


Differential Screw-geared Spur-geared 
Mechanical efficiency............ oe 3595 40% 85% 
Relative durability.............. 80% 100% 
PUOIAtVG CORE. iris oes cles. aalstele oles 70% 100% 


Table 2.—Hand-power Chain Hoists 
(Yale & Towne Mfg. Co., Philadelphia) 
Hoisting Speeds Attainable, ft. per min.; 


Number of Men Needed to Lift Stated Loads, 
without Pulling over 76 lb. on Hand Chain 


Pull on Hand Feet of Chain 
Chain to Lift Overhauled to 


Full Loads, Ib. Lift Load 1 ft. ce CP Mes Sie 
Capacity, = pain aah PaaS 
tons ae} ao) 3 
o ao] ao = Fos] dq q 
(2000 Ib.)| B | & Z 8 mie iee % 8 Elz/al_z/4 
3 | & | & s | ® | a] & 8 P 8 8 
Se eer oie he le | Se] ee | eT RS 
Ty  oetse | ok cole Se pata =O fe ak UR ed amt Wt = SC 
cn Go om | om |A | Bs eo | ee ee |) ea 1S es 
1/4 72 | 12 1/2 HON SON ON esse ORI N| melee u|onOh mat 
1/2 110 | 21 Bea ens. 0} 2oe0 1 4.0 1 6.0 2 
1 190 | 31 4.2 848 s0) 1 2.0 1 3.7 3 
11/2 JEN \ ei) 5. I FOL 2 P13. 2 2.4 2 205 3 
2 300 | 42 329 TES Obs 2 1.8 2 PAS! 4 
3 70 235 5.0 #.5 2 144 2 
4 84 1.9 355 ee 2 0.8 2 
5 1.4 2.8 4.2 P. 0.6 2 
6 12 2.4 3.6 2 
8 Os85))  We7z 2.6 2 
10 ORGS) eS 2.0 2 
12 eon ee Aelia o 6: is 4 
16 OSS i lied, 2,6 4 
20 By) hs) 2.0] 4 
25 B50 lmeOul ane ol 4 


* On each of the two hand chains. 
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i i hanism is that 
by a hand-wheel or by a hand-chain may be used. See Fig. 2. The mec 
ve a chain hoist enclosed in a box that can be bolted to a wall, building-post or mast of a | 
jib crane. These hoists, up to 2 tons capacity, are listed by several makers. 


Fic. 2. Spur-geared Hand Winch Fic. 3. Twin Hook Chain Block 


Hoist makers furnish double hoists, Fig. 3, for lifting lumber, tanks, platforms, truck 
bodies, etc. They are made in sizes up to 10 tons, and with hoists spaced to suit dimen- 
sions of pieces handled. 4-or 8-wheel 
carriers with double hoists hooked on, or 
built in. are listed by some builders of 
tramrail systems. 

The usefulness of a hand hoist can be 
increased if it is hung from a trolley on an 
overhead track. If the track forms the 
bridge of a traveling crane or is attached 
to a jib-crane, a greater area can be 
covered. Table 3 gives principal dimen- 
sions of trolleys for I-beam tracks. These 
trolleys are moved by pulling or pushing 
the suspended load, or are geared and pro- 
pelled by a hand-chain. The Ace geared 
trolley (Robbins & Myers) is shown in 
Fig. 4. It has cast-steel side frames with 
adjustable spacing for track beams of dif- 
ferent widths. The load wheels have no 
flanges; guiding is done by small rollers 
which bear against lower flanges of the 
beam. Similar geared trolleys are furnished 

Fie. 4. Geared Trolley for Hand Hoist by other makers of hoists. Trolleys with 

4 or 8 ball-bearing wheels, not geared, are 

made to take standard makes of chain hoists up to 2 tons capacity, to run on American 
monorail or Cleveland tramrail tracks. See Fig. 5. 

The so-called Army type of chain hoist is a combination of a trolley, either geared or 
plain, with the hoist mechanism built in. The advantage is that the load-hook can come 
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Table 3.—Roller-bearing Steel-plate Trolleys 
(Ford Chain Block Co., Philadelphia) 


as Leant Greatest 
Fi * 

Capecity | FBeam* | adie | SEER | ao Bottom of | araaht of 
of Hoist, , Curvature between | Wheel, in. | Width,in.| Eye in Trolley, 
tons in. Ib, | of I-Beam, Supports, ; Clevis, in Ib. 

in. eee 

1/4 Wed 18 6 25 
1/2 10.0 | 51/4 30 

1 <2 21 61/2 50 
1 a 30 7 95 
2 4 36 71/4 115 
3 8 42 71/4 150 
4 4 48 81/4 210 
5 8 54 91/9 270 
6 8 60 9 1/2 350 
8 a) 60 12 420 
10 9 60 550 


* By using spreaders, frames can be widened to suit beams other than standard. 
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closer to the bottom of the I-beam track. The disadvantage is that the hoist does not 
work sO well if the pull of the load is much off to the side of the track. Fig. 6 shows a 
hoist of this type, the ‘Rail Hugger” (Yale & Towne). The hoist is spur-geared with 


is > > 
Bn =F RED D=Bize of Bolt 
i G=Spacing of Bolts 
f-—--C-——-akp along Trackage 


Fia.7. Double Rail Hoist 
Track 


Fie. 6. Army-type Chain Hoist Fig. 8. I-Beam Track Joint 


ball bearings; the trolley frame is steel plate; the chilled wheels have roller bearings. 
-Table 4 gives principal dimensions. 
TRACKS FOR HOISTS.—Standard I-beams are in general use to carry trolleys of 
hoists, especially for heavy loads. Common sizes and greatest spans for stated loads 
are given in Table 3. The beams should be 
straight; where they join, the bottom flanges 
should be supported by a plate, otherwise the 
corners may be bent down by the trolley wheels. 
It is not usual to splice webs. Supports or 
hangers are fastened to top flange in various ways 
to leave room for trolleys. Under frequent pas- 
sage of heavy loads, lower flanges tend to bend 
down from peening action of the wheels. This 
can be prevented by riveting strips to lower flanges 
to act as a track. The double-rail construction 
in Fig. 7 serves the same purpose. The I-beam 
track made by Richards-Wilcox Co., Aurora, 
Ill., consists of straightened beams; Fig. 8 shows 
a joint and Fig. 9 an I-beam switch. Pulling Fic. 9. I-Beam Switch 

the hand chain releases a latch pin, then draws the 

movable beam over to the next position. A guard plate keeps the trolley from running 
off the open end of tracks not in register. Similar track work is made by Philadelphia 
' ‘Tramrail Co., Philadelphia, and some builders of hoists. See also Tramrail Systems. 


o 


Table 4.—Dimensions of Army Type Chain Hoist (see Fig. 6) 
(Yale & Towne Mfg. Co., Philadelphia, Pa.) 


. Standard | Min. : Chain | Chain 
. Rated Size of Ra- - Dimensions, in. Stand- | Pull | Over- Gsaad 
_ Capacity,} I-Beam | dius ard | to Lift] hauled a z 
: Konsteu|Gen [sur .of Lift, | Full | to Lift Beas 
> (2240 lb.) | in. | lb. |Curva-| B B’ D v6, M ft. Load, } Load p 
ture. lb. Le ftp fb: 
: 11/2 7 | 15.3] 2/-6” | 101/g] 11 63/4] 81/g| 11 1/4 8 69 56 Ey) 
2 8 | 18.4] 3-0’ | 10 1/2} 11 7 87/g | 11 1/g 9 92 56 3.9 
3 9 | 21.8] 3-6} 12 121g] 73/4 | 10 5/g | 12 1/4 10 115 68 2D 
4 10 | 25.4] 47-0” | 1411/9] 1441/4} 91/2] 11 1/2 | 13 3/g 10 121 86 leo 
= 5 12 | 31.8] 47-6" | 161/4| 15 10 3/g | 13 5/g | 14 5/g 12 92 161 1.4 
6 12 | 31.8] 4-67 | 1631/4] 15 10 3/g | 13 5/g | 14 5/8 12 110 161 ho 
; 8 15 | 42.9] 5’-0” | 187/g | 1838/4 | 12 14.5/g | 16 5/g 12 135 168 0.85 
10 15 | 42.9| 5’-0’ | 20 3/4 | 19 1/4 | 13 15 3/4 | 17 1/4 12 137 242 .65 
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PORTABLE HOISTS of the type shown in Fig. 10 for loads up to 3 tons are made : 
(see p. 23-81) by manufacturers [25], [41], [48], and some hoist builders. They serve where 
it is not convenient to hang up a chain hoist. Lifting is by a winch built in the frame, | 
or a chain hoist hung from top of the column. 

SPUR-GEAR HOISTS in capacities up to 1 ton, operated by hand rope or hand 
wheel, and fitted with automatic stops and safety devices are made by Sedgwick Machine | 
Co., New York, and others. They are fitted with platforms or containers for hoisting - 
or lowering from floor to floor or from sidewalk to basement. Hoists especially designed 
to lift or lower from basement to sidewalk are also made by manufacturers [25], [32], [48] 
(see p. 23-81), and others, These machines are also made with electric motor drive. 

Small hand-operated counterbalanced hoists for carry- 
ing parcels, tools and books rapidly from floor to floor 
are made by manufacturers [46], [83] (see p. 23-81), and 
builders of elevators. In some cases, installation of these 
machines is subject to State Elevator Codes and local 
regulations in regard to safety and fire. 


Fie. 10. Portable Hoist Fic. 11. Portable Hand Winch 


CRABS OR HAND-WINCHES are made as self-contained units for use with derricks, 
with block and tackle for riggers, or for lifting through heights beyond the range of chain- 
blocks. In the portable form, Fig. 11, they consist of two frames carrying a drum with, 
usually, two sets of gears on shafts with squared ends for the cranks. Sometimes drum- 
shafts also are squared, to allow slack rope to be taken up quickly by using cranks directly 
on the drum. One pinion 
is made to shift in and out 
of gear, so that cranks can 
be used on either pinion 
shaft for different hoist 
speeds. The load is held 
and controlled for lower- 
ing either by a ratchet and 
pawl, by a strap-brake or 
| NE by a friction dise brake of 
Braet 12, ‘ oe . . the Weston type. The 

Adee os for Jib Fia. 13. Worm-geared Winch friction brake will prevent 

f st the cranks from acciden- 
tally flying back and injuring workmen, as often happens with crabs equipped only with 
ratchet and pawl. The principle of the Weston brake is shown in Fig. 1. Table 5 gives 
sizes and dimensions of the style of winch shown in Fig. 11. Fig. 12 shows the same 
mechanism fitted to flat frames for use on masts of jib cranes and derricks. Simple 
worm-geared winches of a capacity of 1 ton or less are made in the form shown in Fig. 
13 by nearly all makers of conveying machinery. 


Table 5.—Dimensions of Hand-power Crabs or Winches 
(Industrial-Brownhoist Corp., Bay City, Mich.) 


Pull on Single ns x Dimensions, in. (See Fig. 11) Weight 
Line, tons Legath. in lb : 
1/2 41/2 12 230 
1 51 KN6 370 
I1/ 60 x20 520 
2 ies 810 


Throw of cranks 15 in. Larger drums than those listed can be made, 


“manufacturers [2], [28], 


ee i i i 
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2. ELECTRIC HOISTS 


ELECTRIC HOISTS generally use ball and roller bearings, alloy steels, and heat- 
treated parts. Pressed steel has been substituted for castings in some designs. Welding 
has replaced bolting in many cases. Motors usually are enclosed, ball-bearing, and 
specially designed for hoist work; high-torque squirrel-cage induction motors are more 
general than direct-current motors. The latter are useful for close control of load move- 
ment. Both rope and push-button control are used. Push-buttons give quicker, safer 
and more convenient control. Electric hoists range in size from 1 /3 to 6 tons, with a 
wide range of hoist speeds. They are made in floor-operated and cab-operated types. 
For single-speed hoisting, push-button control is the most convenient; one hand is free 
to steady or guide the load, operation is faster, and the 
load can be placed more accurately. Cab-controlled 
hoists are used to transport loads over a considerable 
distance, where the operator must observe the load ar 
from above, or where rapid transfer is necessary. 2) ——= 

Worm-driven electric hoists hold the load by fric- * l 
tion on the worm thread. Spur-geared hoists use a 
screw brake (Weston) to hold the load. See Fig. 1. 
All have a limit switch, to prevent over-travel of hoist 
hook at top of the lift, and a motor brake to stop the 
rotor if current fails, and to prevent drifting when con- 
troller is m “ off’’ position. 

Electric chain hoists are made by manufacturers [18], [95] (see p. 23-81). In Fig. 14 
(Yale & Towne) a chain drive from the motor operates gearing like that in a chain hoist. 
The load is lifted by a chain driven by a pocket-wheel; slack chain is paid out as load 
ascends. For high lift and for pulling at loads not directly underneath, a chain hoist 
often is preferable to a rope hoist. Chain hoists are made in sizes of 1/g to 2 tons. 

SPUR-GEARED HOISTS.—Fig. 15 shows a hoist built in sizes up to 2 tons (Euclid- 


A 


Fie. 14. Electric Chain Hoist 


‘Armington). The size of main frame determines distance from overhead track to upper 


position of hook. It is of steel plate with welded joints, and holds drum, drum shaft 
and motor brake. Motor and controller are bolted to one side, and an oil tight case 
with spur gears and brake to the other. All shafts have roller bearings and all load- 
earrying parts are steel. Table 6 giyes dimensions of trolley hoists with drum at right. 
angles to run of track, 

enabling the hoist to eS 2 eee eens a 
work close to end of the { ' 
track. With drum axis 
parallel to track, the | 
hoist can pass through -~* 
narrow doorways. Simi- 
lar hoists are made by 


H 
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(39), (54), (611, {80}, (81), | Be 
[94] (seep. 23-81). The | vial 

“Bantam” hoist (Rob- 
bins & Myers, Inc.) lists 
500 Ib. at 30 ft. per min. 
i as) 14 21 XX 27 2m, 
and weighs 110 lb. with- 
out trolley, 145 lb. with 
trolley. The frame is 
aluminum alloy with 
shelf-mounted motor and 


‘eo Fea GEAR HOISTS are made in sizes up to 6 tons by manufacturers [26], [70], [81]. 


(See p. 23-81). In this type a hardened steel worm works in a bronze worm wheel. 


Fic. 15. 2-Ton Spur-geared Hoist 


Dimensions of Spur-geared Trolley Hoists 
(Buclid-Armington Corp., Euclid, O.) 


Hoist 


Table 6. 


Cable | Dimensions, in. (See Fig. 15) 


i Hp. of 
Capacity, | Standard See Gneed, 
tons With, ft. sey ft. per min. Motor ? 
11/9 
1/9 20 1/4 30 D} ; 
16 5/16 30 21/9 z 


wR— 


17 3/3 25 21/9 
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The thread angle is low enough to make the gears self-locking, thus avoiding a mechanical | 
brake. Some hoists have, beside the worm gears, a pair of spur gears to get greater 
speed reduction between motor and hoist drum. For foundry work, the worm gear 
hoist can be fitted with special control. A non-spring-return controller used with an | 
over-sized motor gives a speed range from 1/9 to full speed, which is useful in handling 


flasks and molds. A jointed control rod worked by 
i. 


one hand permits operator to use the other hand to 


guide the load. Fig. 16 shows a 1 !/9-ton worm-geared 
hoist made by Electro-Lift, Inc. Overall length is 
sy 


Fig. 16. 11/9-Ton Worm-geared Hoist Fie. 17. Tramrail Chain Hoist Carrier 


26 1/4 in.; distance from bottom of rail to highest position of hook, 14 in. Corresponding 
dimensions in the 6 1/9-ton size are 37 and 23 in. respectively. 

HOIST CARRIERS.—Hoists with top hook or clevis may be used as fixed hoists 
or attached to a commercial trolley. More head-room is required than when trolley 
and hoist are combined, and wiring is less neat. Most electric hoists can be made with 
top connections to fasten to an 8-wheel push-type trolley, which are strong, light and 
can pass curves of small radius. Fig. 17 is typical; overall length is 66 in.; distance 
bottom of rail to hook, 21 in. 

Plain push-type trolleys for I-beam tracks are useful for moderate distances. If 
load or hook hangs out of reach, or must be spotted accurately, it is better to use a hand- 
chain geared trolley. If the hoist must travel much, or if the loads are hot, heavy or 
bulky, the trolley can be motor-driven. (See Fig. 18.) Control cords may be kept 
away from the hoist by carrying controller on a separate trolley (Fig. 19) when hoist 
operates through a wide hatchway, from vats or beyond the edge of a platform. 

Electric hoists up to 2 tons capacity especially for use with Cleveland tramrail are 
mounted on 4-wheel hand-propelled carriers for 500-lb. hoists, and 8-wheel carriers for 
1- or 2-ton hoists. Fig. 20 shows an electrically propelled carrier mounted with an electric 
hoist coupled to a trailing operator's platform. Maximum overall length, with single 
motor drive is 12 ft. 3 in.; operator’s platform to bottom of rail, 6 ft. 11 in. minimum; 
hook to bottom of rail, 29 in. Carriers also are made for pendant cord control, and also 
with enclosed operating cab. Travel speeds are up to 600 ft. per min. and the carrier 
can climb grades, run through switches and pass short radius curves. Most builders 


PO pepsin oe pe Ai 


p the operafing conditions 
Fic. 18. Motor Driven Trolley Hoist Fre. 19.. Motor Driven Trolley Hoist with 
Separate Controller Trolley 


supply cab-operated machines to travel on single I-beam tracks. For heavy loads and 
high speeds, the double T-rail track, shown in Fig. 7, is preferable to the lower flange of 
the I-beam. 

TELPHER HOISTS.—In Europe, the track rail for outdoor work usually is a T-rail 
on a longitudinal supporting beam. The traveling frame, with cab and hoist or grab 
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bucket hangs from the trolleys by hook-shaped hangers which permits some side swing. 
In England, this is known as the Telpher system. A German monorail carrier of this 
type, Fig. 21, has no operator but runs under an automatic block control system. Cab 
control, however, permits higher traveling speed, requires fewer cars, and has less apparatus 
to maintain. 
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Fia. 20. 1/9-Ton Electrically- 
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Fig, 22. 8-shaped Conductors 
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Fic. 21. Automatically Controlled Telpher te Condielor Suaport gti 


ELECTRIC CONDUCTORS AND COLLECTORS.—If travel of hoist is short, a 
flexible cable can be so supported as to allow the necessary movement. If cable drags 
or interferes, a spring-actuated reel can pay out and take up cable automatically. Such 
reels are made by Appleton Electric Co., Chicago; J. L. Gleason Co., Boston, and some 
hoist builders. For long travel, shoe or wheel collectors bear against conductors. These 
May be copper wire, angle iron, flat bar on edge, or an 8-shaped bar. Fig. 22 shows, 
the latter with an I-beam track, and Fig. 23 a special track and conductor support made- 
for Cleveland tramrail. The American monorail (see p. 23-44) uses small channel con-- 
ductors on ebonite blocks mounted on the hanger bolts, 

To use two conductors with 3-phase current, the primary current is brought through. 
@ special transformer. One phase of the secondary current 
is grounded and connected to the track which is separately 
grounded. The conductor bars transmit the other two 
phases. The Cleveland Tramrail Co. in one of its bulletins 
states that this method of transmitting current to tramrail 
carriers does not improve operating conditions of alternating- 
current tramrail motors. Such motors are fundamentally 
unsuited for conditions requiring delicate speed control and 
should not be used for extremely severe service. This refer- 
ence to alternating-current motors applies only to tramrail F ae g 
service, where loads are light and lift is short, and not to hoist rd Seen aor 
and crane service in general. 

TRAMRAIL SYSTEMS.—The advantages of tramrail systems are: 1. Little machinery 
required, cost and maintenance low. 2. No floor space required. 3. Switches permit 
many tracks to be served by few carriers. 4. Overhead tracks for storage of suspended 
loads avoid the use of floor space. 5. Standard carriers are available for all kinds of 


' bulk and package material. 


Louden Machinery Co., Fairfield, Iowa, makes a standard track of I-section, with 
wide flanges to carry trolley wheels, and for heavier loads a track similar to a 6-in. I-beam 
with strengthened flanges, one flange wide the other narrow. They are 6 to 16 ft. long, 
carried by hangers spaced to suit the load. Trolley wheels are drop-forged, ball-bearing, 
to carry loads up to 5000 1b. See Fig. 24. Trolleys can be driven by motor or operated 
by hand. 

Richards-Wilcox Co. makes an J-beam track (Figs. 8 and 22) for heavy work, and a 
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pressed sheet steel track (Fig. 25) for lighter work, in 10 or 12 ft. lengths of No. 10, 13 
or 14 gage steel. Trolley wheels for the size shown are 3 in. diam., ball or roller bearing 
and are assembled in groups of 4 to 16 with equalizer bars to carry loads up to 3000 lb. 
The track is made with switches, cross-overs, turntables, drop sections, hangers and 
brackets to suit different conditions. " 

Fig. 26 shows American Monorail track, made by American Monorail Co., Cleve- 
land, Ohio, in lengths up to 16 ft., and clamped to drop-forged suspenders. The track 
is made with staggered joints. It assembles 2 in. wide, 2 1/2 in. deep and will carry 
loads up to 4000 lb., depending on spacing of hangers and number of trolley wheels. 
For spans in the open, or where hanger bolts cannot be used, the halves of the rail are 
welded to the web of a T-beam. ‘Trolley wheels are drop- 
forged, 4 in. diam., ball bearing, and are assembled in groups 
of 4 or 8 in carriers with drop-forged wheel yokes, equalizers 
and load bars. 


of Track 


Fic. 25. Pressed Steel Fic. 26. American Fie. 27. Cleveland Tramrail 
Tramrail Track Monorail Track Track Support 


Fig. 27 shows Cleveland track. It is about 3 X 3 in., 7 lb. per ft. Hanger rods, 
spaced 8 to 10 ft., support the rail, a clamp on the lower end gripping the rail. A ball- 
and-socket joint at the upper end permits some free movement, allowing track to adjust 
itself to load, giving trolley wheels a fair bearing on tread of the rail. On curves, where 
the load tends to swing outward the rail is free to tilt slightly and wheels on the inside 
of the curve are not overloaded. Trolley wheels are 3, 4 or 5 in. diam., ball-bearing. 
Curves, switches, turntables, transfers and fire-door arrangements have been standardized. 
This sytem uses hand- or motor-propelled carriers, with or without hoists, to carry loads 
of 500 to 4000 lb. Carriers are made for suspended tiering machines and furnace chargers. 
Foundry ladles for one-man operation have hoist control buttons on the tilting handle 
of the ladle. Power-propelled carriers with suspension frames for ladles have controllers 
for tilt, travel and hoist in the operator’s cab or platform. This system also provides 
automatic dispatch with distance control and special devices for high-speed or continuous 
travel. See Figs. 28 and 29. With any tramrail system it is possible to arrange track 
turn-outs to register with various positions of transfer bridges or overhead cranes, enabling 
carriers to cover a large area. 


—_@=> ) 
if 
Fig. 28. 1/g-Ton Hand-propelled Carrier Fie. 29. 2-Ton Electrically-propelled Carrier 


3. POWER-OPERATED HOISTS 


POWER-OPERATED HOISTS.—Steam, gasoline and electric hoists for mine, 
quarries, building erection, logging and grab bucket work are made by manufacturers 
[3], [21], [29], [49], [56], [96] (see p. 23-81) and others. Single-drum hoists are used for 
cargo hoisting and building construction, double-drum hoists for general hoisting, and 
grab bucket work with straight booms. To operate grab buckets on derricks, three 
drums generally are used, for the holding line, closing line and for luffing the boom, respec- 
tively. For operation of grab buckets, see p. 23-20. Swing boom derricks require an 
extra pair of drums to swing the boom, See p. 23-24. Onsmall rigs, the bucket-holding 
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line can be wound on a drum, separate from the main hoist, operated by a counterweight 
rope on the same drum and controlled by a brake. With one of these, a hoist with a 
single drum for the closing line will work a grab bucket (George Haiss Mfg. Co.). 

Small winches, winding drums, car pullers and drag scrapers, made to operate by 
compressed air, are furnished in sizes from 750 to 2000 lb. by manufacturers [42], [86]. 
(See p. 23-81.) In the Sullivan Turbinair portable hoist, Fig. 30, the air motor is in the 
hollow of the drum. A 3-Hp. hoist will wind 350 ft. of 5/1-in. rope and exert a pull of 
1000 lb. at 130 ft. per min. It weighs 175 lb., and is 
20 X 15 X 12 in. overall. The handles control clutch 
and brake. These machines are made with single or 
double drums or winch heads. They can be bolted to 
wood or steel plate bases, or clamped to pipe posts or 
to the masts of derricks. Air-driven hoists mounted 
on trailer trucks with gasoline engine, compressors 
and air tanks also are available. 

Many makers of electric hoists supply winches or 
pulling machines for bolting to floor or ceiling, or 
mounted on a truck or skids to form a portable winch. 
American Engg. Co., Philadelphia, makes single-drum 
pullers of this type in 3 sizes. The smallest is 21 x . ous 
23 in., 15 in. high, has a 2-Hp. motor, will wind 250 *'* °° porfibie Hot net 
ft. of 3/g-in. rope, and exert a pull of 1000 lb. 

CAR PULLERS OR SPOTTERS for moving or spotting freight cars are made by 
various manufacturers. The Caldwell car spotter (Link-Belt Co.) is a compact machine 
of the vertical capstan type, with gearing enclosed and 
Tunning in oil. Two sizes, 5000 lb. and 10,000 lb. pull, 
are made. The operator throws a few wraps of rope 
around the capstan and maintains a hand pull on the 
slack rope as it pays off. See Fig. 31. 

AIR HOISTS FOR SHOP USE.— Direct lift hoists, 
Fig. 32, are made by manufacturers [23], [37], [61]. 
(See p. 23-81.) Cylinders, in diameters up to 19 in. and 
lengths to suit the work, have lifting capacities up to 
10 tons at 80 lb. per sq. in. air pressure. They are 
made single-acting for simple rapid lifting, or as bal- 
anced-pressure cylinders, in which air acts at full pres- 
sure on one side of the piston but is varied on the other 
by a hand-operated valve. The piston moves under 

a difference of pressure, and speed and travel are 
EELS accurately controlled. Air cylinders can be hung 
from trolleys if the travel is not too great. 

Advantages claimed for direct acting air hoists are: 1. They will work under conditions 
of dust, moisture, fumes, etc., injurious to other hoists. 2. Few parts to get out of order; 
repairs can be made by any mechanic. 3. Accuracy of con- 
trol. 4. Low first and operating cost, including maintenance 
and depreciation. 

GEARED HOISTS operated by compressed air are 
made by manufacturers [42], [97]. (Seep. 23-81.) A bal- 
anced 2-, 3-, or 4-cylinder engine drives a wire rope drum 
or chain pocket-wheel, through gears enclosed in a tight 
lubricant-filled case. Sizes range from 500 lb. to 10 tons 
capacity. They weigh 2 or 3 times as much as hand chain 
hoists but are lighter than the ordinary electric hoists, 
especially in smaller sizes. They are useful in shops and 
foundries where compressed air is available and where the 
hoist can be hung from a fixed point or a trolley with travel 5 
not too long for the air hose. They are not easily affected pi, 39 Direct-lift Air Hoist 
by heat and dust in foundries, and since the valve control is 
accurate and delicate, patterns, cores and flasks can be handled with certainty and safety. 
Similar hoists with engines of the square piston type are made by Dake Engine Co., 
Grand Haven, Mich, 
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1. COAL HANDLING IN BOILER HOUSES 


BASIC FACTS FOR BOILER HOUSE DESIGN.—(Abstracted from Catalog 50 of 
R. H. Beaumont & Co., Philadelphia.) Assuming that boilers are run at 150% of rated 
capacity, and a load factor of 66 percent and that the coal consumption is 3.5 lb. of coal 
per boiler Hp.-hr., then 1000 boiler Hp. requires 1000 X 3/2 X 2/3 X 31/2 = 3500 lb. per 
hr. = 1 3/4 tons per hr. Coal handling machinery should be able to handle a one-day 
supply in 1/2 of an 8-hr. shift. Its capacity therefore should be 101/2 tons per hr. per 
1000 boiler Hp. The supply bin should hold at least enough for a one-day, or better, a 
two-day run. The coal larry should be able to handle the daily supply in not more than 
8 hr. Stoker hoppers should contain a 3-hr. supply if possible. Good quality bituminous 
coal produces 10% ash; poor quality, 20%; anthracite culm, 60%. If ashes are handled 
only on day shift, and in 5 or 6 hr., ash hoppers under the stokers should hold a 16- to 
20-hr. run of ashes. If ashes are handled on two or three shifts, ash hoppers can be 
smaller, height and cost of building less, and hourly capacity of ash handling machinery 

‘ also can be smaller. Ashes best can be discharged from a 
storage bin to railroad cars or trucks by daylight The bin 
should hold a one-day run. If ashes are to be moved in 
railroad cars the bin should hold a carload plus a margin 
for uncertainty of car supply. 

COAL HANDLING IN BOILER HOUSES.— Whether 
it will pay to install coal handling machinery in an old 
boiler house depends on amount of coal used, probable 
remaining life of old boiler house, how coal is received, and 
the ease or difficulty of adapting machinery to the place. 
All new boiler houses using coal should be designed for 
coal handling machinery and storage. Even in boiler 
houses using as little as 5 or 10 tons per day, a simple coal 
elevator or conveyor usually will pay its way. 

_ Nearly all modern boiler houses use mechanical stokers 
or burn pulverized fuel, and must have machinery for 
crushing the coal, elevating and storing it, and feeding 
it to stokers or pulverizers. Both systems require crushed 
coal. In small plants it usually is possible to store enough 
coal in a covered overhead bin to supply boilers regularly 
and have enough reserve for ordinary contingencies of 
interrupted coal supply or accident to machinery. In large 
and important plants reserve storage is necessary to avoid 
risk of boiler shut-down and also to permit coal to be 
bought at favorable times and prices. The reserve storage 
is usually a pile in the open, formed by dumping from an 
elevated trestle, or by a crane or conveying machinery, 
or spreading by means of a drag scraper. Fig. 4, p. 23-16, 
shows a boiler house with an external storage bin and a reserve storage, spread and re- 
claimed by a drag scraper. 

DESIGN OF BIN.—In the structural design of a new boiler house, the size and loca- 
tion of storage bin must be determined first. It should hold at least enough coal to carry 
the plant during interruption to car service or repairs to coal handling machinery. If 
the bin is directly in front of the boilers, the bottom should be high enough from the floor 
to avoid interference when boiler tubes are cleaned or replaced. Bins should not obstruct 
the light. Spouts from stokers should be at 45° or more from horizontal. If the bin 
is in the house and runs its full length, bottom gates placed close together, serving a 
traveling hopper, permit more stored coal to be drawn off than would flow to spouts 
placed to match stokers. The traveling hopper generally is a weigh-hopper to check 
weight of coal delivered to each boiler. If the bin is outside or at one end of the house, 
its height is fixed by the traveling hopper, but the boiler house structure can be designed 
without reference to the bin or its weight. The roof can be lower, and size and shape 
of bin itself can be independent of restrictions imposed by boiler house dimensions. An 
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outside bin generally is short and can be filled by a simple elevator or skip hoist, whereas 
a long bin in a boiler house requires more machinery. The structure supporting an 
outside bin also can house coal handling machinery, and also may carry ash handling 
machinery and ash storage. In small plants, one skip hoist or one pivoted bucket carrier 
may handle both coal and ashes. 

Fig. 1 shows a weigh-larry operated from the floor; others are cab-operated. Some 
control opening and closing of bin gates to avoid spilling coal on the floor. The gate 
will open only when larry is under it and must close before larry can move. Larries are 
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plants with not more than 3 or 4 boilers it is possible to use a separate stationary weigh- 
hopper at each stoker spout. The investment in scale mechanism, however, is greater 
and probably there is no saving in labor. 

Shape of Coal Storage Bin.—In some boiler houses a round tank with a conical bot- 
tom, holding 5 to 20 tons, opposite each stoker or pair of stokers is sufficient. When 
greatest possible storage in boiler house is necessary, the bin may be continuous for the 
entire length of boiler or of house. Continuous bins can be built most economically as 
part of the boiler house structure and hung either from roof trusses or supported on build- 
ing columns. The slope of the bottom always should assist movement of coal toward 
the spout, and also lessen the danger of fireindeep bins. The best bins, in which weight of 
structure is low per ton of contents, are the round-bottom suspension type. The steel 
sides act in direct tension to carry the weight as well as to resist thrust of the coal. Fig. 2 
(Link-Belt Co.) shows relations between dimensions of such bins and their capacities in 
tons of coal, based on a bin depth of 0.6 bin width and with level fillings or a surcharge 
at a slope of 35°. Fig. 3 (Beaumont) and Table 1 give dimensions of bins where depth 
is about 0.8 < width, and capacities based on a surcharge at an angle of 38°. The last 


Table 1.—Suspended Steel Coal Bunkers 
(R. H. Beaumont & Co., Philadelphia) 


Dimensions (See Fig. 3) Tons 


Tons Tons 
per ft., per ft., Lost 
Continuous} Loaded H D A in 2 
Loading | Every 8 ft. Ends 
1.85 1.60 3'-6" 8/0 3/—4 5/3” 0.8 
eola 1.90 3-10 8/16” 8-9” 3-8 5/9” 1.0 
Zao a0) 4/—2 3/3" 9/6" 4/—0 3/4! (hB 
3.00 27/5} 4/—6 5/3” 10/-3’”” 4/4 3/4" 7M) 
3550 3125 4/—10 13/16” 11-0” 4/—8 7/3!” B57} 
4.00 Shay fb) 5/-3/" 11-9” 5/-0 7/3!” 4.5 
4.55 4.30 5/-7 3/16!’ 12’-6” 5/—5"" 6.1 
Sale 4.90 5/-11 3/3” 13/-3” 5-9" thts) 
5.75 5.50 6/—3 5/3” 14-0” 6’—1 1/3” 10.0 
6.45 6.20 6/—7 13/16” 14-9" 6’—5 1/3" (Ae? 
Zhe NY) 6.85 7’-0" 15’-6/” 6’—9 1/4” 14.7 
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column refers to the fact that full length of bin cannot be surcharged unless the ends are 
built higher than the bin body. , 

It is unnecessary to line round-bottom suspension bins with reinforced concrete to 
prevent corrosion. Coal does not rub the plates except at gate 
openings where there is some steel reinforcement. Bins for 
washed anthracite or high-sulphur coal are coated inside with a 
plastic bituminous cement to resist corrosion. 

Bin gates should be of the undercut type, Fig. 1 or Fig. 4. 
Slide gates may stick and are hard to work. Spouts should be 
at least 12 in. diam., or better, 12 X 12 or 16 in.,as wet coal is 
less apt to stick in large spouts. Openings from bins to stoker 
spouts should always be controlled by a gate to permit removal of 
spout for repairs or cleaning or replacement of boiler tubes. 

PULVERIZED COAL IN BOILER HOUSES.—Two prin- 
cipal systems are: 1. The bin system. 2. The unit pulverizer 
system. 


Fre. Beh ra sae Bin System.—Coal from storage is dried, pulverized, con- 


veyed by a pneumatic system (see p. 23-67) if distance is long, or 
by screw conveyor if distance is short, to a bin at the boiler. An adjustable feeder under 
the bin delivers pulverized coal to a blast pipe, thence to the burners. Advantages of 
this system are: 1. Feed to furnaces can be varied instantly, 2, Coal can be pulver- 


ized in off-peak period. 3. Machinery 
is kept away from the boiler (see H. 
Kreisinger, Trans. A.S.M.E., 1930, 
FSP-52-36). 

The Unit Pulverizer System stores 
no pulverized coal. The pulverized coal 
is burned as it is made; it is unneces- 
sary in most cases to dry the coal. Fig. 
5 shows the Kennedy-Van Saun system. 
Crushed coal is stored in bin A, drawn 
off and weighed by larry B, stored in 
small hopper C, delivered by an adjust- 
able feeder to tube mill D, then as fine 
dust through blower F# to the furnace. 
Pulverizing, conveying and blowing 
equipment is made by manufacturers 
[81], [85], [43], [45], [75] (see p. 23-81). 

HANDLING COAL FROM CARS. 
—The problem in most boiler houses 
is to take run-of-mine bituminous coal 
from railroad cars, crush it and elevate 
it to bins. In small plants, small an- 
thracite is burned, or lumps of soft coal Fie 
are broken on a grating over the track 
hopper or on the boiler room floor by the fireman. The apparatus comprises a track 
hopper delivering to a simple elevator, Fig. 6, or to an inclined conveyor, Hie Sion ea 
pile so formed will serve one or two boilers by direct spread on the floor, but for more 
boilers, a distributing 
conveyor, Fig. 8, is 
advisable. To distri- 
bute coal in an over- 
head bin, a scraper 
conveyor, a belt con- 
veyor or a_ pivoted 
bucket carrier can be 
used in combination 
Fia.6. Track HopperandElevator Fic.7. Track Hopper and Conveyor With any of the above 

i methods. If the return 
run of a pivoted bucket carrier can be placed below the boiler room level, it also may 
be used to remove ashes to a bin. 

If coal is to be crushed, flow from track hopper must be controlled by a feeder. For 
small anthracite, it generally is sufficient to use a slide gate. For soft coal, smaller than 
run-of-mine, where flow is direct from track hopper to elevator or conveyor, and where 
the rate of handling is slow, an undercut gate, hand controlled, can be used. To avoid 
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tisk of flooding conveying system, and to prevent breakdowns, a feeder generally is 
advisable. 

TRACK HOPPERS can be made as part of a concrete foundation, especially in small 
sizes and where no feeder is used. That shown in Fig. 6 has a hand-operated undercut 
gate. If a feeder is used, 
it is most convenient to 
attach the parts to a steel 
hopper. If proper access 
is provided to back and 
both sides of a feeder, 
concrete construction be- 
comes costly. Steel track 
hoppers usually are of 
1/s-in. plate with angle 
stiffeners. At track level 2 
they should be at least 10 Fie. 8. Track Hopper, Elevator and Distributing Conveyor 
ft. wide to give room for 
lump between track girders and hopper sides. Hoppers above ground level or on trestles 
should be 14 ft. wide to catch flow from car doors and to prevent spill. In general, 
hoppers 14 ft. wide are advisable for rapid unloading of bottom-dump cars. Length of 
hopper along tracks should be at least 12 ft., but for quick work with the largest cars 24 
ft. is better, as it will take half the discharge of a car at one setting. Link-Belt Co. has 
made hoppers 40 to 44 ft. long to empty a car at one setting. Such hoppers have a 
double-acting plate-feeder working parallel to the track. Track hoppers for skip hoists 
usually have automatic gates to fill the skip to capacity without spilling. See p. 23-50. 

Track girders consist of double I-beams, plate-and-angle girders, or Bethlehem wide- 
flange beams. They must be designed for dead loads, live loads and impact to meet 


_ railroad specifications, and generally are subject to the approval of railroad engineers. 


See Stephens-Adamson Mfg. Co., catalog No. 30 for design based on such specifications. 

The time required to spot a car, open doors, get coal out, close doors and move car 
away varies with the size of car and the weather. Under favorable conditions, the total 
time for a 50-ton car may be 30 min.; for a 100-ton car, 45 min.; that is, rate of delivery 
to a one-track hopper varies from about 2 tons a minute in good weather, to, say, 1 ton in 
bad freezing weather. A one-track hopper will feed a continuous conveying system if 
average hourly capacity is not 


over 100 tons. The size of hop- ee ES! 22! 936" 

per is not important if its area fuel BANS Ee telah Oh 

at track level allows the car to | hae on fie 

be unloaded without difficulty. Hs} = \ ZY ie < 
If a continuous system must AAR AR 7 A ZN i x ne 
deliver more than 2 or 3 tons AIA Nyaa ana 
per min., it may be necessary ®@]|— H 
to dump on two tracks or to 4 
use a rotary car dumper. If 48'9"C. toC. of 4 

track hopper delivers to a car Supporting of 


or skip, volume of the hopper Wheels 


must be such as will keep skip 
supplied during those intervals 
when no coal enters the hopper. 
A proper size is: Hopper capac- 
ity, tons, = 0.80 X rated capacity 
of skip hoist, tons perhr. Fig. 9 
shows a rotary car dumper feeding a skip hoist. 

COAL CRUSHERS.—The kind, size and speed of crusher depends on the kind of 
coal, whether hard or soft, size of largest pieces, size to which it is to be crushed and 
quantity per hour. For dimensions, capacity and power required by single- and double- 
roll crushers, see catalogs of makers of conveying machinery. For crushing finer than 
1 in. in large capacities, hammer mills or ring roll mills often are used. To prepare coal 
in large quantities for subsequent pulverization, the Bradford breaker often is used instead 
of roll crushers. As made by the Pennsylvania Crusher Co., Philadelphia, and others, 
it is a steel cylinder 6 to 12 ft. diam., 8 to 20 ft. or more long, with a shell of perforated 
steel plate. Coal fed in at one end of the cylinder is lifted up and tumbled until it is 
small enough to pass the perforations. The hard slaty refuse and stray iron are rejected 
at the other end of the cylinder. The machine acts both as a crusher and as a separator 
and protects pulverizing and conveying machinery from damage. 


60-Ton Track Hoppér 
Required for 300 Tons 
per Hour 


Fia. 9. Rotary Car Dumper Feeding Skip Hoist 
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SKIP HOISTS comprise a single-drum winding machine, a wire rope, @ skip or 
bucket which takes its load below, and dumps it above, together with the necessary lead 
sheaves, skip filling device and electrical control apparatus for the winding machine. 
Skip hoists are simple in construction and relatively cheap to maintain and operate. 

Carrying capacities can be made to suit the smallest or largest 
<-Ftead Sh boiler houses. The path of the skip can be vertical, inclined or a 
ie ag tte combination of both. Carrying capacities depend on size of skip, 
iD Dump 
N 


Ss 


speed of travel, method of loading, whether or not the skip is 
counterbalanced, and whether operation is full or semi-auto- 
matic. Makers’ catalogs give tables of expected capacity under 
various conditions. Skip hoists have been well standardized by 
manufacturers [11], [50], [98], (see p. 23-81), and other makers of 
conveying and hoisting machinery. Their catalogs give detailed 
information about track hoppers, loaders, skips, steel structures, 
winding machines and electrical control apparatus. Fig. 10 shows 
a skip hoist where an apron feeder was used to reduce the depth 
of pit under the track hopper. This arrangement is not recom- 
mended. It is simpler and better to feed directly from the track 
hopper through a chute. 

Skip Hoist with Traverse Motion.—A form of skip hoist, first 
used to load anthracite or coke to silo bins in retail coal yards, 
is made by manufacturers [33], [50], [99]. (See p. 23-81.) *A 
latched-bottom bucket takes its load of 1 or 2 tons from a track 
hopper with an automatic feed chute. When hoist is started the 
bucket rises, comes in contact with a trolley carriage, moves 
horizontally to a chosen point, then lowers. When bottom of 
A the bucket touches material in the bin, the doors open and con- 

. F tents slide out. The bucket then returns fora new load. Some of 

RETO Gas these hoists have full-automatic push button control. See F. D. 

Campbell, Trans. A.S.M.E., 1931, MH-53-1; also W. W. Sayers, Trans. A.S.M.E., 
1931, MH-53-8. 
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PIVOTED BUCKET CARRIERS consist of round-bottom buckets, pivoted between 
two long-pitch roller chains, arranged to dump on a horizontal run by tipping the bucket. 
They can be run vertically, horizontally, or in an inclined path. Suitably combined with 
crusher and feeder, they fit many arrangements of railroad track, boiler house and storage 
bin. Where lift, travel and capacity required are not too great, a pivoted bucket carrier 
is economical, and convenient to install and operate. If carrier is not used for coal more 
than an hour or two a day, it may in some cases also be used for ashes. If ashes are in 
large clinkers some other system will be better. 

Most carriers of this type have overlapping buckets which can be fed continuously 
from a chute. ‘The chains have hardened pins and bushings, self-oiling rollers and other 
refinements. The difference between different makes is chiefly in the suspension of the 
buckets, and making them lap properly at corner turns. Sizes of buckets, capacities, 
clearances, power required are practically the same for all such carriers made in the U. S. 
See Tables 2 and 3. 


The horsepower required at the head-shaft of a pivoted bucket carrier is 
Hp =AL- BR Se een el 


where L = total vertical lift, ft., R = total horizontal run, ft.; A and B are factors whose 
value is given in Table 3. Add 10% for each cast gear drive, and 5% for each drive 
through belt, chain or cut gears. 

Pivoted bucket carriers are quiet in operation, convey and elevate at the same time 
and thus avoid transfers and deep pits. They require little power. They cannot be fed 
on a vertical run nor under a turn wheel. The dump must always be on a horizontal 
run. Catalogs of manufacturers [17], [44], [50], [85], [89], (see p. 23-81), give dimensions 
of drive groups, corner turns and clearances. 

CENTRIFUGAL DISCHARGE ELEVATORS.—The simplest form of elevator con- 
sists of malleable-iron buckets fastened at intervals to a single chain. It is called a 
“* centrifugal discharge ’’ machine because the contents of the buckets are thrown out 
at the head-wheel by centrifugal force. A full, clean discharge into the head-chute de- 
pends chiefly on the size of the head-wheel, its speed and the bucket spacing. Table 4 
gives the result of practical experience with vertical centrifugal discharge coal elevators. 
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Belts with buckets attached are used for fine, dry or gritty materials, but chain is better 
for the rough work of elevating coal. Fig. 11 shows Style A malleable-iron buckets, used 
in coal elevators. The buckets will not discharge clean if set too closely together. For 
analysis of conditions of pick-up and discharge of centrifugal 
bucket elevators see Belt Conveyors and Belt Elevators, by F. V. Srcjeotion, b¢——~Eength-——>y 
Hetzel. (John Wiley & Sons.) t 

Table 5 gives the closest possible spacing for the speeds given 
in Table 4. If spacing does not match pitch of chain, increase it : 
to a multiple of that pitch. If the coal is lumpy, increase the F 1 
spacing. To determine the size of chain, working strengths ae Be ae 
alone, as given in makers’ catalogs, are not a suitable guide 
A link should be chosen which bears a proper proportion to the dimensions of the 
bucket, and which has a bucket attachment large enough for the bucket. K 1 attach- 
ments have two bolt holes; K 2 attachments have four bolt holes and are advisable for 
buckets 8 X 5 in. and larger. The greater the projection of the bucket, the greater 
should be the pitch of the link to give the bucket a proper support in picking up its 
load. Table 6 represents good practice. 


Table 2.—Standard Sizes of Pivoted Bucket Carriers 
(Link-Belt Co., Philadelphia) 


Carrying Capacity Coal Capacity, 


Size of Bucket, in., 


Pitch of Chain, in. Speed, ft. per min. 


Length X Width of Bucket, cu. ft. tons per hour 
18x15 18 0.68 15- 20 30-40 
18x21 18 0.94 20— 30 30-40 
24X18 24 1.68 40— 50 40-50 
24X24 24 2.24 55- 70 40-50 
24x 30 24 2.80 75-100 40-50 
24x 36 24 3.36 90-120 40-50 
30X24 30 3.50 95-120 45-60 
30 x 30 30 4.37 110-160 45-60 
30x 36 30 Cys} 140-190 45-60 
36x 36 36 8.50 210-330 50-80 


Table 3.—Horsepower Factors of Pivoted Bucket Carriers 
(Jeffrey Mfg. Co., Columbus, Ohio) 
Loaded on One Vertical and Both 
Horizontal Runs 


Size of Bucket 


Power Factors 
Material Material 
50 lb. per cu ft. 100 lb. per cu. ft. 
A Be A B 
For For For For 
Lift L, ft.|RunR, ft.) Lift Z, ft.|Runk, ft. 
0.044 0.017 0.088 0.023 


Length, | Width, 
in. in. 


18 18 


24 18 (074 039 148 051 

tea | 24 24 097 045 “194 “060 
fe. bi 24 30 -120 “051 -240 069 

Ra 30 30 -198 061 396 “085 
30 36 238 “070 "476 “100 


Diameters headUwheel) Ine se ese evicielcicls)-- 24 
Revolutions per minute. ..........0..+-+-s 46 43 41 32 
Speed of chain, feet per minute............. 217 237 257 352 


Norr.—Permissible variation not over a few r.p.m. either way. 
Table 5.—Minimum Spacing Style A Buckets for Clean Discharge 


Projection of bucket, in............. 6 | 
10 12 14 17 


Glosest spacing, IN. ...cc cee sere we 20 
Table 6.—Pitch of Chain for Style A Malleable-iron Buckets 

Size of bucket, in., length X projection ..... 6x4 |7x41/2| 8x5 | 10K6| 127] 14xK8| 16x8 

Pitch of malleable-iron chain, in. ......... 2.6 2.6 Bal Sl 4 7A 6 6 


Table 7.—Weights and Capacities, Style A, Malleable-iron Buckets 


Size of bucket, in., length Xprojection..... 6X4 17x41/2| 8x5 | 10xK6| 12x7 16x8 
WiKored ahi |b Meta 5-0 Od DUO DOE A OOO OOOO O 4 6.4 9.6 A - 
Coal capacity, lb. (C in formulas) ........ Be 8.3 ; 
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Table 7 gives weights and capacities of buckets used in simple coal elevators. The 
diameter of the foot-wheel of a centrifugal discharge coal elevator should be at least four 
times the pitch of chain used. If the wheel is too small, buckets will not fill properly. 
The following formulas are applicable to bucket elevators: . 

Notation.—C = lb. coal per bucket (see Table 7); D = diam. of foot-wheel, in.; Hp. 
= horsepower to be delivered to the elevators; L = height of lift, ft.; P = pull in chain, 
Ib., due to pick-up of coal at foot of elevator; S = spacing of buckets, in.; T = travel 
of chain, ft. per min.; U = unbalanced pull in chain due to weight of coal in buckets; 
W = capacity of elevator, lb. coal per minute; X = theoretical horsepower required. 


P=I2DCISA tae otek ed Cee [2] 
TC = 1D BCS sn A ee [3] 
Combining [1] and [2], 
X = 12(C/S)(L + D)(T/33,000) . . - [4] 
A Allowing 30% for losses in power transmission, : 
Hp. = 0.0005(CT/S)(L+D).- .- +--+ ; [5] 
Wa wers... 2203 2) 


Fra. 12, Continuous The head-chute of a centrifugal discharge coal elevator should have 

Bucket Elevator a slope of at least 35 deg. and its upper end should not be above a 

line drawn at 45 deg. through the center of the head-wheel. 

The lower wheel of a centrifugal discharge coal elevator generally is enclosed in a cast- 
iron or steel plate box, called a boot, which serves as a support for shaft bearings and 
also confines material to the path of the buckets. Boots with fixed bearings generally 
are not used for coal elevators, those with adjustable bearings being convenient. For 
sizes and dimensions, see makers’ catalogs. For diameter of head-shaft, see p. 23-56. 

Advantages and Limitations.—The centrifugal discharge elevator is cheap and simple, 
takes up little space, does not require deep or large pits, and can be encased easily. It 
will give good service when worked for a few hours each day, but for lumpy material, 
large capacities and long hours of service, it is better to use a heavier machine at slower 
speed. Such machines comprise continuous bucket elevators, perfect-discharge eleva- 
tors, and V-bucket elevators. 

CONTINUOUS BUCKET ELEVATORS consist of single or double chains with an 
endless series of steel buckets so shaped that in passing over the head-wheel each bucket 
acts as a deflector or chute for the discharge of the contents of the following bucket. 
Single strand machines use K 2 attachments fastened to the backs of the buckets, the 
depth of the bucket being 2, or rarely 3, pitches of the chain. Angles usually are fast- 
ened to the bucket ends to guide the vertical runs. Long buckets for large capacities 
require two chains, fastened to the ends. The chains usually are of steel, with a pitch 
equal to the depth of the bucket. In this position the chains guide the vertical runs. 
For inclined runs, they can be fitted with rollers that run up and down on suitable tracks. 
Buckets for vertical elevators handling crushed coal, Fig. 12, are made with the angle B 
in the bottom equal to 55 deg., thus giving a chute or discharge angle 
of 35 deg., which is steep enough for crushed coal. If the coal is 
all fine or wet, B should be 45 deg.; angle A then is 45 deg., giving 
a better delivery into the head-chute. When the elevator is inclined 
25 or 30 deg. from the vertical, as in Fig. 13, B can be increased 
to 70 deg. to give more bucket capacity, and for ordinary crushed 
& coal the discharge will be clean. This is one advantage of inclining 
J “Cy . such an elevator; another is that material can be delivered directly 

u ee to the buckets by a chute without spill. These buckets will pick up 
i soft material like crushed coal from a boot, but not hard lumpy 
wra. 13, Inulived Cons material like stone. Stone and ores should be handled in inclined 
tinuous Bucket Ele- elevators, with the feed directly from a chute set 2 or 8 buckets 

vator above the foot-wheel, and the toot of the elevator must be free and 

open to allow spilled material to fall clear of the buckets and be 

shoveled up. The head-chute never must be above a line drawn at 45 deg. through the 
center of the head-wheel. Speeds range from 90 to 200 ft. per minute in handling coal. 

For horsepower required by continuous bucket elevators, use formula (5]; for capaci- 
ties use formula [6]; for diameter of head-shaft, see p. 23-56. 

The continuous-bucket elevator is especially adapted for handling stone, but in ele- 
vating crushed coal for boiler houses it has the merit of giving high capacities at speeds 
much lower than those of centrifugal discharge elevators. For handling run-of-mine or 
large lump coal the V-bucket elevator is generally better. 


ee 


at rent Me a i 


V-BUCKET CARRIERS 23-53 


PERFECT-DISCHARGE ELEVATORS have two strands of chain fastened to the 
ends of the buckets. The buckets are not continuous and the speed is slow as compared 
with centrifugal discharge elevators. In order to effect a clean discharge, the chains are 
deflected backward under the head-wheels by a pair of supplementary whesla in such a 
way that the contents of each bucket will fall clear of the bucket ahead. Fig. 14 shows 
the location of the deflector wheels 
with reference to the head-wheels. 
Table 8 is based on good practice and 
gives dimensions for elevators using 
malleable-iron, Style A buckets and 
with wheels arranged according to 
Fig. 14. These elevators often are 


Fie. 14. Perfect-dis- Fie. 15. V-Bucket Carrier Fie. 16. V-Bucket Carrier ‘with 
charge Elevator Boot 


built with sheet steel buckets for larger capacities of coal, at speeds between 100 and 
150 ft. per minute. 

Measure A down from center of head-wheel. Draw line 50 deg. from vertical. 
Measure B from intersection to center of deflector. 

For horsepower use formula [5]; for capacities 
use formula [6]; for diameter of head-shaft, see 
p. 23-56. 

Advantages of the Perfect-discharge Eleva- 
tor.—1. It has two chains, and as usually de- 
signed, has a large margin of safety between 
the working strain and the breaking strength of 
the chains. 2. The pick-up of material is easy. 
3. On account of the slow speed, the chains, . 
buckets, wheels, gears and bearings last longer aun a a Wn a aU. Say 
and require less attention and repair. As an a ee 
offset, the machine costs more than a single- Fic. 17. V-Bucket Carrier in Boiler House 


Chutes from Storag' 
h 


strand elevator. 


THE V-BUCKET CARRIER GRAVITY DISCHARGE MACHINE is used extensively 
for handling coal, either lump or crushed. It consists of two roller chains fastened to 
the ends of V-shaped buckets which carry the coal on vertical or inclined runs and push 
it along a trough on the horizontal run. Gates in the trough permit the coal to be dis- 
charged where it is wanted. When arranged as in Fig. 15, or Fig. 16, it will pick up 
from a boot; with the path shown in Fig. 17, it will pick up at any point on the bottom 
run as well as at the corner turn. In boiler house work, machines arranged as in Figs. 15 
and 16, will take coal from a track-hopper, a feeder or a crusher, elevate it and discharge 
into a belt or flight-conveyor for distribution in overhead bins. The machine arranged, 
as in Fig. 17, can form a storage pile near the boiler house, or by discharge into an over- 
head conveyor, transfer direct from cars to the boiler house. Coal is reclaimed from 
storage by delivery into the lower run located in a tunnel beneath the pile. It is then 
elevated and discharged to the overhead conveyor for distribution in the boiler house. 


Table 8.—Data for Perfect-discharge Elevators, Style A Buckets 


Projection of bucket, in........0.4s.0 5 6 7 8 9 10 
Center of chain from lip, in. (L, Fig. 14) 3 3 3/8 41/9 5 3/8 5 7/8 6 1/4 
Diameter of head-wheel, in. (Fig. 14)... 22 24 26 28 30 32 
Diameter of deflector wheel, in. (Fig. 14) 14 15 16 17 1/9 19 20 
Revolutions per min. of head-wheel.... 19 19 19 19 19 19 
Speed of chain, ft. per min............ 109 119 130 140 149 158 
Spacing of buckets, in................ 17 19 21 22 23 25 
Ppuskets pete ta. sk scire > eres ye ets © i> 77 75 74 76 77 76 
Distance-:A. (Big. 14) cans de. soles wees 18 19 21 23 24 26 


Distances) (bigs 14) ims eek 2 eas if 7 1/9 8 8.3/4 9 1/9 10 
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Figs. 18 and 19 show typical cross-sections. Table 9 gives capacities and dimensions 
for sizes commonly used in boiler houses. Table 10 gives the horsepower required for 
some of the sizes. i : 

The 12-in. and 16-in. buckets sometimes are carried on malleable-iron roller chains, 
but steel bar chains generally are used for the larger sizes, and are better for the small 
sizes also. Take-ups or adjustable bearings always should be placed at a corner where 
the buckets pass empty, not at a corner around which coal travels. Vertical runs always 
should be encased to confine the spill and to avoid exposure to rain and snow. 

Advantages of V-bucket Carrier.—1. Strong and rugged; will carry any coal up to 
run-of-mine size, at speeds up to 120 ft. per minute. 2. Will receive on any run or from 
a boot. 3. Handles coal without breaking it. 4. Gives larger capacities than pivoted 
bucket carriers. 

Disadvantages.—1. Requires more power on horizontal runs than other types. 
2. Not suitable for ashes or hard and gritty material. 3. As compared with other ele- 
vators, it cannot discharge over a head-wheel, but always must discharge on a run be- 
tween two sets of wheels. 

HORIZONTAL DISTRIBUTION BY BELT OR FLIGHT CONVEYOR.—Inclined 
conveyors sometimes are used for elevating coal when the boiler house is at a distance 
from the track. If the house is not too long, the inclined conveyor may be carried over 
a hump into the horizontal, but if the house is long, or if its axis is not in line with the 
conveyor from the track, a separate conveyor must be 
used for distribution in the house. A similar condition 
exists in boiler houses where the ash disposal is by car 
or hoist. In such cases, where a pivoted-bucket or a 
V-bucket carrier cannot well be used for distributing, 
a simple coal elevator or a hoist is used for lifting the 
coal. 

Whether to use a belt conveyor or a flight conveyor 
depends partly on the structures and operating condi- 

‘ tions, and partly on the personal preferences of engi- 

Bee te end Ae ie eae of neers and owners. Considering only physical condi- 

tions, belt conveyors may be regarded as best: 1. Where 

the bin is long, say, 150 ft. or more. 2. Where the capacity is more than 100 tons an 
hour. 3. Where noiseless operation is essential. 

A flight conveyor may be best: 1. Where there is no room to admit a belt-tripper. 
2. Where the first discharge is less than 20 ft. from loading point of the conveyor, a dis- 
tance too short to admit a tripper. 3. When the conveyor is shorter than 50 ft. center 
to center. 4. Where separate spaced bins are used, instead of one continuous bin. 5. 
Where the conveyor is exposed to rain, snow or freezing. 
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Table 9.—Capacities and Variable Dimensions of V-bucket, Gravity-discharge Machines 
(Link-Belt Co., Philadelphia) 


Riceron Capacity in Tons per Hour at 100 ft. per min. See Figs. 18 and 19 
Bucket, in. Spacing of Buckets mal B 

LXW 18 in. 24 in. 36 in. 48 in. in. ft. sine if 
12x12 30 22 15 11 20 3/ 4 01 ibe 
16x 12 40 30 20 15 24 3/4 4 ote 19 ue 
16x 15 60 45 30 22 24 3/4 4 8 19 1/g 
20 15 78 59 39 29 28 3/4 4 8 23 1/3 
24x 15 90 68 45 34 32 3/4 4 8 27 1/8 
20x 20 1:40, OS etree yA Bocoee 32 1/9 > 9174 24 1/9 
24x 20 165) s0 ll Beecoee B24" A Beaac aes 36 1/2 bao lx 28 1/2 
30 20 200). « ¥eedaveave We i Boks 42 1/9 5) 91g 34 1/9 
36x 20 250) “ll eeeaeaiens 125 2a 48 1/9 Dota 40 1/9 


Table 10.—Horsepower of Elevator Conveyors with V-buckets 
(Link-Belt Co., Philadelphia) 
Size of Bucket, in. 12 by 12 


Spacing, in. 18 | 24 
SOR eS as che Ae ee] ee) 

ois aes 2.41 1.6 

ies. 12.4] 6.6 

18. 19.4 


Add 5% for each turn, 


i ee 


~ parison almost noiseless. They are strong 
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Table 11.—Dimensions and Capacities, Single-strand Coal Conveyors 
(Link-Belt Co., Philadelphia) 


Size of Flight, in. 14x 6 19x 8 24 
Coal per flight, lb. (M) (See formula [7])................... 30 - a 
Ordinary speed, ft. per min. (7) (See formula [7])........... 75-150 75-150 75-150 
Ordinary spacing, in. (S)’ (See formula. [7]).c<.ce0.ssveccss cn 18 36 18 36 18- 36 
Weightione fight complete; Ib.ccsge sees. s cece sce clase eel. 21 25 37 
Meirhteuaualvchain, perite IDscaccicesiecc o cancccccsc cidac crc 7 8 9 
Wimensions Alin (Sea biga20)). cle gcauecwneecre ces aee Conn 23 3/4 29 33 
Dimension BAO (SCOMMIE 20) sate ceiciereiot Mea ee eee 7 3/8 91/ WL, 
Dimension Ge ame (See We y20) aac sce care sore cle okiee Ok ete eee 18 1/4 23 3/5 28 3/3 
Dimension Din Cwood)s (See! Mig 20)in ete sae eee nee See 9 3/4 11 3/4 11 3/4 
Oimension# fin. (steel) (See Nig. 20). aewsccwe sen cee eee 7 9 12 : 


Table 12.—Dimensions and Capacities, Double-strand Coal Conveyors 
(Link-Belt Co., Philadelphia) 
Size of Flight, in. 
Coal per flight, lb. (M) (See formula [7]) ...... 
Ordinary speed, ft. per min. (7)(See formula [7]) 
Ordinary spacing, in. (S) (See formula [7])..... 


24X10 | 30x12 
103 150 180 


75-150 | 75-150 | 75-150 
24 36 | 24—- 36 | 24 36 


Nieightrone might, Ibis isc cores coc cocina ence secre 19 28 32 
Weight usual chain, single, lb.................. le 16 18 
Dimension A, in. (wood). (Fig. 2]) ............ 25 31 37 


Dimension C, in. (wood) (Fig. 21) ............ 
Dimension F, in. (wood) (Fig. 21) ............ 


36 1/9 48 1/9 54 1/9 
12 1/g 14 5/g 14 1/4 


Dimension J, in. (wood). (Fig. 21) ............ 25 31 37 
Dimension B, in. (steel) (Fig. 21)............. 25 30 1/o 36 1/9 
Dimension D, in. (steel) (Fig. 21)............. 33 1/9 39 45 
Dimension G, in. (steel) Cig. 21)........cc00. 8 10 10 
Dimension K,in. (steel) (Fig. 21) ............ 25 30 1/9 36 1/2 
Dimension £, in. (either) (Fig. 21) ............. 25 1/o 31 37 


For either machine, these limits are not hard and fast, and between them there are 
chances to exercise personal preference or judgment. Both machines have been on the 
market for many years and have been standardized. There is no ‘‘ universal ’’ conveyor; 
for handling heavy or gritty ores, as in the Western smelters, or in conveying heavy ton- 
nages of coal over long distances, as in 
by-product coke plants, a flight conveyor 
is not to be considered, but in many boiler 
houses it makes the best distributor, even 
though it requires more power. The older 
forms of flight conveyor were noisy, but 
modern roller-flight conveyors, or double- 
strand roller-chain conveyors, are by com- 


and rugged, easy to load and discharge, and 
will work under conditions and lack of care 
that would be harmful to belts. Some 
engineers have a prejudice against scrap- 
ing the coal in a trough. It does consume 
more power, but it does not harm even 


Tha 


anthracite. As to wear on the trough, the yy¢.20. Single Strand Fria. 21. Double Strand 
item of replacement is not an important Flight Conveyor Roller Conveyor 


one. 
FLIGHT CONVEYORS FOR BOILER HOUSES.—Two forms are in general use. 


Fig. 20 shows a single strand of chain carrying flights with supporting rollers. Fig. 21 
shows flights fastened to two strands of chain with rollers mounted on the chain joints. 
The first is used for crushed coal; the other will carry any size of coal up to run-of-mine. 
Dimensions and capacities are given in Tables 11 and 12. ll flights will carry the stated 
quantities of bituminous coal on the level, or on inclines up to 20 deg. For a slope of 
25 deg., deduct 10%; for 30 deg., deduct 20%; for 35 deg., deduct 30%. 


The capacity in tons of coal per hour=0.36MT/S. . . . . [7] 


CHAIN PULLS AND HORSEPOWERS.—The general formula for any ordinary 
Aight conveyor, apron conveyor, bucket elevator or bucket carrier is 

Qa Syl Sees Ves ee ene er ae ee Co | 

where X = pull to move the weight of material, coal, etc., on the loaded run; Y = pull 
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to move the conveyor parts on the loaded run; Z = pull to move the conveyor parts on 

the empty run. : A 
X= WL(F cosa+sina); Y= WiL(fcosa+ sina); Z = W, Lif cosa — sina), 

where W = weight of coal, etc., lb. per ft.; Wi = weight of conveyor parts, lb. per ft.; L= 

length of conveyor, ft.; ~@ = angle of inclination from the horizontal; F = coefficient of 

friction for the material (coal, etc.); f = coefficient of friction of moving conveyor parts. 

For anthracite, F = 

Torsional Moments in Thousands of Inch Pounds 0.33; for bituminous coal, 

‘ F =0.50. For conveyor 
parts, sliding in a trough 
or on tracks, f = 0.33; for | 
conveyor parts, rolling on 
tracks, f = Nd + D, where 
D = diameter of chain rol- 
ler, in.; d = size of hole in 
roller, in.; N = factor 
determined by the kind of 
hole and the grade of 
lubrication. For a smooth 
hole, not lubricated, VN = 
0.5; for a smooth hole, 
greased, N = 0.33; for a 
bored hole, greased, N = 
0.25; for a bored hole, 
well oiled, NV = 0.20. For 
vertical lifts, cos a = 0; 
for horizontal runs, sin a 
= 0. For ordinary 
bucket carriers, apron con- 
veyors, ete., where the 
material is carried, and 
not scraped, F = f. 

If material is carried 

Fic, 22. Bending and Torsional Stress of Head-shafts down hill or lowered, ane 
becomes negative and then 
X = WL(F cosa — sina); Y = Wi L(f cosa — sina); Z = Wi L(f cosa + sina). 

For combined elevator conveyors of complicated path, make a diagram of the path, 
calculate the pull for each run separately, note it on the diagram with a plus sign if posi- 
tive and with a minus sign if the pull is in the direction of motion of the machine. Add 
the several values, allowing at each turn, where pull is transmitted, 5% of the accumu- 
lated pull up to that point. Note P, the maximum pull where the chain enters the driv- 
ing sprocket wheel, and P;, the pull on the chain leaving the wheel. Then P determines 
the stress in the chain, and (P — P)) is the torsional pull on the driving-wheel. From this 

Hpe = RP = Pi) /33,000 ©) eee [9] 
where 7 = chain speed, ft. per min. For the size of the motor, increase horsepower by 
10% for each pair of cast-tooth gears, and by 5% for each drive through belt, chain or 
cut-gears. 

SIZES OF SHAFTING FOR ELEVATORS AND CONVEYORS OF ALL KINDS.— 
Head-shafts and important turn-shafts should be calculated for torsion and bending. 
From formula [9], (P — P;) is the torsional pull; this multiplied by the radius of the 
sprocket wheel gives the torsional moment in inch-pounds. The load which produces 
bending is the resultant of two forces. One of these is (P — P,); the other is the weight 
of the shaft, wheels and gear. In a vertical machine, the resultant is the algebraic sum 
of the forces. For other machines the weight of shaft, etc., is ignored, if it is propor- 
tionately small; otherwise the resultant is found by means of a diagram of forces. The 
shaft then may be considered as a beam supported by its bearings, and the bending mo- 
ment in inch-pounds determined. Observing where the bending stress and the torsion 
stress act together on the same cross-section of the shaft, the shaft diameter may be 
obtained from the diagram, Fig. 22. 

CHAINS FOR FLIGHT CONVEYORS.—Malleable-iron hook-joint chains are used 
for simple flight conveyors without rollers when the pull is not over 1500 lb. For roller 
flights, malleable-iron, closed-joint chains, or chains of the steel bar type are common. 
For double-strand conveyors with flights 20 X 10 in. or smaller, and of moderate length, 
malleable-iron roller-chains are used; for larger flights, and for heavy duty, steel bar-chains 
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are better. These are made in pitches from 9 to 24 in. and of a strength to meet any 
service. 


3. ASH HANDLING 


HANDLING ASHES IN BOILER HOUSES.—For pneumatic system, see p. 23-67; 
for hydraulic methods, see p. 23-70; for skip hoists, see p. 28-50; for pivoted bucket care 
Tiers, see p. 23-50. 

In small plants, ashes often are collected by hand car and taken 
to a waste dump, or discharged into a skip or elevator for storage 
ina bin. Ashes elevators which work only an hour or two per day 
are of the centrifugal discharge type (see p. 23-50) with a chain 
strong enough to withstand grit and corrosion. If the machine 
States eae a is better to use a slower speed elevator or a 2 
skip hoist. For handling large clinkers, old brick, soot and other ee 
boiler house refuse, a car and skip system is better than any ges are Ne 
bucket elevator. For high lifts a skip hoist is better under any conditions. 

A simple ashes conveyor used in some small boiler houses is shown in Fig. 23. A 
wide malleable-iron chain runs at about 5 ft. per min. in a heavy cast-iron trough and 
partly drags, partly carries the ashes to the foot of an elevator. It is cheap, requires no 
lubrication, and lasts long enough to pay for itself in some places. 


4. ELEVATORS FOR MATERIALS OTHER THAN COAL 


It is necessary to consider whether material to be handled is fine or in large pieces, 
abrasive or non-abrasive, friable or non-friable, wet or dry, whether or not it must be 
handled at slow speed. It is not possible to give exact rules, but for most cases the 
following is useful: 

1. Ashes, crushed ores, small coal, foundry sand, dry clay, gypsum, acid phosphate 
and similar materials. Use centrifugal discharge elevators with malleable-iron buckets 
on single-strand closed-joint, or steel-bushed malleable-iron chain. 

2. Grains, feeds, and other free-flowing materials. Use centrifugal discharge eleva- 
tors with chains lighter than those in (1), or rubber belts, with malleable-iron or sheet- 
steel buckets. . 

3. Cement, crushed coal, coke, slag, ores, glass house cullet and other material, not 
too large, which should be handled at relatively slow speeds. Use single-strand con- 
tinuous-bucket elevators with steel buckets on closed-joint or steel-bushed malleable-iron 
chains. These elevators are vertical, or nearly so, and have a boot and casing. 

4. For materials in (3), handled in large quan- 
tities or to high lifts, use double-strand con- 
tinuous-bucket elevators with steel buckets on 


5. Heavy coarse material, ores, crushed stone, 
gravel, and rock which cannot be picked up in 
a boot. Use inclined continuous-bucket elevators 
with one or two strands of chain or a rubber belt. 


Elevators for handling coal in boiler houses and 
for many other materials have been classified and 
standardized by manufacturers [44], [50] (see p. 
23-81), and other makers of conveying machinery, 
whose catalogs give dimensions, capacities, speeds, 
power required, and details of casings, boots, etc. For belt elevators, see handbooks 
issued by rubber belt makers, Goodyear Rubber Co., Akron, O.; Goodrich Rubber Co., 
Akron, O.; Manhattan Rubber Co., Passaic, N. J., and others. 

PORTABLE ELEVATORS OR LOADERS are bucket elevators with a motor or 
gasoline engine mounted on wheels or caterpillar treads, and arranged to pick up their 
load at ground level and deliver it to wagons or trucks through a chute, screen or short 
belt conveyor. Some loaders for hard coal, coke, or excayated gravel have shaking 
screens. In coal yards, they save time and labor and reduce cost of handling by keeping 
trucks at work. A man will shovel a ton of coal from ground to wagon in 20 min.; a 
loader in 3 min. or less. Four men load a 5-ton truck by hand in 30 min.; one man with 
a loader in 5 min. The system of using loaders in connection with ground storage is 
preferred by many to storage in overhead bins with chutes to wagons. First cost and 
depreciation are less and there is less machinery to maintain. For large capacities, or 
where a machine handles sand, stone or gravel, a self-propelled machine, Fig. 24, is an 
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advantage. The loader’backs into the pile by its own power, which is quicker and easier 
than breaking down the pile by hand. Loaders that work on roads or in yards with 
rs should have caterpillar treads. 
ay pode elevators are maa by manufacturers [9], [36], [50] (see p. 23-81), and others. 
These machines in modified form excavate earth, dig trenches for pipe lines, remove 
snow from city streets. A development by Barber-Greene is a portable road building 
machine that travels under its own power, picks up sand and gravel, mixes it with bitu- 
minous binder, spreads, tamps and levels it to make a finished road at the rate of 1 mi. 
per hr. : ‘ : 

VIBRATING CONVEYORS, mounted on roller races for use in mines are described 
below. Similar conveyors with the trough mounted on spring legs (Link-Belt Co.) are 
used for sugar and other materials not easily handled by screw, flight or apron con- 
veyors. 

Vibrating pipe conveyors made by Traylor Vibrator Co., Denver, Colo., are used to 
convey roasted ores, sintered concentrates and other hot, dusty and gritty materials. 
The pipes are 10 to 26 in. diam., hung by flexible suspension from above. Vibrating 
units are clamped to the pipe at intervals, each consisting of an armature and a stator 
supplied with alternating current. At 60 cycles per sec. the armature is attracted 3600 
times per min. against the flexure of powerful bar springs. The inertia of heavy weights 
attached to the frame causes the pipe and armature to vibrate in unison. The plane of 
vibration is inclined to the axis of the pipe, and the material receives a component of 
motion, which moves it through the pipe. See A. F. Beasley, Engg. and Min. Jour., 
March 24, 1930. , ; ? 

The Redler Conveyor (Stephens-Adamson Mfg. Co.) consists of a flexible chain or 
wire rope carrying pusher bars or links at short intervals. These move in a closed box, 
imbedded in the material conveyed. By a proper arrangement of turns, horizontal and 
vertical runs can be combined, and the machine acts both as elevator and conveyor. 
Moving parts do not completely fill the cross-section of the box and the conveyor is said 
to be free from danger of overloading. 


5. COAL CONVEYING IN THE MINE 


Coal conveying in a mine starts at the working face. Coal which has been shot down 
can be loaded by hand on a low portable scraper, shaker or belt conveyor, discharging to 
a longer conveyor or a mine car. Fig. 25 shows a scraper conveyor, comprising a drive 
section with motor and gearing, a foot section with take-up, and intermediate cross- 
sections 6 ft. long, bolted together. Wide link chain runs in a trough 14 in. high, Fig. 26. 
Belt conveyors are similar in cross-section. Shaker conveyors, Fig. 27, have troughs in 
sections bolted together. Each section rests on a pair of rollers in curved pieces of track, 
shaped to give a jumping motion to the coal when the assembled length is reciprocated 
by a crank at the driving end. Speed and throw of crank are varied to suit length of 
travel, slope, and kind of coal. 


Fic. 25. Scraper Conveyor for Load- 
ing Mine Cars 


Another type to make loading of mine cars easier is a chain conveyor with a low end, 
an inclined portion, and a horizontal top portion extending over one or more mine cars, 
all mounted on wheels.. Other machines, to displace hand shoveling altogether are 
made by Jeffrey Mfg. Co., Columbus, O. A shovel machine (Myers-Whaley Co., Knox- 
ville, Tenn.) thrusts a scoop under the loose coal, lifts it and tips it backwards into a 
conveyor discharging into the mine car. A loader made by Joy Machine Co., Pitts- 
burgh, Pa., has pickpointed arms which dig into the coal and pull it into path of the 
conveyor chain. Several machines with wire rope drum and a scraper that drags the 
coal from the working face are made by manufacturers [34], [42], [86] (see p. 23-81). 

_U. S. Bureau of Mines, Bull. 343, Dec., 1930, describes and illustrates these ma- 
chines. For English machines, see Iron and Coal Trade Rev., No. 123, 1931. For Ger- 
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man machines, see Férdertechnik, Jan. 16, March 13, May 8, July 3 & 31, Oct. 23, 1931 
For a flexible conveyor for long face mining, see Coal Age, May 7, 1925. ; ‘ 

COAL CONVEYING BY MINE CAR HAULAGE.—Robert Peele (Mining Engineers’ 
Handbook) says: Locomotive haulage is justified at mines with easy track grades and 
large output. Compared with haulage by animals, the high speed, large tonnage per 
trip, and few men required, may balance the larger interest and depreciation charges. 
Compared with rope haulage, especially if there are branches or many curves, it is more 
flexible and easier to extend or maintain. It requires less head-room, heavier rails and 
easier curves than animal haulage, but cannot compete with it on thick seams in daily 
output of less than about 175 net ton-miles on grades below 1.25%, nor with rope haulage 
on grades averaging 4% against or 5% with loads. 
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Fia. 26. Cross-section of Scraper Conveyor Fie. 27. Cross-section of Shaker Conveyor 


Gasoline Locomotives have the flexibility of steam locomotives in radius of travel, 
and for mining work are geared for speeds of 3 to 12 miles per hr. They have no open 
fire, consume no fuel when idle, and are less dangerous than steam locomotives in gaseous 


mines. Exhaust gases and cost of gasoline are factors to consider. 


Compressed-air Locomotives are flexible in operation within the radius of travel 
from charging stations for which they are designed, require no fire, do not spark nor 
emit noxious exhaust, but aid ventilation and are the safest type for gaseous, dry-timbered 
or poorly ventilated workings. 

Electric Storage-battery Locomotives are flexible, cheaper to install than trolley or 
air locomotives, simple to operate and safer than any other type except compressed-air. 
They are suitable for short hauls, in temporary workings, as in gathering, or for infrequent 
long hauls where trolley lines are not warranted or where low-roofed wet workings make 
them dangerous. Grades must be easy. 

Electric Trolley Locomotives are the prevalent types in mines. They are compact, 
simple to operate at high efficiency and usually have lowest power cost of all types. Dis- 
advantages are: Cost and danger of trolley circuit; danger of sparking at commutator 


or trolley wheel; necessity of wired and bonded track. 


Rope Haulage conditions are large tonnage and grades which make locomotive haul- 
age inefficient. Straight haulways and uniform grades are desirable but not necessary. 
See Rope Haulage, p, 23-13. 

UNDERGROUND CONVEYING BY BELT CONVEYOR.—A belt conveyor system 
may handle large quantities of materials in mines at a lower cost than any system of 
haulage. At the Colonial mines of H. C. Frick Coke Co., near Brownsville, Pa., trains 
of cars in the mine are turned over in a rotary dumper; the coal falls into a bin and is 
fed by feeders to a 60-in. belt which delivers to a series of 19 48-in. belts run at 500 ft. 
per min., and of lengths from 321 to 2439 ft. The total run is 41/2 miles; the total lift 
isi cor it, 

The system was planned and installed after the estimate had shown a probable saving 
of 3 cts. per ton, 10,000 tons a day, based on the following comparisons between the 
belt system and haulage by electric locomotive: 1. First cost, belts 25% less. 2. De- 
preciation, belts 15% more. 3. Cost of power, belts 100% more. 4. Cost of labor, 
belts, 50% less. The belt system was started in 1924. Up to July, 1932, it had carried 
over 25,000,000 tons of coal, and 8 of the original belts were still in use. Records and 
tests have shown the cost of power for the belt system to be less than 1/9 of that esti- 
mated, the saving in labor to be greater than estimated and saving in cost of conveying 
to be over 3 cts. per ton. For a description of this system, see Coal Age, Dec. 25, 1924; 
F. V. Hetzel, Belt Conveyors and Belt Elevators, p. 106. A belt conveyor similar to the 
above is used at the Palmer mines of H. C. Frick Coke Co. It has 12 belts with a total 
length of travel of over 3 miles. 

For uses of belt conveyors in and about mines, see catalogs of manufacturers [50], 


[77], [85] (see p. 23-81). 
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RETARDING CONVEYORS.—In parts of West Virginia and Kentucky, coal veins 
are on the hills and railroad tracks in the valley. An old way to get coal down is in 
coupled mine cars lowered down the slope by a tail rope. A broken car coupling or rope 
may cause arunaway resulting in great damage or loss of life. Coal sometimes is lowered - 
in a large skip (monitor or gunboat) but unless it is shipped as run-of-mine, breakage 
due to filling and emptying the skip is objectionable. Wire rope tramways have been 
used for capacities of a few hundred tons per day (see p. 23-14). For larger capacities, 
retarding conveyors are used. ; 

The Wire Rope Retarder, Fig. 28 (Jeffrey Mfg. Co., Columbus, O.) comprises an 
endless wire rope to which 12 in. diam. cast-iron dises are clamped at intervals of 3 or 4 
ft. On the carrying (lower) run the discs travel in a V-shaped trough with rounded bot- 
tom. On the return they run in a small guide trough. The rope, 
7/3 to 11/g-in., generally is made with 6 flattened strands (see p. 
6-40) arranged alternately, regular lay and lang lay so that the 
rope does not twist or rotate. The ends are joined in a split clamp 
disc. Rope retarders can be used on any slope up to 35 deg. and 
up to 1000 ft. long. The best slope for soft coal is about 26 deg. 
For slopes over 30 deg., hinged baffle-boards over the trough stop 
lumps if they start to avalanche. A straight run is preferable, 
but if slope must change from steep to flat, a large radius curve 
(1000 ft.) should be made in the trough, or one conveyor must 
be made to discharge into another. As the wire rope is sub- 
merged in coal, wheels or tracks cannot be used to hold the rope 
down. At terminals, the rope runs over toothed wheels. On all 
but flat slopes, brakes prevent the conveyor drifting when power 
is off. On steep slopes a hand-operated brake also is used. Rope 
retarders have been used for 50 years or more. When properly 
designed and built they are good and relatively inexpensive. 
Carrying capacity is 100 tons to 200 tons per hr. 

Chain and Flight Retarding Conveyors consist of two strands of steel roller chain 
attached to ends of steel flights, running in a steel trough. The chains roll on tracks and 
the path of the conveyor can be made to suit the slope and contour of the ground. Fig. 
21 shows a cross-section. A 36 X 12 in. flight will carry 360 tons per hr. at 100 ft. per 
min. Some retarders have 48 X 12-in. or 60 X 16-in. flights for large carrying capacity. 
Fig. 29 shows the upper end of a retarding conveyor where a shaking screen separates 
the fines before the coal goes to the picking bands. With such an arrangement, refuse is 
thrown out on the slope of the hill. 

CLEANING AND SIZING OF BITUMINOUS COAL.—The handling of bituminous 
coal for cleaning and sizing in one modern tipple may be described 
as follows: The tipple building is a steel structure spanning 5 
railroad, and 2 larry tracks, that run to coke ovens. Coal runs 
from lower end of retarding conveyor over a bar screen which 
removes slack, then over a double deck shak- 
ing screen which takes out more slack and 
separates the rest into lump, egg and nut. 
These sizes discharge separately to three steel 
apron conveyors which are placed parallel 
to the railroad tracks and located directly 
over them. For about 30 ft. the apron con- 
veyors are horizontal. Men on each side pick 
out refuse. For the remainder of their length, 
conveyors are on hinged booms, which by 
electric hoists, can be lowered or raised so that 
coal is loaded into railroad cars without much breakage. When booms are horizontal, 
coal can be discharged into mixing chutes, arranged so that lump and egg, for instance, 
or egg and nut, can be loaded into cars. Refuse picked out of the coal is dropped into 
vertical chutes, whence it passes into conveyors under tipple floor and into a car for 
disposal. Everything below nut size from shakers and bar-screen is conveyed to a 
screen house over the larry tracks. A rotary screen takes out the pea size and drops 
it into a bin for shipment by car or truck. Slack falls into a bin, and either is taken 
in larrys to coke ovens or conveyed across the tipple for mixing with any of the larger 
sizes on the railroad loading track. Fig. 30 shows the arrangement of loading boom 
and picking table in a small tipple. 

The Knox-GON swiveling loading boom (Link Belt Co.) has a frame pivoted at the 
receiving end, and is placed over the center line between two tracks. It can be swung 
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to serve gondolas on either track or to discharge to a Manierre type loader for loading 
box cars on either track. This machine (Manierre Engg. Co., Milwaukee) has a short 
belt or apron conveyor mounted on a hinged and jointed boom adjustable to various 
angles. It is capable of being moved into working position through a car door, or swung 
out to give car clearance. It will handle any kind and size of lump or fine material and 
deposit it in either end of a box car with a minimum of breakage. 


Power Hoist 
or 
Raising Boom 


Position of 
Boom when 
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f The rescreening loading boom (Link Belt Co.) has two chains with cross bars running 
in a trough with screen bars in the bottom. Its advantages are lighter construction, 
shorter boom and less drop of coal at delivery end. 


BELT CONVEYORS 


For fundamentals of design and operation, see F. V. Hetzel, Belt Conveyors and 
Belt Elevators (John Wiley & Sons). In its simplest form a belt conveyor comprises 
two end pulleys, a moving belt, and idlers to support the belt. The lower idlers have 
flat-faced rolls; the upper or carrying idlers generally are arranged to curve or trough 
the belt to make it carry more and avoid risk of spill. There is not much difference 
between 3- and 5-roll troughing idlers in carrying capacity. Three-roll idlers cost less, 
have fewer bearings, lubrication is more certain. The best troughing idlers have ball 
or roller bearings; the saving of power, reduced cost of maintenance and longer life of 
belt often pay for the extra cost of the improved idlers. On grain conveyor belts, the 
best practice is to run the belt nearly flat with concentrator or ‘“‘tuck-up”’ idlers at 


intervals to give a slight troughing. 
Troughing idlers are spaced 4 to 5 1/, ft. apart on narrow belts, according to weight of 


- material carried; on wide belts, 3 to 4 ft. apart. Return idlers are spaced 9 or 10 ft. apart. 


For detailed information about belt idlers and other parts, see catalogs No. 1615, Link- 
Belt Co., Chicago; No. 82, Robins Conveying Belt Co., New York; No. 30, Stephens- 
Adamson Mfg. Co., Aurora, IIll., and other manufacturers of conveying machinery. 

THE CONVEYOR BELT may be of solid woven fabric, or of cotton duck with the 
plies stitched together. Both kinds are impregnated with oils or compounds to resist 
moisture. Rubber belts, however, are in more general use. They are built up with 
layers of cotton duck cemented together by rubber compounds, and then vulcanized. 
Lengthwise threads of the cotton duck are heavier than crosswise to give tensile strength 
with flexibility for troughing. An extra thickness or cover of rubber on carrying side 
of the belt resists abrasion and increases its life. For crushed coal, the cover may be 
1/yg in. thick, but for run-of-mine coal and abrasive ores a thicker cover is required to 
avoid puncture by sharp pieces, and to resist wear o¢casioned by making material at the 
loading point acquire the belt velocity. 

CARRYING CAPACITIES OF BELT CONVEYORS in tons of coal per hour for 
troughed belts are given in Table 1, which is based on formula, cu. ft. per hr. at 100 ft. 
permin. = 3.2W2, where W = width of belt, in. Belts carefully loaded with run-of-mine 
coal can run 500 ft. per min.; higher speeds in Table 1 refer to crushed coal. If material 
is not too lumpy and if feed is steady and continuous, belts wider than 15 in. can be 
loaded to a greater capacity, viz., 24 in., 5% more; 30 in., 10%; 48 in., 16%; 60 in. 20%. 

On narrow belts, a relatively greater percentage of lumps comes in contact with the 
belt surface in loading. Wear from abrasion in loading is proportional to speed of belt. 
Hence, it is injurious to run narrow belts at high speeds. At the same time, part of the 
efficiency of the belt as a conveyor is due to the ability to run faster than a chain con- 
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veyor, whose speed seldom exceeds 200 ft. per min. At speeds much lower than that a 
belt is not so economical in handling bulk materials, although it may be preferred for 
other reasons. Width of the belt depends on lumpiness of material carried. Table 2 
gives values ordinarily considered safe and proper. 

HORSEPOWER OF BELT CONVEYORS.—A formula based on tests of belt con- 
veyors (Goodyear Rubber Co., 1930) is in three parts. 


Hp. of empty conveyors = C(L + Lo) (0.03 OS)/990 ee ca, es 
Hp. to carry tonnage on a level = C(L + Lo)T/990. « « » - + © « = (2] 
Hp. to raise tonnage = +(7H/990); to lower tonnage = — (TH/990) . . [3] 


The algebraic sum of the three items gives horsepower at head pulley; C = a friction 
factor depending on kind of idlers used, =0.05 for plain 
bearings, grease lubricated; =0.03 for ordinary ball or roller 
bearings, grease lubricated; =0.022 for high-grade ball or 
roller-bearings, pressure lubricated; L = length of conveyor, 
ft., center to center; Lo = arbitrary length factor, depend- 
ing on grade of equipment used, =100 where C = 0.05; 
=150 where C = 0.03; =200 where C = 0.022. Q = (weight 
of moving parts of idlers + weight of belt reduced to Ib. 
4 per ft. of center to center length of conveyors), (see Table 
4 3); S = belt speed, ft. per min.; 7’ = tons of material per hr.; 
<4 H = height, ft., through which material is raised or lowered. 

Fic. 1. Skirt Board Con- If a tripper is used, add 1 Hp. for narrow belts, and up to 
struction 3 Hp. for wide belts. To determine size of motor, add 3% to 

5% for each belt drive, chain drive or gear reduction. 

BELT THICKNESS.—In general, for durability and long life, tension in a rubber 
or cotton belt should not exceed 24 lb. per in. of width per ply of thickness, if duck is 
the usual 28-oz. duck. In a belt conveyor, this 24 lb. cannot all be used to move the 
loaded belt. Some of it must be used to supply enough tension to prevent slip on the 
drive pulley. This tension is applied by the take-up. The smaller the are of wrap on 
the drive pulley and the lower the coefficient of friction between belt and pulley, the 
greater must be the tension. By increasing angle of wrap and lagging drive pulley, 
more of the strength of the belt can be usefully employed. 

After calculating horsepower by method given above, the number of plies of belt 
to move the loaded conveyor may be found by 


N = number of plies = Hp. X 33,000/SWP, ...... [4] 


where S = belt speed, ft. per min.; W = belt width, in.; P = useful net tension per inch 
of width per ply of thickness. The relation between belt tension, belt velocity and horse- 
power is given on p. 24-14. The value of the coefficient of friction f in the fundamental 
formula there given may be taken as f = 0.30 for conveyor belt on bare iron pulleys, 
and f = 0.34 for belt on lagged pulleys. Values of P may be taken as follows: 180° 
wrap on iron pulley, P = 14 lb.; 180° wrap on lagged pulley, P = 16 lb.; 240° wrap 
on lagged pulley, P = 18 |lb.; 420° wrap on 2 lagged pulleys geared together, P = 24 lb. 


Table 1.—Tons (2000 Lb.) of Coal per Hour at Various Belt Speeds 
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Table 2.—Maximum Size of Material to Give Capacities in Table 1 


KKK 


Belt Width, in. 


Size of Material, in. 


14 16 18 20 24 30 36 42 48 
90% of mixture not over 3 21/2 3 31/2 4V/o 6 71/ 
ae “ee aa “e 4 2 9 10 1 
10% 4 5 6 8 11 14 17 20 3 


Table 3.—Values of Factor Q in Belt Conveyor Horsepower Formula 
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If the belt is made of 32-0z. duck, values of P may be multiplied by 1.125. Horsepower 
may be calculated from the fundamental formula for belt tension, viz., Hp. = PV/33,000, 
where P = net effective tension in belt = (7; — 72), the tension in the tight and slack 
sides, respectively; V = velocity, ft. per min. 

Values of N obtained from the formula should be compared with tables of maximum 
and minimum thicknesses of belts as given in handbooks of belt makers. If the belt 
is too thin it will deflect too much; if too thick, it will not trough properly. 

Rubber belts are made in different grades, differing as to weight of duck, quality of 
“friction”’ used to cement plies together, and thickness and quality of rubber covers. 
For detailed information, see F. V. Hetzel, Belt Conveyors and Belt Elevators, pp. 41, 
110. Goodyear’s 1930 Handbook gives considerable detailed information concerning 
belts, tandem drives, stresses in inclined conveyors, etc. See also Goodrich’s Manual 
of Belt Practice, No. 2800. 

DIAMETER OF BELT PULLEYS.—The larger the pulley, the less the stretching 
of the rubber ‘‘friction,’’ or of the stitching which holds the plies of the belt together, 
and the longer the belt will last. The diameter of driving pulleys in inches should be 
at least five times the number of plies in the belt. The diameter of foot pulleys and 
snub pulleys should be four times the number of plies, and of tandem pulleys, geared 
together, driving thick belts with heavy rubber covers, at least six times the number 
of plies. 

LOADING BELTS.—To reduce the wear on the belt surface, the material should 
be fed by a chute of such length and slope as will give to the material the velocity of the 
belt, if possible. To prevent scatter, and to pile the load properly, skirt-boards 5 to 7 ft. 
long are used. They must be carefully designed. If not well supported they may sag 
and cut the belt. Fig. 1 shows the usual construction in wood. 

DISCHARGE FROM BELT CONVEYORS.—tThe simplest belt conveyor discharges 
over the head-pulley, as in Fig. 2. For intermediate discharge at one or more points, 
fixed trippers may be used, as in Fig. 3, but they double or triple the wear on the belt 
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[{Fre. 2. Belt Conveyor Discharging Over Head Pulley 
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Fie. 3. Belt Conveyor with Stationary Trippers 
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Fic. 4, Belt Conveyor with Movable Trippers 


surface whenever they feed material back on the belt, and by repeated reverse bending 
over pulleys they tend to separate the plies of the belt. For most conditions of inter- 
mediate discharge, a traveling or movable tripper, Fig. 4, is preferable. Some materials, 
like foundry sand or wood chips, can be carried on flat belts, and at slow speeds the dis- 
charge can be divided at several intermediate points by ‘ strike-off ” boards set at various 
positions above the belt, or all can be thrown off at any point if the boards are hinged 
so as to swing into and out of position. This method is not good with lumpy material. 

INCLINED BELTS.—With uniform feed, fine coal may be carried on a belt at an 
angle from the horizontal of 22 deg.; but when mixed with lumps, at an angle of not over 
20 deg. Run-of-mine coal, coal and coke can be carried at an angle of not over 18 deg., 
crushed stone and ore, at not over 18 deg., and tempered foundry sand at not over 24 deg. 
On the other hand, numerous substances under certain conditions can be carried at 


t 15 deg. : ; 
sc ADVANTAGES OF BELT CONVEYOR.—1. Low power consumption. 2. Noise- 
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less operation. 3. Adaptable to all sorts of material. 4. Suitable for high capacities 
and long distances beyond the range of other conveyors. 5. Simplicity of construction. 

LIMITATIONS OF BELT CONVEYOR.—Some comparative disadvantages are 
stated on page 23-61. The belt is the expensive item and must be protected from the 
following sources of injury: 1. Poor arrangement of feed. 2. Chute or skirt-board ~ 
sagging on belt. 3. Lumps falling on return belt and jamming between foot pulley and 
belt. 4. Belt running crooked and fraying the edges. 5. Oil or grease getting on rubber 
belt. 6. Continued exposure to great heat or cold, or direct sunlight. 

~ When belts are inclined, especially at or near the 
maximum angle, there is a shift or slip of material in 
passing over each troughing idler. This adds to the wear 
on the carrying surface, and with gritty materials it may 
be serious. Short belts, steeply inclined, are apt to be 
short-lived under such conditions, because the wear from , 
the pick-up at the loading point is already large, due to . 
Fia. 5. Voss ees or for the fact that each foot of belt passes the loading point 
ere tk Bee frequently. In long belts the wear from pick-up is dis- 
tributed over a greater amount of belt surface and the bending over pulleys does not 
occur so often. Hence long belts last proportionately longer than short belts. 

STANDARD BELT CONVEYORS, 16 to 48 in. wide for various lengths and capacities 
are shown in catalogs of manufacturers [44], [50], [85] (see p. 23-81), and other makers of 
conveying machinery. For many conditions of ordinary service, time and expense can 
be saved by buying a conveyor from a catalog rather than designing one. 

Sectional Belt Con- 
veyors 18 and 24 in. 
wide (Barber-Greene 
Co.) consist of standard 
drive and take-up groups 
with machinery parts 
mounted on steel frames. 
Conveyor length ismade 
up of light steel frames « Db. 
of various standard Fie. 6. Portable Conveyor for Piling 
lengths, which, with 
belts, idlers and guards weigh not more than 60 lb. per ft. They will span 25 to 50 ft. 
in the clear. 

Portable Conveyors of the same light construction, listed by the same makers, are 
used to receive concrete from mixers and deliver it to forms in building construction. 
By having one conveyor discharge to the next, concrete can be distributed over large 
areas. In some cases, 15 conveyors have been used for a distance of 500 ft. or more. 
The 24-in. belt runs over 2-roll idlers to form a deep trough. A flexible scraper under 
each head pulley removes concrete from the belt. Frames are made up to 50 ft. long 
and are mounted on large caster wheels. For handling concrete on belt conveyors 
see Trans. A.S.M.E., MH-52-10, 1930. j 

Other portable belt conveyors are made by the companies above named and also by 
manufacturers [33], [72], [77], 
[82] (seep. 23-81). Fig. 5shows 
one which stores in a shed, 
material shoveled over side 
of a car. The frame is hung 
from a chain block and trolley 
on an overhead track that 
runs the length of the shed. 
aceon SATAN og nt ANNO NRA BN Motor- or gasoline-driven 
Fic. 7. Portable Conveyors Arranged for High Piling conveyors on wheeled frames, 
Fig. 6, with 12-, in. 
belts on frames 20 to 40 ft. long, will receive material from meee NT ES | oem 
cars and form storage - piles or deliver to bins or wagons. Several machines can be 
placed in tandem to deliver to a distance, or a high pile can be formed by arranging 
machines as in Fig. 7. These machines are light, a 16 in. X 30 ft. size weighing less than 
a ton. Heavy machines of this type are made by Barber-Greene Co., with 18- or 24-in 
belts on frames up to 60 ft. long, with a hand-power hoist for adjusting height of boom, 

CAR LOADER BELTS.—Sh iy 

ort belt conveyors mounted on wheeled frames easily 
handled by one man, and run at 1200 ft. per min. or more will throw fine material a dis- 
tance of 15 to 20 ft. The machine is placed in position at door of a box car, receives 
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material from a chute, throws it into a pile at each end of the car and distri i 
proper loading. It saves the labor of several men. Loaders of heaneseee bate: iz 
manufacturers [9], [50], [85] (see p. 23-81). i 

CAR UNLOADER BELTS (Barber-Greene) are mounted on a shallow steel frame 
4 or 5 in. deep, that can be laid across a track above the rails, or in a shallow pit hélow. 
them, | to receive discharge from a drop-bottom car. They are used for free-flowing 
materials without lumps. The service is severe, but the car can be unloaded anywhere 
on the track and a deep pit is unnecessary. 

WEIGHING ON BELT CONVEYORS.—The Merrick Weightometer (Merrick 
Scale Mfg. Co., Passaic, N. J.) for weighing material in transit consists of: 1. A part of 
the upper run of the belt suspended from counterbalanced weighing levers. 2. A totalizer 
driven by the moving belt which continuously multiplies weight by travel to give tonnage 
passing over the conveyor. This is recorded ‘ : 
on a counting machine or chart recorder. % 

STEEL BELTS.—The Sandvik belt (Sand- 7% imple 
vik Steel, Inc., New York) is u tempered, . ai y 
polished, cold-rolled steel band, about 1/39 in. —-120 
thick, made up to 32 in. wide and up to 375ft. 100-44 f— 

ws 
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long. It runs flat over rollers, spaced 6 to 12 80 
ft., or slides on wooden strips. These belts 7 
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handle clinker, phosphate rock, sugar, clay, 60 neiva : ‘ 
foundry sand and similar wet, sticky mixtures © 59 U as 
that do not discharge clean from fabric or | | 
rubber belts. They discharge either over the as iy 

head pulley or by scrapers over the belts. a t+-t-L7T 

The scraper is simple, cheap, and works well ee / | wan a 
with materials that cannot be discharged | sis 


cleanly by a belt tripper. The belts are light, 705 Sees 
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are said to take less power than rubber belts 
on troughing idlers. Belts wider than 32 in. can Fic. 1. Capacities of Screw Conveyors 
be made by a method of longitudinal jointing. 

STEEL MESH BELTS are used for conveying through acid or alkaline baths, chemical 
solutions, and scalding tanks, and in’processes of drying, baking, annealing, spraying, etc., 
for which fabric belts would be unsuited. They are made in the U. 8. by Cambridge 
Wire Cloth Co., Cambridge, Md., and Wickwire-Spencer Steel Co., New York. They 
consist of woven wire mesh, with or without edge reinforcement, or of coils of wire inter- 
locked and flattened. Sometimes the coils are joined over wire rods which may be bent 
at the ends to form a protective edge or border. These belts can be made of copper, 
brass or the various alloys which impart strength or resist heat, corrosion, or the action 
of chemicals. They can be made with steel plate selvages or partitions that will bend 
around driving drums. Belts can be woven up to 12 ft. wide. Those made for lehrs 
and annealing ovens will work regularly in temperatures over 1000° F. 

LONG DISTANCE CONVEYING BY BELT.—See p. 23-20 and p. 23-59. For arecent 
installation (Jeffrey Mfg. Co.) of long, wide belts of large carrying capacity, see Engg. 
News-Record, Aug, 1, 1935, 
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Screw conveyors consist of a helical blade of metal fastened to a central pipe or shaft, 
and set in a trough or box. The blade generally is of steel plate, but depending on service 
and nature of material handled, it can be cast iron, cast steel or an alloy that resists cor- 
rosion and oxidation. ‘The trough generally is U- or V-shaped with a rounded bottom. 
Some materials can be conveyed through a round pipe if the length is short enough to 
permit the screw conveyor bearings to be kept outside the pipe. 

Bearings are of various kinds, babbitt, bronze, chilled cast iron, hardwood. Success 
with screw conveyors often depends on using the proper kind of hanger bearings and the 
right kind of trough. It is advisable to consult the makers on these points. 

CONVEYING CAPACITIES.—Fig. 1 shows curves developed by Link-Belt Co., 
Chicago, for capacities of serew conveyors. Diagonals 3, 4, 6, etc., are diameters of screw, 
in. Curves A, B, C, etc., are advisable speed limits, r.p.m., but rating should be multiplied 


by a capacity factor X, given on p.23-66. 
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Class 1.—Dry, free-flowing, not gritty; as grain, malt, flour, meal, pulverized coal; 
advisable speedg not beyond curve A; X = 1.00. ' 

Class 2.—Shelled corn, clean cotton seed, fine coal, crushed ice, pulverized minerals 
that are not abrasive; advisable speeds not beyond curve B.; X = 0.75. 

Class 3.—Wet malt, starch, sawdust, ground cork, carbon black, dry paper pulp 
stock, non-abrasive minerals, with occasional lumps (not over 257%) of size not over 1/g 
diameter of screw; advisable speeds not beyond curve C; X = 0.66 to 0.75. 

Class 4.—Damp, trashy cotton seed, dry clay, raw sugar, foundry sand, fertilizers, 
crushed gypsum, lime, and other abrasive materials with lumps (not over 50%) of size 
not over 1/5 diameter of screw; advisable speeds not beyond curve D; X=0.50 to 0.66. 

Class 5.—Very gritty materials, as ashes, wet or dry, silica sand, pulverized flint or 
quartz, flue dust, fly ash; advisable speeds not beyond curve H; X = 0.30 or less. 

The capacity factor X refers to screw conveyors with intermediate hanger bearings. 
If conveyor is short, has no hanger bearings, and is properly fed, capacity may be 50% 
greater than use of the factor would indicate. 

Serew conveyors at slopes up to 10° or 15° have about the same capacity as level 
conveyors. At greater slopes, capacity tends to fall off, but for such conditions, screws with 
short-pitch flights can be used. Screws at steeper angles should be referred to the makers. 
Vertical screws, run at the proper speed and properly fed, will elevate ground cork and 
some other light materials in closed pipes. In ‘“‘ batching’’ plants that serve concrete 
mixers, Link-Belt vertical screws have been used to elevate cement 20 or 30 ft. They 
require more power than a bucket elevator and are apt to get out of order from cement 
working into the step bearing. The advantage is that they are light and portable. 

HORSEPOWER OF SCREW CONVEYORS.—If a screw conveyor is crooked and 
out of line, if speed is excessive, if hangers and bearings are not suited to the work, if 
discharge outlets choke, then the power consumed cannot be estimated. For screws 
working under proper conditions, Link-Belt Co. gives the following general formula: 

Hp. = 1+ (ALN + CWP) /1,000,000" 2%. 2% 727i 
where L = length of conveyor, ft.; MN = r.p.m. of screw; C = cu. ft. conveyed per hr.; 


W = weight of material, lb. per cu. ft.; A and F are factors. For conveyors with lubri- 
cated bearings, values of A are as follows: 


Diam. of screw, in....... 3 4 6 9 10 IZ 14 16 
Ai hasttnreietetkcast eottei terete. 15 21 33 54 66 96 135 186 

For bearings not lubricated, multiply A by 1.75; for chilled iron bearings, multiply A 
by 2.5. 

Factor F varies with kind of material (see classification under Conveying Capacities), 
and within a given classification with the resistance material offers to moving in the 
trough and past hanger bearings. Values of F are: 

Material (Classes: on ee ae cen 1 2 3 4 5 
D OTT POMP Keath I Ta CNS a, res 0.4-0.6 0.4-0.9 0.6-1.2 1.4-2.0 2.0-5.0 


For specific values of F, see Link-Belt Co. 1933 catalog. 

SCREW CONVEYOR FEEDERS.—For withdrawing material from a bin at a definite 
and regular rate a screw has the following advantages over otherfeeders: 1. Compact, leak 
proof, dust tight. 2. Relatively cheap in first cost and operation. 3. Can be fitted to bin 
bottoms of any shape. 4. Acts as a shut-off valve as well as a feeder. 

Fig. 2 shows a short feeder of diameter A in a closed pipe for the length D. The pipe 
prevents material from flooding out of the bin and acts as a shut-off when screw is idle. 
Screw is tapered over length C, which is attached to the bin, and the trough is flared. 
Diameter B is one size smaller than A. The screws are made with heavy steel blades on 
heavy pipe. Table 1 gives dimensions of the three sizes used for feeders. The carrying 
capacity for fine material, or material containing not more than 25% of lumps, is about 
0.02 cu. ft. per revolution for 9-in.; 0.04 cu. ft. for 12-in.; and 1.1 cu. ft: for 16-in. screws. 

For longer feed screws, where an intermediate 
bearing must be used, sizes are either 9 in. or 12 in. 
A U-shaped trough is used beyond the length D, Fig. 2. 


Table 1.—Dimensions of Screw Conveyor Feeder 


micaron Max. Size Dimensions, in. (See Fig. 2) 
Conveyor, in.Jof Lumps, in.| A B G D 
9XX 11/2 9 6 24 24 
I2XXxX 2 12 9 36 36 
16XXX 21/9 16 12 48 48 


Fic. 2, Screw Conveyor Feeder 
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It contains the hanger bearing and a screw of full diameter. Clearance between screw 
and inside of trough should be 3 to 4 in. Length D + Chas a screw of a reduced 
diameter B. The rated capacity is the same as for short feed screws, but the lumps 
may be 50% of total volume. 

For cement, pulverized coal and materials which at times flow like fluids, screw feeders 
are inclined upward at 20 or 30°, with outlet of the trough higher than the intake point. 
Screws generally have double flights. 

THE THRUST IN SCREW CONVEYORS should be taken on end castings. These 
are of various kinds, with ball or roller thrust bearings for heavy loads. Driving ends 
with bevel gears are general. The Link-Belt Co. places the motor worm gearing and oil- 
tight gear box on a base plate; gear box is bolted to end of the trough. 

TROUGHS are well standardized. For cement and similar dusty materials no 
attempt is made to bolt on a dust tight cover. The cover plate is flanged downward all 
around and rests in grooves formed by Z-bars on top edge of trough. Dust collecting in 
the grooves seals cover against further dust emission. 

Screw conveyors originally were used for conveying grain but their use has been 
greatly extended. With properly designed screws, troughs, bearings and drive ends, they 
handle a wide variety of materials, some of which cannot be conveyed by any other kind 
of conveyor. For details of serew conveyors and accessories, see catalog of Link-Belt Co., 
and other makers of conveying machinery, 
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PNEUMATIC TUBE CONVEYORS used for transmitting small carriers between 
departments of shops, newspaper offices, industrial plants, etc., are made by manufacturers 
[82], [46], [65] (see p. 23-81), and others. The conveyor tube is round or oval, the carriers 
are short, of a cross-section to fit the tube, and are propelled at 20 or 30 ft. per sec. by vac- 
uum or air pressure. The round tubes are 11/4 in. diam. or larger; the oval tubes are 
3X 6 or 4X7 in. Short lengths of small tube, up to 200 ft., can be served by a foot- 
power pump, but usually a motor-driven blower is used. For a history and description 
of this system, see Trans.A.S.M.E. 1929, MH-51-10. 

PNEUMATIC CONVEYING FOR BULK MATERIAL was first used in England, 
developed chiefly in Germany, and now finds extensive use in the U. 8. The suction or 
vacuum system, Fig. 1, comprises an 
exhauster or pump to produce a partial 
vacuum, a pipe line through which 
mingled air and material move, a re- 
ceiver or cyclone to separate the ma- 
terial from the air, and usually a bag 
filter to clear the air and keep dust from 
the exhauster, and prevent it discharg- 
ing to atmosphere. In a pressure sys- 
tem, the pump delivers air to a pipe 
line. Material is fed from a supply bin 
through an air-tight rotary valve into 
the pipe, moves with the air to a cyclone 
or separator. The air is discharged to 
a filter or to atmosphere. The material 
settles to the bottom of the cyclone. 

Carrying Capacity depends on 
amount of air pumped and difference Fy. 1. Pneumatic Car Unloader || eimmc 
in air pressure between the two ends for Chemicals im i—t 
of the system. Theoretically, almost fae 
any material can be conveyed, but : 
feasibility and cost are determined by practical considerations: 1. Material too large 
requires large-diameter pipes and a large air pump. 2. Material too dusty may 
require too large a filter. 3. Material too fragile may be reduced in value by breakage at 
pipe turns, or dust produced by breakage may require a costly filter. ; 4. If air pressure 
is kept low enough to avoid damage to material or to avoid excessive wear at pipe 
turns, carrying capacity may be too low to be economical. : 

The Cost of a Pneumatic System may be higher than that of a mechanical system. 
Power cost may be 5 or 10 times as much, but a pneumatic system often is justified by 
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other considerations; A. In boats, a flexible suction hose igs more easily handled than 
an elevator leg, takes up less room, cleans up better, requires less shoveling, can work 
under closed hatches in wet weather. B. In unloading railroad box cars, time often 
is saved, labor costs reduced, delays and demurrage charges avoided. Avoidance of dust 
sometimes is important. C. In handling bulk materials in manufacturing plants, labor 
often is saved, less dust is produced and less space occupied. Changes in the pipe system 
to reach new points of intake or discharge are not difficult, and, what often is most impor- 
tant, conditions of safety and health for workmen are better. 

A combination of pneumatic handling with mechanical conveying often is desirable. 
In Fig. 1 material is drawn from the cyclone separator to a distributing screw conveyor. 
At the New York State Barge Canal terminal in Brooklyn, grain is lifted 80 ft. vertically 
from barges, and discharged to a distributing belt conveyor. 

Fig. 2 shows a Fuller conveyor system on a movable tower for unloading small size 
soft coal at a cement plant. Coal, at rate of 100 tons per hr., passes through the cyclone 
separator, is discharged to a short belt 
conveyor, then dropped on the ground to 
be distributed later over the storage area 
by a drag scraper. The tail pulley of the 
drag line is attached to the rear of the 
tower and moves with it. See Drag 
Scraper System, p. 23-16. The boat also 
carries cement in bulk from the cement 
plant. At destination, the cement is 
unloaded by a Fuller-Kinyon pumpsystem 
on the boat. See below. 

Pneumatic systems for conveying bulk 
material are made by Dust Recovery 
and Conveying Co., Detroit; Brady 
Conveyors Corp., Chicago; Federal Pneu- 

Fig. 2. Fuller Pneumatic Conveying System matic Systems, Inc., Chicago; Holly 

Pneumatic Systems, Inc., New York; 
United Conveyor Corp., Chicago; Fuller Co., Catasauqua, Pa. 

SUCTION SYSTEMS for collecting and conveying chips and sawdust from wood 
working machines and dust from grinders are made by B. F. Sturtevant Co., Boston; 
Allington and Curtis Mfg. Co., Saginaw, Mich.; Kirk and Blum Mfg. Co., Cincinnati, 
and also by makers of blowers and exhausters. A Kirk and Blum installation in Camden, 
N. J., handles over 1,000,000 cu. ft. of air per min., collects 150 tons of sawdust daily, 
and has filters with an area of 200,000 sq. ft. of cloth surface. Similar systems for taking 
ground coal, rock, etc., from pulverizing mills are made (see p. 23-81) by manufacturers 
(31], [35], [38], [73], [91], and several makers of grinding mills. 

For precautions against fires in blower systems, see publications of National Fire 
Protection Assoc., Boston. For safety codes for preventing dust explosions, see Bull. 433, 
U.S. Dept. of Labor, 1927. 

GRAIN UNLOADING.—Suction apparatus for unloading grain from boats is used 
at many ports in Europe. The whole system, including power plant and separators, 
generally is mounted on a barge or float that works on the harbor side of the ship. It 
transfers grain to river barges while the ship discharges other cargo on the wharf. In 
the U. 5., the largest suction system for unloading grain (1935) is the one in Brooklyn 
mentioned above; it lifts 6500 bushels per hr. At the public grain elevator, New Orleans, 
where it was necessary to provide for a 21 ft. range of water level, and for boats differing 
greatly in width of beam and depth of hold, a pneumatic unloader of 6000 bushels per hr. 
capacity has been used since 1917. 

THE FULLER-KINYON CONVEYING SYSTEM, Fig. 3, is not strictly a pneumatic 
conveyor. At one end of a pipe line a short impeller screw 1 is driven by the motor 2. 
Material is fed through hopper 38. At discharge end of cylinder in which the screw re- 
volves, compressed air enters through rings 4 and 5. The material when mixed with air 
acts as a fluid. In the fluent condition it is forced through the pipe line 6 by the dis- 
placement of material fed in by the screw and also by the expansion of the compressed air 
used to create the fluent condition. 

Practically any dry pulverized material in quantities up to 300 tons per hr. can be 
transported by this system over distances of 3000 ft. and elevations of 150 ft. or more. 
The system is widely used in cement mills, and for other pulverized materials as lime 
soda ash, starch, kaolin, bauxite, ete. The pipe line may range from 2 to 8 in. diam. 
according to amount of material. Branch pipes are connected to the main line by 2- or 
3-way valves, usually operated by hand, but sometimes by automatic and remote control. 
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Bins can be filled in desired sequence; the system will continue to work automatically so 
long as any bin has room to receive material. Deliveries under automatic control have 
been made to 48 bins in one system. To mix and blend raw materials in cement making 
the discharge from several pipe systems may be controlled automatically according io 
predetermined time intervals. Hot materials up to 1000° F. are successfully conveyed. 
Pipe lines may be water jacketed for cooling cement in process of manufacture. Steam 
jacketed lines also are in use. 

Fig. 4 shows a Fuller-Kinyon portable pump, used chiefly on construction jobs to 
unload bulk cement from box cars or barges, to convey it to mixer bins or storage, and 
to reclaim it from storage to the bins. The pump is a motor-driven self-contained unit. 
Clutches control the power drive to the traction wheels. Cement is discharged through 
flexible hose which may be connected to any of the steel pipes leading to delivery point. 

Several boats on the Great Lakes are equipped with the L. D. Smith system of drag 
scrapers (see p. 23-17) and a Fuller-Kinyon pump. Cement is pumped ashore at rate of 


H 
5] Sy s 


Fic. 38. Fuller-Kinyon Pump 


1400 barrels per hr. through a flexible hose to the pipe lines which distribute cement to 


~ silos or pack houses. 


The Fuller-Kinyon system often is cheaper and more convenient than any combination 
of mechanical elevators and conveyors. For short distances power consumption may be 
more, but for average or long distances it is apt to be less, Its advantages are: Pipe can 
be run anywhere over, under or around obstacles; material conveyed is always enclosed 
and risk of fire, explosion, or injury to workmen islow. For temporary jobs of road mak- 
ing or building construction, its erection, dismantling and moving are relatively cheap. 

TRANSFER OF MATERIALS UNDER DIRECT PRESSURE.—The Fluxo pump 
(Ff. L. Smidth & Co., New York) is used in some cement plants to transfer cement or dry 
pulverized raw materials to and from storage bins. A carriage runs on a track at one side 
of a row of silos or storage bins, and connects with a pipe in the base of the silo by a flexible 
hose. On the carriage are two tanks, a vacuum pump with an air filter, an air com- 
pressor and an electro-pneumatic control apparatus. When the current is being drawn 
into one tank by suction, it is being expelled from the other by air pressure. The opera- 
tion is reversed by the control apparatus, the tanks alternately filling and emptying. 
The flow, from silo to transport line to which the machine is connected, is continuous. 

The Kennedy transport system (Ken- 
nedy-Van Saun Engg. Corp., New York) 
consists of a single tank, to which cement, 
or other pulverized materials flow, suitable 
valves, air under pressure and a transport 
pipe line. At a predetermined weight of 
material in the tank, springs on which the 
tank rests deflect, the supply is shut off, the 
bottom valve opens, and air admitted to 
4 is top of the tank forces the material out 

Fic. 4. Portable Fuller-Kinyon Pump through the pipe line. The cycle automat- 

ically repeats. 

STEAM-EJECTOR SYSTEM FOR BOILER HOUSE ASHES.—The Steamatic ash 
conveyor system (United Conveyor Corp., Chicago) has in many cases replaced the 
steam-jet system of handling ashes. In the Steamatic system, air flow is produced by a 
ring-nozzle ejector and a Venturi tube placed at the discharge end. The following claims 
are made: 1. Low steam consumption. 2. Relatively little wear on pipe lines and pipe 
turns. 3. Since ashes are in contact with steam for only 3 ft. of travel, they enter the 
bin dry, and do not pack, or freeze in winter. 4. Less noise. 5. No danger of explosion 
in storage bin. This system requires steam at 70 lb. per sq. in. or higher, will carry up 
to 200 tons of ashes per day up to 300 ft. distance and lift through 100 ft. Pipes are 
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4,5,6,8in. diam. The 8-in. size handles large clinkers and is most economical of steam 
per ton of ashes carried. Small pipes may be used as branch lines for fly ash and soot. 

The Nuveyor system (United Conveyor Corp.) is similar in principle to the Steamatic. 
The pipe line is the same, but to produce suction a positive air exhauster of the Roots 
blower type or a multi-jet exhauster is used. In both cases ashes pass to a cyclone sepa- 
rator; then by an automatic timing device, which acts every 90 sec., a release valve opens, 
suction stops for 5 sec. and ashes in the cyclone drop into the storage bin. Fig. 5 shows 
such a system with an air washer between cyclone and exhauster. No dust enters the 
latter and discharge to atmosphere is clean. The air washer acts also asa silencer. The 
Nuveyor will handle 30 tons of ashes per hour, is quiet in operation and ashes entering 
the storage bin are dry. The system is operated by remote-control buttons at points 
where ashes are fed to pipe line. 

ASH DISPOSAL BY WATER FLOW.—In the Hydrojet system (Allen-Sherman- 
Hoff Co., Philadelphia) ashes accumulated under boiler furnaces are dislodged by a 
water jet at 100 lb. per sq. in., and moved through a trench below the basement floor by 
similar jets. Fig. 6 shows the system applied to the ash pit of a chain grate stoker. The 
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Fia. 5, Nuveyor System of Ash Handling 


whole apparatus is enclosed. The jet breaks down 
the pile of ashes; the mixture of water and ashes 
flows into the trench under the floor, lined with 
U-shaped cast-iron plates; nozzles at intervals 
deliver jets in the direction of flow. Outside the 
boiler house the discharge can flow to waste land 
or to a sump from which ashes are removed by Fre. 6. Hydrojet System of Ash Removal 
grab bucket or pumped to a drainage bin for re- 

moval by car or truck. Advantages claimed for this system are: 1. No escape of dust, 
gas or steam into basement. 2. Men cannot be gassed or burned. 3. No leakage of 
air from basement into furnace to disturb combustion. 4. Operation is intermittent; 
time is available for repairs when necessary. 5. Overhead ash hoppers and cars are 
not used; boiler house can be built 10 ft. lower. 

The Hydrovac dust handling system (Allen-Sherman-Hoff Co.) for boiler houses 
removes siftings under stokers, fly dust from boiler settings, soot and floor sweepings, by 
means of air flow under vacuum produced by high pressure water jets in a Venturi tube. 
The siftings can be blown into a furnace, refuse can be collected in a tank for removal 
or discharged into the water trench of the Hydrojet system. 

For mechanical methods of ashes handling, see p. 28-57. For hydraulic ash handling 
systems see J'rans, A.S.M.E. 1928, MH-50-12, 
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fi TYPES OF PACKAGE ELEVATORS.—1. For boxes, barrels, bales and sacks, the 
rigid arm elevator, Fig. 1, will discharge over head wheel only. 2. The automatic arm 
elevator, Fig. 2, has carriers arranged to lift and lower; lifting side is so hinged that it 
will dump a barrel or sack forward when a lever on the arm contacts with an adjustable 
cam on the lifting side of elevator. On lowering side, the arm is rigid. Packages going 
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Fie. 1. ‘Rigid Arm Elevator Fic. 3. Suspended 


Tray Elevator 


down are deposited on skids at unloading point. 3. Suspended tray elevators, Fig. 3, 
have trays so hung on pivots between two chains that center of gravity of loaded tray 
is well below points of suspension. These trays, when made with finger bottoms, will 
pick up packages from skids on the up run and deposit them on skids on the down 
run. Solid bottom trays require loads to be put on or taken off by hand. Suspended 
tray elevators run at not over 30 ft. permin. 4. Elevators with corner-hung trays, Fig. 4, 
are similar to [3] but the chains are not directly opposite each other and pivots are not in 
line. This makes tray more stable in passing around turns and on straight runs, but 
wheels are out of line and the drive is not so simple. 5. Tray elevators with selective 
discharge: Style A, long trays with fingered bottoms with one loading compartment for 
each discharge point. Receiving fingers at each floor are set to register with compartment 
for that floor. Style B, fingered trays dumping forward on up run. Tray guides have a 
throw switch at each floor to tilt the tray. Switches are controlled by latches on tray 
which are set by an indicator at loading point. 

Package elevators in these various styles are made by nearly all builders of conveying 
machinery. Much ingenuity has been spent on special forms. Elevators for trays of 
dishes, elevators to deliver to or to take from roller conveyors, 
elevators for selective discharge are made (see p. 23-81) by manufac- 
turers [46], [51], [55], [65], and others. 

PACKAGE CONVEYORS.—1. Packages of uniform size, not 
too heavy, can be moved in a trough by pushers attached to a 
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single chain. See Fig. 5. 2. Packages can be carried on slats which slide on both runs, 
Fig. 6. 3. Slat conveyors on roller chains will handle packages of any size or weight. 
Discharge is generally over the end, but movable plows, Fig. 7, will deflect boxes sideways 
for intermediate discharge. 4. Belt conveyors are used in shops, assembly departments, 
stores, post-offices, etc., for handling stacks of light package goods of all kinds. For this 
work the conveyor has straight tubular idlers and the edges of the belt are supported to 
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prevent sagging between idlers. Fig. 8-A shows the construction with steel guards used in 
department stores, the goods being delivered by chute from above. Fig. 8-B shows the 
construction where packages are tossed on the belt from below. For light work the belt 
may slide on a hard wood plank. 5. Packages of uniform size can be carried long distances 
and at any angle of slope by wheeled carriages attached to a single chain, Fig. 9. 6. 
Inclined conveyors, Fig. 10, are used for handling and piling bags and bales. They have 
a belt to which cleats are attached, or else push-bars mounted on two strands of chain. 

Package conveyors are built by all makers of conveying | 
machinery. For information concerning them and special 
conveyors to work with gravity roller systems, see catalogs 
of the several makers. Selective discharge from belt or 
roller conveyors is described by W. O. Hildreth, Trans. 
A.S.M.E, MH-51-8, 1929. For selective discharge actuated 
by photo-electric relay, see Mail. Handling and Distrib., May 

Wie 0.0. Pakage Carter 1931, and other issues in 1931 and 1932. The electrical ap- 
paratus is made by General Electric Co. 

A novel form of portable flexible conveyor for goods in bales and sacks is the Twin- 
veyor (Clark Tructractor Co., Battle Creek, Mich.). It comprises several 8-ft. sections 
coupled end to end by flexible joints. Each section is made of two parallel tubes 4 in. 
diam. geared together and driven by a 5-Hp. motor, with a blunt screw thread on the out- 
side. As the screws revolve the bag or bale resting on them acts as a nut and travels 
at 90 ft. per min. The original installation is described by J.T. Buzzo, Trans. A.S.M.E., 
MH-50-2, 1928. 

THE MONORAIL CHAIN CONVEYOR consists of a power-driven chain suspended 
from trolleys on a continuous track, usually 
overhead. The chain joint pins are in a 
vertical plane. It bends around sprocket 
wheels or nests of rollers, or it can bend around 
_ tracks curved in a vertical plane if the proper 
chain is used. Loads are carried on hooks, 8 =Back to Back of Angles 
racks, trays, slings, etc., hung from the trol- | o=c.1.to 0.L.0fChhins 
leys. Speed generally is less than 75 ft. per na 
min. The chain may be in one plane or a 
several. It may serve several floors of one ix i 
building or connect several buildings. Work Ci 
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operation to another and to final assembly, inspection and shipment. 

Fig. 11 shows a light trolley with 3 1/4-in. pressed steel ball-bearing wheels with two 
styles of hangers. The hangers are forgings which pass through the middle of a rivetless 
drop-forged chain. The pins in this chain have double heads and there is clearance 
enough in the joints to allow side flexure. These trolleys also are made with 4 wheels. 

Fig. 12 shows a heavy trolley with 5-in. chilled roller-bearing wheels, running on a 
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double angle track. The forged hanger occupies one pitch of a steel roller chain, and has 
a transverse joint to permit chain to roll around curves in a vertical plane without side 
strain on chain pins. Trolleys and hangers of this type (Palmer-Bee Co.) will carry loads 
up to 3000 lb. 

Calculation of Monorail Chain Conveyor—(Adapted from Link-Belt Data Book). 
1. Make a layout, and scale off amount of chain required. 2. Assume a chain speed and 
a spacing of loads, as determined by time required to 
travel a certain distance, or the number of pieces to be 
delivered per min. 3. Sketch tray or carrier and make 
the horizontal and vertical turn so that carriers clear each 
other even if they swing. See Fig. 13. 4. From catalogs 
of makers select a trolley suitable for the load. These 
have been standardized. 5. As a first approximation, 
assume horsepower pull for a single-plane conveyor to be 
5% of total moving weight (chains, trolleys, carriers, 
loads), about 7% for a conveyor with a few easy vertical 
curves, and 10% for one with many curves. 6. Select 
a chain strong enough for (5), and suited to the trolley. Fre. li 
7. Locate drive where sprocket wheel has at least 90° arc ; 
of contact with chain; 180° is better. The take-up should be where chain is under light 
load. Vertical turns work best if chain passing them is not under heavy tension. 8. 
For more accurate determination of chain tension and horse-power, calculate chain 
pull for each run and each turn. Thus, Cy=WLX; Cc=YC, where W =weight of moving 
parts, lb. per ft., empty or loaded as the case may be; L = length of run, ft.; X = 0.03 
for ball- or roller-bearing trolleys; =0.05 for bronze-bushed trolleys; Cy = pull for each 
straight horizontal run, lb.; Ce = pull 
for each corner, take-up idler or roller 
turn in horizontal plane, lb.; C = chain era Casa a Sale 
pull at turn, lb.; Y= 0.03 for sprocket ; = Ree a 
wheel or roller turn; = 0.02 fora trac- : F 
tion wheel turn. The pull fora double 
curve in passing from one level to an- 
other is 

Cy = WSX +CZ +HAW, 

where W and X are asabove;S = hori- 
zontal length of double curve, ft.; H = 
height of double curve, ft., taken as 
(+) when travel is up, (—) when travel 
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is down; C = chain pull at entrance | ——-\) = 
to the curve, lb.; Z = friction factor [<—78" Pitch >}<—4'> ly 
due to radial pressure of trolley on A rere en 
eurve; for ball or roller bearings Z Fic. 12. Palmer-Bee Overhead Conveyor 
=0.001 per deg. of inclination from 
the horizontal of tangent between curves; for bronze-bushed trolley wheels, Z = 0.002. 


9. To algebraic sum Cy + Ce+Cy, add 3% for friction at drive wheel. Check this against 
strength of chain, assumed in (6). 10. The radial pressure on each trolley is P = BC/R, 
where B = trolley spacing, in.; R = radius, in., to center of chain oncurve; C = maxi- 
mum chain pull at any curve,lb. Check this with permissible trolley load. If too great, 
space trolleys closer or make radius longer. The longer the radius the better will be 
the operating results. 
Where conditions make it difficult or impossible to drive a chain by a sprocket wheel, 
an auxiliary drive acting on the straight run of chain 


may be used. The auxiliary chain is short and has 
pushers which engage links of the conveyor chain. The 
Webb system of using a number of these devices 


synchronized, and with automatic speed control, is 
Fra. 13 described by H. C. Rundle, Trans. A.S.M.E, MH-53-7, 
i 1931. 

Monorail chain conveyors are made (see p. 23-81) by manufacturers [50], [57], [69], [88], 
and other makers of conveying machinery. 

ROLLER CONVEYORS, Fig. 14, will convey down slopes of 1 1/2% to 5%, boxes, 
packages, cans, bottles, lumber, steel products, almost anything that has a smooth face 
orside. The goods travel over rollers of steel tubing fitted with ball bearings. Capacities 
range from a few pounds up to 4 tons per roller. Some conveyors have spaced wheels 
instead of rollers. Rollers are assembled in straight sections, curves, switches, Y-as- 
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semblies and roller spirals.» They can be set on floors supported from walls or hung from 
ceilings. Moller conveyors have been highly developed and have a wide field of usefulness. 
For detailed information, see catalogs and bulletins of manufacturers [46], [51], [55], [65], 
[83]. (See p. 28-81.) Fora description of an elaborate system of Logan Co. conveyors 
with a new form of switch, see C. K. Pevear, Trans. A.S.M.E., MH-52-6, 1930. 

SPIRAL CHUTES are made by manufacturers of roller conveyors, and by Hazlett 
Spiral Chute Co., Oaks, Pa. Some are made with roller beds, others have ateel plate 
bottoms. They carry boxes, packages and even some kinds 
of unwrapped goods from upper to lower floors. Some are 
made with two or more spirals. They provide means for deliver- 
ing different classes of goods to separate unloading stations at 
the lowest floor of a building, or goods can be passed from one 
floor to another on one spiral without interfering with goods on 
other spirals. Fig. 15 shows diagrammat- 
ically a chute with 6 spirals serving 13 floors 
of a clothing factory. The letters A, B, 
C, D, E, F, indicate separate spirals and 
the arrows show inlets and outlets. G, 7 
and J are straight chutes in the system, not 
part of the spiral chutes, but all combine 
to provide a gravity flow for raw materials 
from the 13th and 11th floors to manufactur- 
Fic. 14. Roller Conveyor ing floors below, and finally as finished goods 

to the shipping room in the basement. 

PROCESSING OVENS.—Monorail and other forms of chain 
conveyors are used to carry cores, lithograph plates, and enameled 
metal parts through drying and baking ovens, and to carry metal 
parts through ovens in which they are dipped and drained. Such 
ovens are made by Young Bros. Co., Detroit; Foundry Equip- 
ment Co., Cleveland. Other forms of processing ovens are equipped 
with roller beds for handling cores and other parts on pallets. Some 
carry the work on trays suspended from two chains. 

The conveyor tunnel kiln made by Swindell-Dressler Co., 
Pittsburgh, conveys tile, refractory brick, and similar ceramic ma- 
terials through a firing kiln by means of rocking frames which 
support the materials. In other forms of the Dressler kiln, cast- 
ings, steel plate or other heavy materials are annealed while they Fig. 15. Scheme of 


move through the kiln on a train of cars propelled by a ram. Seaton 
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1. TIERING MACHINES, LIFT TRUCKS AND SKIDS 


TIERING MACHINES, Portable Elevators, Stackers for piling cased goods, barrels, 
bales, rolls of paper, etc., are made in a variety of styles and sizes by manufacturers 
[10], [25], [48], [74], (see p. 23-81)and others. For light service or occasional use they are 
operated by hand-crank, fitted with a safety brake to prevent it from flying back and injuring 
operator. For regular service, an electrically-driven machine is more useful. These 
machines also are used to handle dies to the level of press-beds, put up and take down over- 
head motors and shafting, support rigging and platforms for painting, cleaning and repair 
work, etc. Fig. 1 shows a hand-power stacker for lifts of 4 to 12 ft. The frame is hinged 
so that the machine can pass through a doorway. Similar hand-power and electric ma- 
chines with telescopic frames are made for 2000 lb. loads and 12 ft. lifts. 

: The Revolvator (Revolvator Co.) has a turn-table base which locks in any of 4 posi- 
tions. It is easy to load and convenient to use in narrow aisles or to stack goods against 
a wall. Revolvators, hand-driven or electric, will lift 5000 lb. loads to heights of 18 ft 
See Fig. 2. They travel on 4 wide-face roller-bearing wheels, but when they are ued 
for stacking, the load is transferred from wheels to legs so that the frame cannot roll 

SKIDS AND LIFT TRUCKS.—The following is taken from Simplified Practice 
Recommendation R95-30, U. S. Dept. of Commerce, 1931: The skid platform, or skid 
is a flat, rectangular platform mounted usually on two parallel runners at or near the 
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sides, or four legs near corners of platform. It is handled by a lift truck comprising two 
parallel, horizontal frames, on 3, 4 or 6 wheels. The upper frame, or platform, is so 
mounted that it may be raised above its lowest position. The truck, with lifting plat- 
form in the lowest position, is run under the skid; the lifting platform is raised, lifting 
skid supports clear of the floor. The truck then may be moved, carrying the skid. When 
skid is to be set down, the lifting platform is lowered until the skid supports rest on the 
floor. With lifting platform in its lowest position, the lift truck may be withdrawn. 
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Fic. 1. Hand Power Stacker Fie. 2. Revolvator 


Various attachments to skids have been developed to carry different commodities, 
including sides and ends permanently fastened to skid, superimposed removable boxes, 
fixed shelves and racks, removable vertical posts at sides or ends, and special attachments 
for particular commodities. Plain skid platforms carry paper, hides, rubber, machinery, 
sacked goods, boxed, crated and barreled goods and numerous other materials. 

Advantages of handling goods on skid platforms include savings in time and labor, 
avoidance of loss or damage from piecemeal handling, and facility in handling and stor- 
ing in large units without breaking bulk. Indirect advantages are simplified cost and 
inventory accounting and greater mobility of stores, supplies and materials. The paper 
and other industries began the shipping of goods on skids. Advantages of ‘‘ skid ship- 
ment,”’ include all advantages of intraplant skid handling, plus savings in packing ma- 
terial, labor, cost of loading and unloading, and elimination of breaking bulk in rehan- 
dling. Savings actually made range from 25 to 90%. 

Clearance and Overall Dimensions.—To standardize dimensions of skid platforms 
to allow them to be used interchangeably in different plants and by all makes of lift trucks, 
a committee of manufacturers and users of skids and trucks, working with the U. S. 
Dept. of Commerce, adopted (1931) the following: Clear height under bottom of plat- 
form, either 8 or 12 in.; least width between legs or runners, 29 in. Overall dimensions: 
No. 1, 54 in. long, width not over 33 nor under 32 in.; No. 2, 60 in. long, 42 in. wide. 

Skid Construction.—To withstand rough handling, skid 
platforms should be strongly built. Fig. 3 shows one style 
(Lewis-Shepard Co.). The frame is arc-welded steel; the 
top is wood; the open sides allow a lift truck to be pushed 
in from any of the 4 sides. Other skids are: Built-in roller- . 
beds (Yale & Towne); all-steel platforms of one steel plate Fic. 3. Steel Fra 
bent to form top and sides (Truscon Steel Co., Cleveland) ; 
mounted-on dump-hoppers (Wilder-Strong, Monroe, Mich.). Skids which do not require 
a lift truck are made by manufacturers [22], [50] (see p. 23-81). They have 2 wheels in 
back and legs in front. A separable handle, fitted with a wheel, is thrust under the 
platform and engages a pin; when the handle is pushed down the front of the platform 
is lifted, the weight is taken off the legs and the platform is on rollers. Boxes, on 
skid legs or runners, in which small parts are handled and stored, as in Fig. 1, are made 
by the companies named above. 
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LIFT TRUCKS.—Lift trucks in 3 or 4 styles are made to handle loads from the light- 
est up to 5 tons. For the heaviest service, some trucks have a hydraulic lift operated by 
the pull-handle, which raises skid platform to clear the floor 3 in. or more. See Fig. 4. 

The“ Jacklift ” truck, Fig. 5, has a step-by-step ratchet lift; it is made 

in several models with lifts from 21/2 to 6 in. for loads up to 5 tons. 

The “ foot-lift ’’ model is worked by a treadle. Similar lift trucks are 

made by manufacturers [10], [48], [74], [95] (see p. 23-81), and others. 
They differ chiefly in lift and release mechanisms. All makers will 
furnish trucks with long frames for handling long narrow articles, core 
racks, drying frames, etc. Trucks with flanged rollers to run on tracks 
also are listed. 

Trans. A.S.M.E., MH-50-4, 1928, 
MH-351-9, 1929, contain papers on hand- 
ling materials on skids. These papers 
and the discussion of them bring out the 
following advantages of the system: 1. 
Easier handling. 2. Lower costs. 3. 
Time saved. 4. Less material carried 

SS in stock and inventory. 5. Greater safety 
Fie. 4. Hydraulic Lift Truck to men. 6. Saving in packing for ship- 
ment. 7. Lower freight charges. 

Storage systems using steel racks, to which box-skids or platform-skids are brought 
by lift trucks, and stored by a stacker are made by manufacturers [10], [48] (see p. 23-81), 
and others. Fig. 1 shows the parts of such asystem. Material can be stored ceiling-high, 
floor space is saved and all skids easily can be reached and removed. 


2. ELECTRIC TRUCKS AND TRACTORS 


ELECTRIC TRUCKS, TRACTORS AND TIERING MACHINES.—Bulletins of the 
following companies (see p. 23-81) show these machines and describe the uses to which 
they are put: [5], [6], [7], [27], [58], [95]. Developments have been the use of stronger 
steel frames, roller and ball bearings, better motors, enclosed gearing, better lubrication, 
large capacities, and adaptation to handling a greater variety of products. Many forms 
of tractors, lift-trucks, tiering machines and crane-trucks are in use. See Trans. A.S.M.E., 
MH-53-4, 1931. Various types are in use as follows: 

i. Trucks with Fixed Platforms used in shops and warehouses to carry loads up to 
6000 lb., and also in railroad service to handle baggage. The operator stands on a hinged 
platform at one end, one hand on the steering-lever, the other on the controller handle, 
his foot on the brake pedal. If he steps off, the brake is set and the current shut off. 
Fig. 6 shows a small truck. These travel 4 or 5 mi. per hr. loaded, steer on all four 
wheels, are reversible and can be handled in small spaces and narrow aisles. Trucks 
with good springs and 20-in. wheels can run over rough floors and block pavement. 

2. Trucks with Lift Platforms, used principally to handle material on skid platforms 
(see p. 23-74), are built to lift and carry loads from 4000 to 
20,000 lb. In low-lift trucks a cam or link motion in the 7 
base frame raises the platform to give floor clearance. Oren kirs ee 
On high-lift trucks the platform is raised by cables or 


Fie. 5. Jack-lift Truck Fic. 6. Electric Platform Truck 


chains, by a screw working in a movable nut, or by hydraulic cylinders. All truck builders 
furnish machines to handle standard skids (see p. 23-75) as well as special or higher 
skids. Wheels under platforms of lift-trucks for low skids seldom are over 10 1/9 in. 


diam. and roughness and unevenness of floor affect them more than trucks with larger 
front wheels. For effect of bad floors, see p. 23-78. 
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Fig. 7 shows a 4000-lb. low-lift truck which will lift 4 inches, skids 8 in. high. Fig. 8 
shows a high-lift truck which will raise a 6000 lb. load 6 ft. The platform is 55 & 27 in. 
High-lift trucks pile and tier goods, serve presses and handle freight to and from box 
cars, Trucks of this type are made with special platforms or attachments to do such work 
as the following: a.°Pick up bales from floor by thrusting forks under them (called 
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Fie. 7. 2-Ton Electric Lift Truck Fie. 8. 3-Ton Electric High-lift Truck 


chiseling). b. Handle 5-ton reels of wire by pulling them from floor to a tilting platform 
by a power winch. c. Carry piles of tin-plate with a top clamp to keep pile from shift- 


ing. d. Place heavy stamping dies in position on a press platen. 


THE FORK TYPE LIFT TRUCK.—tThe forks, Fig. 9, can be lowered to the floor 
+o pick up material resting on battens, or even chisel under some kinds of packages on 
the floor. Machines of this type are com- 
pact enough to work in and out of box cars, 
will handle loads of 1/2 to 3 tons or more. 


Fie. 9. Fork Type Lift Truck Fra. 10. Electric Lift Truck with Crane 


When fitted with telescoping uprights they will lift and tier to heights of 6ft. A truck 
which acts as a tractor, lift-truck, crane-truck, and portable crane is listed in four sizes; 
crane capacity up to 2000 lb.; platform capacity up to 10,000 lb. See Fig. 10. 

Storage battery cranes for shop service are made by manufacturers [7], [27] (see p. 
23-81), and others. They have low bases fitted with booms, fixed or telescopic, rotating 
and with luffiing motion. Capac- 
ities are up to 6000 lb. at 7 ft. 
radius, but with wheel base short 
enough to permit maneuyring 
in shop aisles. 

ELECTRIC TRACTORS are 
built in various sizes with vari- 
ous kinds of storage batteries by 
makers mentioned above. The 
smallest tractors, Fig. 11, have 
three wheels, two for drive, one 
for steer. Intermediate sizes Fre. 11, 3-Wheel Tractor 
steer on two wheels; the largest } ; 
and most powerful on all four wheels. Some makers list tractors with 4-wheel drive. 
Some tractors have flanged wheels to run on narrow-gage tracks. 

Tractors are economical where quantity of material handled is enough to warrant 
nse of trains of trailers, and where movement of trains can be arranged according to a 
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timetable. In a railroad shop in Milwaukee, covering 3 sq. mi., the stores department | 
and various shops are served by trains of trailers drawn by storage battery tractors. | 
They make the circuit every 45 min. and stop at 11 stations en route. Where possible, , 
material is kept on skids, handled, moved and delivered to trailers by lift-trucks. i 
Empties are placed at the various stations as required, to be removed by a later train | 
when loaded. Many railroad stations use several tractors, with 50 to 100 trailers per: 
tractor. Advantages of this system, as compared with 2-wheel hand-pushed trucks, are: ; 
1. 50% or more time saved in getting freight from wagon or truck to freight car, OF: 
vice versa. 2. More systematic loading of freight cars and more prompt dispatching. | 
3. Less damage to freight, fewer complaints from shippers. 4. Saving in cost of freight | 
handling sufficient to pay for entire investment in a few years; in some cases in a few | 
months. 

Trucks and trailers are made by many manufacturers; some (see p. 23-81) who special- | 
ize in trailers for haulage by electric or gasoline powered tractors are [5], [19], [24], [58], | 
[62], [84], [95]. 

Table 1.—Cars and Trailers for Different Services 
(Easton Car & Construction Co., Easton, Pa.) 


Style of Car (see note) | 
Choice 


Moved Conditions and Loads 
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Good or rough runways, heavy loads on 2 or 3 trailers...... 
Good runways, heavy loads on 4 or more trailers........... 
Rough runways or dirt floors, heavy loads on 4 or more trailers 
Rough runways or dirt floors, light loads.................. 
In conjunction with considerable hand trucking............ 
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Poor runways, dirt floors, heavy loads ..................... 
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Notr.—A—4-wheel-steer trailer; B—Caster trailer or truck; C—Fifth-wheel trailer or truck 
(Wagon-type); D—Balanced trailer or truck. On right-angle turns in 7 ft. aisles, caster trailers 
will creep outward 3 or 4 in.; fifth-wheel, 7 to 10 in.; balanced trailers with cross-chain connections. 
7 to 10 in.; 4-wheel steer trailers will not creep. The larger the radius of turn, the less the creep. 


Four-wheel Steer Trailers guide well but do not turn sharp corners readily and are 
awkward to move by hand. 

Caster Trailers carry most of the load on two large wheels and steer by swivel casters 
at front or rear. They move easily, steer well and can be maneuvred in narrow aisles. 
They are the best for general use. 

Fifth-wheel or Wagon-type Trailers or trucks are for heavy loads and rough service. 
They are not reversible. They can be made with large wheels for use on bad paving or 
rough floors. 

Balanced Trailers or trucks are like warehouse hand trucks, carry the load on two 
large wheels under middle of the body and have single or double casters at the ends. They 
turn easily but do not guide well at high speed. 

On smooth new floors, trucks and trailers with steel wheels start easier and roll easier 
than rubber-tired wheels, but on most floors and on all runways, ramps and paved yards 
the rubber-tired or canvas-cushion tired wheels have the advantage. The pull is less, 
goods are not shaken or damaged, wear and tear on the truck is less, noise is less and 
damage to floors is eliminated. 

CONDITION OF FLOORS AND RUNWAYS.—Table 2, based on tests of trailers 
fitted with roller bearings and solid rubber tires shows that power required to keep them 


Table 2.—Rolling Resistance of Trailers on Various Floors and Roads 
(Plain Bearings) 


Average Rolling 


Kind of Surface Resistance, 

lb. per ton 
Hard plank; wood block; concrete; asphalt in good condition................... 20 
a Ke * Dib WOE ievewisis o's c crete eee enter 40 
Macadam in good condition; gravel rolled hard...............ccccecccccccee. 35 
o POOY CONAIGON GN c7.0.01 cw, sieus sce nl wie crates elon ote lee eee ee 70 
Dry. earth, ‘hard, us ty:sii: tii eislevers.e ys ce ote oie eta te oe rae tet 60 
Ordinary earth road. 21 . cite gon siteteielw sess ote iel aie eer rT eTG ere ee 100 


Muddy earth road; frozen ruts; loose gravel; loose sand 
For each 1% of up-grade, add 20 lb. per ton. 
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moving varies greatly. Incidental disadvantages of poor floors and runways are: 1 
Tractor operator will run slowly to prevent goods being jolted off trailers. 2. Cost of 
repair and maintenance of equipment is increased. 3. Labor cost due to delay and 
stoppages is increased. Checkered steel plate or hard wood plank laid lengthwise to 
form runways or ramps often will prove profitable. On rough floors, the advantage of 
bali or roller bearings tends to disappear, especially at speeds above 3 mi. per hr. On 
good floors the rolling resistance of 8-in. wheels fitted with roller bearings is four times 
that of 20-in. wheels. See Hellmich, in Zeit. V.D.I., Mar. 4, 1933. 

COST OF HANDLING BY ELECTRIC TRUCKS.—C. B. Crockett and H. J. Payne 
(Trans. A.S.M.E., MH-50-3, 1928), give the following as average costs per year: Depre- 
ciation of electric truck, $300; depreciation of storage battery, $200; depreciation of 
charging equipment, $15; interest, maintenance and storage charges, $245; electric current 
for charging batteries, $225; maintenance and repairs, $225; total, $1210. This sum is 
approximately equal to a man’s wages. To it add 
wages of operator, and total cost of operating an elec- 
tric truck is, roughly, two men’s wages. If an electric 
truck can save the labor of only two men, its direct 
saving is doubtful; if it eliminates 3 or more men, it 
can show a profit. Labor cost alone is not all that 
should be considered. If trucks speed up handling, 
reduce lost time and delays, and increase output of a 
plant, cost of truck equipment must be balanced against 
cost of increased plant necessary for increased produc- 
tion. Material kept moving reduces inventory, ma- 
terial in process and money tied up thereby. These 
differences should be credited to the truck system. 

The Crockett-Payne diagrams (see above) show: 1. Trucking by hand may be cheaper 
than haulage by truck if the work takes only 1/7 of full time, 7.e., 11/5 hrs. per day, or 
44 full days per year. 2. Fixed charges of electric trucks may be higher than those of 
gasoline trucks, but under favorable conditions cost of power and repairs is less. 3. For 
long hauls, or 24-hr. service, cost of handling by gasoline truck may be less than that for 
haulage by storage battery truck. 4. For bad floors or badly paved yards, haulage by 
gasoline truck may be cheapest. Electric haulage is particularly suited to transfer of 
material of considerable volume and “weight between departments of shops and ware- 
houses, where haulage can be done on a regular schedule that allows 5 to 7 hr. for 
recharging batteries; where floors inside or paving outside are fairly good; where quiet 
operation is an advantage and where fire risk and noise of gasoline tractors may be 
objectionable. 

GASOLINE TRACTOR TRUCKS AND TIERING MACHINES.—For general 
haulage and service in shops, warehouses and freight houses, gasoline tractor trucks are 
made in sizes corresponding closely to storage battery trucks. Clark Tructractor Co. 


makes tractors in various sizes. The smallest, Fig. 12, weighs 2700 lb., has a draw-bar 


pull of 2000 ib., and can haul 25 tons on trailers over good floors. It is 39 in. wide, 78 in. 
long, 59 in. high, has a 2-wheel drive, 1-wheel steer and will turn on a radius of 51 in. 
Another model for travel over very rough floors or paving has four wheels, and a turning 
radius of 92 in. In both, the engine is 4-cylinder, rated at 12 Hp. It has an automatic 
speed governor, dry plate clutch, and 4-speed gear box. Diameter of driving wheels is 
21 in.; of steering wheel, 15 in. ‘Tires are solid rubber or pneumatic. A condensing 
A larger 4-wheel tractor has a draw-bar pull of 3600 
Ib. in low gear and a turning radius of 108 in. Diameter of driving wheels is 32 ines 
of steer wheels, 24 in. The motor is rated at 40 Hp. The chassis of this machine can 
be provided with a shovel or a crane. The crane tractor has an 18-ft. pivoted boom 
working in one plane that will lift 4000 lb. 12 or 13 ft. from the floor. With boom lowered 
the machine will go through a 5 X 8-ft. doorway. 

Clark Truclifts are made in two models: 1. Front wheel drive with rear wheel steer. 
2. Rear wheel drive with 4-wheel steer. The latter will make sharp turns, can be more 
easily handled in narrow aisles and into and out of box cars. High-lift models will tier 
3 ton loads up to 6 ft. high. The lifts are hydraulic. Lifting heads can be fitted with 
rams or forks like those on some storage battery machines, and the columns can be made 
to tilt to carry the load safely. Low-lift models will handle loads up to 4 tons. 

Tractors for shop use built up around a Ford AA engine are made by Whitehead and 
Kales Co., Detroit; Mercury Mfg. Co., Chicago; W. F. Hebard & Co., Chicago. These 
tractors have relatively large rubber-tired wheels, and can travel up to 30 ‘mi. per hr. 
Some have a box body. Some of the companies named above make gasoline-powered 


trucks with lift platform to handle U. S. standard skids. 
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Other gasoline machines suited to outdoor work or on roads have developed fromt 
agricultural or road tractors. International Harvester Co., Chicago, makes severall 
types with steel wheels, rubber-tired wheels, or crawler treads. Some can be fitted witht 
digging and excavating buckets, road scrapers, and earth elevators for road work. Simi-+ 
lar machines with caterpillar treads are made by Caterpillar Tractor Co., Peoria, Ill.;; 
Allis-Chalmers Mfg. Co., Milwaukee; J. I. Case Co., Racine, Wis., and others. Thes 
Roadmaster (Bucyrus-Erie Co.) is a revolving crane with a luffing boom on the chassis} 
of a commercial tractor, with wheels or crawler treads. The Roustabout crane (Hughes-- 
Keenan Co., Mansfield, O.) is a similar machine. It can be furnished with winch heads: 
or power take-off. With boom lowered it will go through a 51/2 X 7 1/s-ft. doorway. | 

USE OF GASOLINE-POWERED TRACTOR TRUCKS AND TIERING MACHINES. 
—Many statements on p. 23-79, et seg., concerning storage battery equipment, as to} 
methods of handling and storing goods, cost of handling and probable saving, apply also | 
to gasoline equipment. In addition to former statements the following advantages are | 
claimed for gasoline tractors and trucks: 1. They can work 24 hrs. per day and take a. 
fresh supply of fuel in 5 min. or less. 2. The torque of the engine and the use of the’ 
clutch exert a strong pull to start heavy loads or get over bad places in floors or paving. 
3. They can go almost anywhere, are self-contained and independent of power lines and 
charging stations. 4. They can travel over streets, public roads, bad floors, rough paving. 

The Ready-Power gas-electric unit (Ready-Power Co., Detroit) is a self-contained 
power plant for use on tractors and trucks designed for storage battery power where time 
cannot be spared for recharging. It is a 4-cylinder automobile-type gasoline engine, 
with automatic governor and generator armature instead of a fly-wheel. It will deliver 
120 amp. at 36 volts, or 90 amp. at 48 volts, weighs 1000 lb. and fits in the space required 
by a storage battery. 

PROBABLE SAVINGS BY USE OF TRUCK SYSTEM.—It is difficult to determine 
mathematically whether or not the use of any system of mechanical handling will be 
profitable. The Coes formula, Trans. A.S.M.E., vol. xliv, 1923, gives various debit and 
credit items which should be considered. If proper values are assigned, the justifiable 
investment and the probable profit based on the assumptions, will be given by the for- 
mula. It may happen, however, that indirect savings previously mentioned (p. 23-79) 
will determine whether or not a materials handling system will pay a profit. The Crockett- 
Payne paper referred to (p. 23-79) gives explicit data on operation of electric lift-trucks 
and tractors in twenty plants. All show saving of time and money. In some plants 
indirect and incidental advantages are most important. For examples of the use of the 
Coes formula, see Koshkin, Modern Materials Handling, p. 194 (John Wiley & Sons). 
See also Matl. Handling and Distrib., July, Aug., 1981. The same magazine, in Mar., 
1931, describes a case where 11 tractors and 23 trailers costing $27,000 saved $48,000 
per year. The plant covered 40 acres, and all haulage was done on a timed schedule. 
For other cases, see a list of 50 installations in Matl. Handling and Distrib., Jan., 1930. 

ELECTRIC INDUSTRIAL LOCOMOTIVES are of several types: Overhead-wire, 
third-rail, storage-battery. For mine work, the first are in most general use. They are 
low, 4- or 6-wheel structures weighing 5 to 35 tons, for track gages as narrow as 18-in. 
and with one or two trolley poles. Two are used when rails are not bonded for the 
return circuit. 250-volt series motors generally are used. Haulage capacity, rated as 
draw-bar pull, usually is taken as 1/5 of the weight of the locomotive, without excessive 
heating in the motor. The rating may be reduced to 1/2 the standard rating for steady 
work on long hauls or steep grades. The pull for mine cars on straight level tracks may 
be taken at 30 lb. per ton; for grades, at 20 lb. per ton for each 1% of grade. Usual speeds 
are 6 to 8 mi. per hr. Locomotives of this type are made by the large electric manu- 
facturing companies and by manufacturers [8], [34], [44] (see p. 23-81). 

Advantages of Storage-battery Locomotives are: It is unnecessary to bond rails or 
remove rock to make legal clearances for trolley wires. They are safe in gaseous mines, 
can place cars at the working face, remove loaded cars, and go wherever a track can be 
laid. If batteries are recharged at night, the day load of the power plant is decreased. 
For mine service they are made in sizes up to 10 tons; for shifting railroad cars, size may 
be 50 tons. Shifting locomotives (Atlas Car and Mfg. Co., Cleveland) have draw-bar 
capacity of 30,000 lb. on sanded track, and have standard couplers in radial pockets to 
permit passing short-radius curves. They are designed to deliver a draw-bar pull of 
about 1/5 their own weight, but speed of travel and amount of work available between 
chargings depend on size and discharge rate of the battery. Performance of different 
sizes and makes should be compared on this basis. 

STORAGE BATTERIES are of two kinds: 1. The lead battery (Exide, Hlectric 
Storage Battery Co., Philadelphia) is very efficient as a storage of electrical energy, and is 
used for services requiring heavy rates of discharge. 2. The nickel-iron battery (Edison 
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Storage Battery Co., Orange, N. J.) is lighter than the lead battery but costs more 
From 1/3 to 1/, the price of a storage-battery locomotive is the cost of the storage 
battery. In shop tractors and trucks the proportion is about the same. To prolong 
life of cells and insure steady service it is important to use proper charging equipment 
A simple, but wasteful, way is to reduce line current from 110 or 250 volts direct Salant 
to battery voltage by rheostat control. A better method is to use a motor-generator set 
whose current consumption is low, and with which the battery cannot be overcharged. 

COMBINATION LOCOMOTIVES fitted with both storage batteries and current- 
collectors also are built. The General Electric Co. has built heavy locomotives with 
Diesel engine generating plants, storage batteries, and current collectors for railroad 
switching work. Gasoline locomotives are preferred for some kinds of haulage, as they 
are independent of a power house, have large radius of travel, and, as compared with 
steam locomotives, require less attention and use fuel only when working. They are 
made in sizes up to 30 tons, have 4- or 6-cylinder engines and gear shifts for various 
speeds. For outdoor work or in mines with good ventilation, the exhaust gases are not 
objectionable. ; 

Diesel-engine locomotives in 25 and 30 ton sizes, also combination gasoline-electric 
or Diesel-electric locomotives in 50 and 60 ton sizes, are made. See publications of Fate- 
Root-Heath Co., Plymouth, O.; Whitcomb Locomotive Co., Rochelle, Ill. 


MANUFACTURERS OF MATERIAL HANDLING 
EQUIPMENT 


In the preceding pages, the manufacturers of the several types of equipment described 
are referred to by number as follows: 


1. Alliance Machine Company, Alliance, Ohio. 

2. American Engineering Company, Philadelphia, Pa. 

3. American Hoist & Derrick Company, St. Paul, Minn. 
4, American Steel & Wire Company, Worcester, Mass. 
5. Atlas Car & Manufacturing Company, Cleveland, Ohio. 
6. Automatic Transportation Company, Chicago, Ill. 

7. Baker-Raulang Company, Cleveland, Ohio 

8. Baldwin Locomotive Works, Philadelphia, Pa. 

9. Barber-Greene Company, Aurora, Il. 
10. Barrett-Cravens Company, Chicago, IIl. 
11. R. H. Beaumont & Company, Philadelphia, Pa. 
12. Blaw-Knox Company, Pittsburgh, Pa. 


13. Bleichert, Leipzig, Germany. 


14. Brown Crane Company, Cleveland, Ohio. 

15. Bucyrus-Erie Company, Milwaukee, Wis. 

16. Byers Machine Company, Ravenna, Ohio. 

17. Chain Belt Company, Milwaukee, Wis. 

18. Chisholm & Moore Hoist Corporation, Tonawanda, N. Y. 
19. Clark Tructractor Company, Battle Creek, Mich. 


~ 30. Cleveland Crane & Engineering Company, Wickliffe, Ohio. 


21. Clyde Iron Works, Duluth, Minn. 

22. Colson Company, Elyria, Ohio. 

23. Curtis Pneumatic Machinery Company, St. Louis, Mo. 
24. Easton Car & Construction Company, Haston, Pa. 


_ 25. Economy Engineering Company, Chicago, Ill. 


26. Electro-Lift, Inc., New York. 

27. Elwell-Parker Electric Company, Cleveland, Ohio. 
28. Euclid-Armington Corporation, Euclid, Ohio. 

29. S. Flory Manufacturing Company, Bangor, Pa. 
30. Ford Chain Block Company, Philadelphia, Pa. 
31. Fuller-Lehigh Company, Fullerton, Pa. 

32. Gillis & Geoghegan, New York. 

33. Godfrey Conveyor Company, Elkhart, Indiana. 
84. Goodman Manufacturing Company, Chicago, Ill. 
35. Grindle Fuel Equipment Company, Harvey, Ill. 
36. George Haiss Manufacturing Company, New York. 
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837. Hanna Engineering’ Works, Chicago, Ill. 

88. Hardinge Company, York, Pa. 

39. Harnischfeger Corporation, Milwaukee, Wis. 

40. Hayward Company, New York. 

41. Industrial-Brownhoist Company, Bay City, Mich. 
42. Ingersoll-Rand Company, New York. 

43. International Combustion Engineering Corporation, New York. 
44. Jeffrey Manufacturing Company, Columbus, Ohio. 
45. Kennedy-Van Saun Engineering Corporation, New York. 
46. Lamson Company, Syracuse, N. Y. 

47. A. Leschen and Sons Company, St. Louis, Mo. 

48. Lewis-Shepard Company, Boston, Mass. 

49. Lidgerwood Manufacturing Company, New York. 

50. Link-Belt Company, Chicago, Il. 

51. Logan Company, Louisville, Ky. 

52. Maine Electric Company, Portland, Maine. 

53. Marion Steam Shovel Company, Marion, Ohio. 

54. Maris Brothers, Philadelphia, Pa. 

55. Matthews Conveyor Company, Ellwood City, Pa. 

56. Mead-Morrison Manufacturing Company, New York. 
57. Mechanical Handling Systems, Inc., Detroit, Mich. 
58. Mercury Manufacturing Company, Chicago, Il. 

59. Morgan Engineering Company, Alliance, Ohio. 

60. National Equipment Company, Milwaukee, Wis. 

°61. Northern Engineering Works, Detroit, Mich. 

62. Nutting Truck Company, Faribault, Minn. 

63. Ohio Locomotive Crane Company, Bucyrus, Ohio. 
64. Ohio Power Shovel Company, Lorain, Ohio. 

65. Samuel Olson & Company, Chicago, Ill. 

66. Orton Crane and Shovel Company, Chicago, Ill. 

67. Osgood Company, Marion, Ohio. 

68. Page Engineering Company, Chicago, Ill. 

69. Palmer-Bee Company, Detroit, Mich. 

70. Philadelphia Gear Works, Philadelphia, Pa. 

71. Pohlig, Leipzig, Germany. 

72. Portable Machinery Company, Clifton, N. J. 

73. Raymond Bros. Impact Pulverizer Company, Chicago, Ill. 
74. Revolvator Company, Jersey City, N. J. 

75. Riley Stoker Company, Worcester, Mass. 

76. Robbins and Myers, Inc., Springfield, Ohio. 

77. Robins Conveying Belt Company, New York. 

78. John A. Roebling’s Sons Company, Trenton, N. J. 
79. Sauerman Bros., Chicago, Ill. 

80. Shaw Electric Crane Company, Muskegon, Mich. 

81. Shepard-Niles Crane Company, Montour Falls, N. Y. 
82. Specialty Engineering Company, Philadelphia, Pa. 
83. Standard Conveyor Company, Ellwood City, Pa. 

84. Standard Pressed Steel Company, Jenkintown, Pa. 
85. Stephens-Adamson Company, Aurora, III. 

86. Sullivan Machinery Company, Chicago, Ill. 

87. Thew Shovel Company, Lorain, Ohio. 

88. Jervis B. Webb Company, Detroit, Mich. 

89. Webster Manufacturing Company, Chicago, Ill. 

90. Wellman Engineering Company, Cleveland, Ohio. 

91. Whiting Corporation, Harvey, II. 

92. G. H. Williams Company, Erie, Pa. 

93. Wright Manufacturing Company, York, Pa. 

94. Wright Manufacturing Company, Bridgeport, Conn. 
95. Yale and Towne Manufacturing Company, Philadelphia, Pa, 
96. J.S. Mundy Company, Newark, N. J. 

97. Detroit Hoist and Machine Company, Detroit, Mich. 
98. C. O. Bartlett & Snow Company, Cleveland, Ohio. 
99. Gifford-Wood Company, Hudson, N. Y. 
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1. SHAFTING CALCULATIONS 


STANDARD DIAMETERS AND LENGTHS OF SHAFTING.—Standard stock 
lengths for cold-finished shafting are 16, 20 and 24 ft. Diameters and tolerances of 
standard cold-finished shafting are given in Table.1. 


Table 1—American Standard Cold-finished Shafting Diameters 
A.S.A. Standard B17a-1927 


Sas eer AIG g 8 g g a 
+e 2 > [s So .- fe Sys 
g3 [eealPes/28 [2ea/Pvalse [ewslBws/ 2 [Zes/Pus| 28 
sad aa|sac| cas |Paa|sac|sa 6 (Fae |saa| sad eaalsda| sad 
Breas 1 3/16 }—0.003]......] 17/g |—0.003]...... 4 —0.004 
See. -1/ -9/76/—0.002]...... 11/4 |—0.003}1 15/16}115/16)/—0.003]}...... E ...---|41/4 |—0.005 
eseee-] 5/gi—0.002]...... 0031S... 252 shen 41/2 |—0.005 
ss, 2+] 11/16]—0.002]......|13/g |—0.003]......|21/16|—-0.004]215/16)3  |—0.004]...... 43/4 |—0.005 
~eee--{  8/4]/—0.002]1 7/16 |1 7/16 |—0.003}......}21/g |—0.004]...... 5 —0.005 
.-...-] 18/3¢6}—0.002}......)1 1/9 |—U.003)2 3/16 |2 3/16 |—0.004]......}31/4 |—0.004]...... 51/4 |—0.005 
.-----| 7/g}—0.002]......)1 9/16 }—0.003]......}21/4 |—0.004]...... 51/2 |—0.005 
-.s~--{1 5/g |—0.003]..... .|2 5/16 | —0.004)3 7/16 | 31/2 |—0.004]...... 3/4 |—0.005 
eseeee{} = | —0.002}1 11/16) 111/1¢}—0.003]......)}23/g |—0.004]...... —0.005 


HORSEPOWER TRANSMITTED BY SHAFTING.—For shafts subjected to torsion 
only, let d = diameter of shaft, in.; P = force, lb., applied on a lever arm ata distance r in. 
from the axis; S = shearing resistance at outer fiber, lb. per sq. in. Then 


Pr = rd38/16 = dS/5.1=0.19380S...... (I 
3 ,—_— 3 
Gt VOM ae Pt) Rie elt iw als or [2] 


where K = S/5.1. 
If N = revolutions per minute, the horsepower transmitted is 


Hp. = PrazaN «xd SxX InN ~ NSd [3] 
Be 33,000 K 12 ~ 16 X 33,000 X 12 321,000 PPS ET ey 
3 3 
d = V321,000 Hp. /NS=VCXHp/N. ..... 4 
_--where C = 321,000/S. 
; In practice, empirical values are given to S and to the coefficients K and C according 


to the factor of safety assumed, which depends upon the material, on whether the shaft 
_ is subjected to steady, fluctuating, bending or reversed strains, on the distance between 
bearings, etc. The factors of safety generally used in practice are: For head-shafts, 
15; for line-shafts carrying pulleys, 10; for small, short shafts, countershafts, etc., 7. 
For steel shafting of 60,000 Ib. per sq. in. tensile strength, the allowable stress S with the 
above factors would be 4,000, 6,000, and 8,500 lb. per sq. in. respectively, whence the 


diameters of shafts would be 


3 

Head-shafts SU He NMMEEC EC Pe os ow. «oe eS] 
3 

Line-shafts QV BSED le ee eo 2 te ABS 
3 

Short shafts d = V38 Hp./N s [7] 


Table 2 gives the horsepower transmitted by cold-rolled steel line-shafting. 
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DEFLECTION OF SHAFTING.—Linear Deflection.—For continuous line shafting, 
it is considered good practice to limit deflection to a maximum of 0.01 in. per foot of length. | 
The weight of bare shafting, in pounds, is W = 2.6 d?Z. When the shaft is fully loaded 
with pulleys as is usual in practice, with an allowance of 40 lb. per inch of width for the . 
vertical pull of belts, the load in pounds will be about W = 13 d?Z. With a modulus of 


Table 2.—Horsepower Transmitted by Cold-rolled Steel Line-shafting 


Shafting well supported by bearings 8 to 10 ft. apart, with pulleys located close to bearings. 
For turned shafting, multiply the figures in the table by 0.775. 
For turned shafting simply transmitting power, without pulleys, or short countershafts, multiply by 1.75. 
For turned head shafting, multiply by 0.54. 
For cold-rolled head shafting multiply by 0.70. 
(a a 


Sapee Revolutions per minute D aoa Revolutions per minute 
state, [1001 150 | 200 [ 250 | 300 | 400 | 300 | 600,| gir, | 100 | 150 | 200 | 250 | 300 | 400 | 500] 600 
in. Horsepower in. Horsepower 

11/2 4.8) 7.2) 9.6) 12.0] 14.4] 19.2] 24 29 1213/6) 32 47 63 79 95 | 127 | 159 | 190 
19/16 5.5} 8.2] 10.9) 13.6] 16.4} 22 27 33:12 Te 34] 51 68 85 | 101 | 135 | 169 | 203 
15/g 6.1} 9.2) 12.2] 15.3) 18.4} 24 31 37 |215/y6) 36] 54 72 90 | 108 | 144 | 181 | 217 
111/z¢ | 6.9) 10.3) 13.7] 17.1} 21 27 34 41 |3 39 58 77 96 | 116 | 154 | 192 | 231 
13/4 Led CAS WSSh NOE 23: ob St 38 46 |31/, 44 65 87 | 109 | 131 | 174 | 218 | 261 
113/yg | 8.5] 12.7] 16.9} 21 25 34 42 51 131/4 49 73 98 | 122 | 147 | 196 | 245 | 294 
17/g 9.4) 14.1] 18.8] 23 28 38 47 | 57 |33/g 55 83 | 110 | 137 | 165 | 220 | 275 | 330 
115/y6 |10.4) 15.6} 21 26) || 31 42 52' | 62 13 Sfo 61 92 | 123 | 153 | 184 | 245 | 307 | 367 
2 11.4) 17.2] 23 29 34 | 46 57 | 69 |35/g 68 | 102 | 136 | 170 | 204 | 272 | 340 | 408 
21/ig |12.6| 18.9) 25 31 38 | 50 63 76 [33/4 75 | 113 | 151 | 189 | 226 | 301 | 377 | 452 
21/8 1dZe2t 27 | 34 | 41 55 68 | 82 ]37/s 83 | 125 | 166 | 207 | 249 | 332 | 415 | 498 
23/i6 {15.0) 22 | 30 | 37 | 45 | 60 75} 9014 92 | 137 | 183 | 229 | 274 | 366 | 457 | 549 
21/4 16.3) 24 33 4] 49 65 81 98 | 41/3 101 | 150 | 201 | 251 | 300 | 401 | 501 | 601 
25/16 |17.7| 27 35 44 53 71 88 | 106 | 41/4 110 | 164 | 219 | 273 | 328 | 438 | 547 | 657 
2 3/8 19.2] 29 38 48 | 57 76 96 | 115 }43/s 120 | 180 | 239 | 298 | 358 | 478 | 597 | 717 
27/16 120 | 30 4] 51 61 81 102 | 122 |} 41/2 130 | 195 | 261 | 326 | 391 | 521 | 651 | 781 
21/2 a ek 45 | 56 67 89 112 | 133 145/g 141 | 212 | 283 | 354 | 425 | 566 | 707 | 848 
29/16 |24 | 36 | 48 | 60 | 72 | 96 120 | 144 143/4 153 | 230 | 307 | 382 | 459 | 613 | 765 | 919 


25/g 26 | 39 | 52 |.64 | 77 |104 | 129] 155]47/g | 166 | 249 | 331 | 413 | 496 | 662 | 827 | 994 
211/jg |28 | 42 | 55 | 69 | 83 111 138 | 166 | 5 179 | 268 | 358 | 447 | 537 | 715 | 895 |1074 
23/4 [30 | 44 | 59 | 74 | 89 |119 | 1481] 178 


Table 3.—Dimensions of Shaft Collars 
(Dodge Mfg. Corp., Mishawaka, Ind.) 


Plain Solid Collars Safety Collars Safety Collars 
Shaft Diam. | Diam. Shaft Diam. | Diam 
Size, | Diam., | Width, Sie Solid Split Size, Solid Split | Width, 
in, in. in, in. "| Collar, | Collar, in, Coll: r, | Collar, in, 
a : in. in. in. in. 
3/4 13/g 9/16 Vil well Oeics eae eee oe 215/j6 | 415/jg | 57/ 
rater eteinGs 16 17/s 
7/g I 1/2 9/16 1/36)*. || ventes-n esha ocean. 3 3/16 5 3/16 5 11/16 2 < 
16/16 he oy 16 4 16 27/16 3 1/g 37/16 57/16 515/16 | 2 
8 16 16) cibirsrertarapeleaife:s, seceaee ret aera aoe 3 11/16 5 15/16 65, 24 
11/16 1 3/4 9/16 U6) Sh oh x coals Soe 3 15/16 6 3/16 ai ‘ 2 a 
1 1/g 13/4 /16 1/16... asia. aca.ke ois fo cere eae 43/16 7 3/g 7 3/4 31/4 
18/16 | 2 3/4 3/39 27/16 31/g 47/16 75/8 8 31/4 
11/4 2 3/4 8/98 il ois raraccvayscel| = eee mcrae re 4ll/jg | 77/g 8 1/4 31/4 
1 5/16 21/8 3/4 9/89 Laos ns» sar lle niet eee eee et 4 15/16 8 1/3 8 1/g 31/4 
1 3/g 21/8 3/4 Bfag” “ eiele aera le crete ee ee oo 5 3/16 8 5/g 9 31/4 
17/16 | 21/4 3/4 3/32 3 3 3/g 57/16 8 5/g 9 31/4 
1 1/5 23/4 3/4 8/o9/) [ecavels a ll See eee One 5 11/16 91/g 91/ 31/4 
1 hi 21/2 3/4 3/a9:4 | Saks Secreta ce tee ae oe 5 15/16 9 1/8 9 1/o 31/4 
; /16| 2 ia 3/4 3/32 3 3/16 3 5/g 63/16 | 103/g 10 1/2 31/2 
Ms ; i th ms ois:-0, 8:6 on ll enc ete ratehe he eet iores 67/16 10 3/g 10 1/9 31/9 
Bie 's "v.66: aie, Sil on eisai ees ota 611/16 | 107/g i a 
: 15/16 : i/8 Vg 37/16 37/3 6 15/16 | 107/g VW 3 i; 
an § /8 TAB «|I.,5 5 aunsaalll sche eee Rte: 71/2 |113/g | 115/g 31/9 
tiny ai oh 1/g 41/16 411/16 8 11 7/g 12 31/2 
4 4 ee cae Wee ttc les ire vec lls) ebay 13 ils} 33 
27/16 31g | 1 45/16 415/16 9 13 1/2 13 1/9 33/4 
21/2 Ba 1 Uw ios ig G/a0Um I eeper ie -|| cee mea am oa 14 14 3 3/4 
wdeve.e rel ei leueleselelel ellen rotreerene 5 3/16 14 1/9 14 1/9 33/4 
ee eee 


* Radius on one corner only. 
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transverse elasticity of 26,000,000, the following equations determine length between 
bearings to avoid excessive deflection. 


3 a Se 

For bare shafting, L = V873 d?; d = VL5/873 . ee a 
pe sre ae = Tee 

For shafting carrying pulleys, ete., L = V175d?; d= VL be es ee [9] 


In the foregoing equations L = maximum distance, ft., between bearings for continuous 
shafting subjected to bending stress only; d = diameter of shafting, in. 

Torsional Defiection.—Torsional stress is inversely proportional to the velocity of 
rotation, but bending stress will not be reduced in the same ratio. It, therefore, is not 
practicable to write an equation covering the whole problem which is sufficiently simple 
for practical use. The following rules, however, are correct within the range of velocities 
that usually occur under shop conditions. For continuous shafting, so proportioned as to 
deflect not more than 0.01 in. per foot of length, allowance being made for the weakening 
effect of keyseats, 


3 3 

For bare shafts, d = V50 Hp./N; L = M4 20d ea Seen Ol 
3 

For shafts carrying pulleys, ete, d= V70Hp./N;L=V140d? . . . . . [1] 


For a more complete discussion of the stresses in shafts, see p. 11-04. 

FLEXIBLE SHAFTING consists of an inner core of built-up wire coils, brazed or 
soldered into end fittings, surrounded by a protecting casing. Table 5 gives the horsepower 
transmitted by flexible shafting at various speeds. 

SHAFT HANGERS are made of cast iron or pressed steel in a variety of forms by 
different manufacturers. The frames will accommodate various types of hanger bearings, 
as ball-and-socket bearings, ball or roller bearings, ring or capillary oiling bearings and 
plain babbitted bearings. Hangers usually have adjusting screws to adjust the bearing 


Table 4.—Dimensions for Laying Out Shafting with Compression Couplings 


KF All dimensions in inches o>} 


eee Without Collars With Collars 

Bebe! in-oili i ili Roller Ball Plain-oiling | Ring-oiling Roller 
=e ae Betintiod Hox “ey Bearing Bearing Babbitted Box! Box Bearing 
[aia [Na Pol N | P| N | Pll |o |M) @ Ter o 
15/16) 3 Skye ZU ES Sed Be eeos Saoue Mececes SENG Ail /SaG0/ Si, DD/aip | aasen lie elo. cocoon 
13/16 | 33/4) 43/4 | 47/g | 6 | 51/e |.....]--.---- 37/g | 47/16 | 75/3] 65/16 | 87/g| 615/y6).....]....... 
17/16 | 41/2| 53/4 | 57/g | 71/4) 65/g | 53/g) 511/16) 41/2 | 51/4 | 91/8) 73/16 |105/g| 85/16 | 71/4) 65/8 
111/36] 51/4) 68/4 | 71/2 | 81/9) 83/g | 53/4) 7 43/4 | 61/2 |101/8) 93/16 |117/s)101/36 | 71/2] 77/8 
115/16 6 | 71/2 | 811/16) 98/4) 913/16) 61/4) 81/16 | 51/s | 71/2 |107/s}103/3 |131/gi111/2 | 81/4) 91/16 
23/16 | 63/4) 83/4 | 97/g jl {Il 67/8) 9 51/2 | 81/4 |125/g)1118/16)147/g|1215/16| 87/g/101/16 
27/16 | 71/2| 98/8 |1018/16)121/4|121/g | 75/s| 913/16) 61/2 | 91/4 |131/9/133/4 |161/g141/16 | 95/g/1013/16 

215/16) 9 |117/g |1215/36|143/g)143/g | 81/4\111/g | 71/g [109/16 |l6 {15 181/9/161/4 |103/g)123/16 

37/16 \125/g\139/16\157/16 \171/4|175/16 | 91/4|139/16 | 73/4 (1213/16/18 — 1715/16/21 5/8)20 111/4}145/g 
315/16|131/g|155/g 171/16 20 |191/4 |131/4|157/g | 83/g |1315/16|205/g)199/16 |25 [2138/4 |161/9/171/2 
47/16 |141/g|173/g |181/2 {18 LOUS/tgliqceeticcs ea 93/4 |1411/16)243/g/22 Pe PROG loro adlbececec 
415/16|161/g/191/g |203/g 20  |2013/j6).....|....... 101/4 |1515/161261/g/237/g |27 (245/16 ].-....]....... 


Table 5.—Horsepower Transmitted by Flexible Shafting 
(Stow Mfg. Co., Binghamton, N. Y.) 


Maximum Tr: itte 
Core Core Alibwenbié Safe Horsepower Transmitted 
Diameter, Length, Torque, 100 1000 1750 3500 
in. : in. lb.-ft. r.p.m. r.p.m. r.p.m. r.p.m. 
rate. 0.219 0.00105 0.0105 0.01825 0.0366 
aris Basa “151 “00072 0072 “0126 0252 
Misoerel hk. voce: 260 00124 0124 0217 “0434 
(Ce ee "188 “00091 0091 “0159 “0318 
‘V4 31 214 -0107 107 . 1873 (3745 
Eig 36 3 (0142 142 12485 497 
3/3 41 5 (0238 238 “4165 833 
V/ 51 1/4 WH (0523 523 (9153 1.831 
5/g 62 18 0856 856 1.498 2.996 
V/s 74 32 .1523 1.523 2.665 5.330 
1 845/s 46 -2189 2. 189 3.83 7.66 


24-06 MECHANICAL POWER TRANSMISSION 


Table 6.—Dimensions of Four-point Adjustable Cast-iron Shaft Hangers 
(Dodge Mfg. Corp., Mishawaka, Ind.) 


Shaft 


Size,in.| A B C D E F G H No. : 
6-8 13 3 3/4 Dia ee 7/3 43/g 31/4 2 1/2 13 
15/;g | 10-12 | 15 Ve Pe ieee oleae 7g | 43/g | 31/4 2 1/o 15 
16] 14-16 | 181/g | 47/g | 141/4 |....... 7/g | 43/g } 31/4 2 1/2 19 
18-20 | 203/4 | 5 Way ee We | Asa \3 t/a: | 2.010 dee lee 
6-8 | 131/2 | 4 ape eee 1 47/g | 33/4 2 5/g | (14 
13/yg | 10-12 | 16 4 Tl / oral ete I 47/g | 33/4 2 5/g 17 
and | 14-16 | 181/2 | 5 ae ee er I 47/g | 33/4 2 5/s 20 
17/1g | 18-20 | 2038/4 | 5 i ees Na eo I 47/3 | 33/4 2 5/8 24 
22-24 | 233/g | 5 1 elena oe ! 47/3 | 33/4 zz 5/8 27 
6-8 | 143/4 | 51/e | 1038/4 |....... I 53/4 | 45/8 2 5/8 21 
10-12 |) K63/o-) Sipe) 1284 ee 1 53/4 | 45/3 2 5/8 26 
111/yg| 14-16 | 181/2 | 51/o | 1423/4 |....... I 53/4 | 45/8 2 5/g 30 
and | 18-20 | 201/2 | 61/4 | 161/9 |....... 1 53/4 | 45/8 2 5/g 34 
115/yg | 22-24 | 223/4 | 61/q | 183/4 |.....: apt 53/4 | 45/8 2 5/8 38 
26-28 | 241/4 | 61/4 | 201/4 | 31/4 I 53/4 | 45/8 4 5/g 41 
30-32 | 273/4 | 61/4 | 231/o | 31/4 1 53/4 | 45/8 4 5/8 50 
6-8 | 161/2 | 61/2 | 12 23/4 | 1s | 61/2 | 53/s 4 3/4 28 
10-12 | 181/o | 61/2 | 133/g | 23/4 1g | 61/2 | 53/g 4 3/4 32 
23/;6 | 14-16 | 20 V2 61/o | 1538/4 | 23/4 | IVs | 61/2 | 53/8 4 3/4 36 
and | 18-20 | 223/g | 81/2 | 1753/4 | 48/g | 11/g | 61/2 | 5% | 4 a4 | 42 
27/yq | 22-24 | 242 | 82 | 198/4 | 45/8 | Ie | 62 | 58s 4 3/4 49 
26-28 | 261/2 | 81/2 | 2138/4 | 45/g 11/g 61/2 5 3/g 4 3/4 52 
30-32 | 28 81/o | 233/4 | 45/g | 11/g | 61/2 | 53/8 4 3/4 54 
34-36 | 301/4 | 81/2 | 253/4 | 45/g | 11/g | 61/2 | 53/g 4 3/4 60 
6-8 17 a 13 3 3/g 1 1/g 71/4 61/8 4 3/4 39 
10-12 | 20 7 151/4 | 33/g | 11/g | 71/4 | 61/g 4 3/4 43 
21jyg| 14-16 | 2238/8 | 7 173/4 | 33/g 11/g | 71/4 | 61/8 4 3/4 47 
and | 18-20 | 245/g | 7 19 3/4 | 33/g 1 1/g 71/4 6 1/g 4 3/4 53 
215/16 22-24 | 275/g | 83/4 | 223/4 | 43/4 1 I/g 71/4 61/8 4 3/4 65 
26-28 | 297/g | 83/4 | 251/g | 43/4 | I11/g | 71/4 | 61/8 4 3/4 68 
30-32 | 32 83/4 | 27 43/4 11/g | 71/4 | 61/8 4 3/4 77 
34-36 | 3438/4 | 83/4 | 291/o | 43/4 11/g 71/4 6 1/8 4 3/4 83 
10-12 | 2131/4 | 8/4 | 1538/4 | 43/g | 15/46] 73/4 | 68/4 4 3/4 51 
14-16 | 233/g 81/4 18 43/3 1 5/16 7 3/4 6 3/4 4 3/4 60 
38/16 | 18-20 | 251/o | 81/4 20 43/g 15/16 | 73/4 63/4 4 3/4 65 
and 22-24 | 271/2 | 93/4 | 221/4 | 6 15/16 | 78/4 | 63/4 4 3/4 75 
37/1g | 26-28 | 297/g | 93/4 | 251/4 | 6 15/ig | 73/4 | 63/4 4 3/4 82 
30-32 | 32 93/4 | 27 6 15/6 | 73/4 | 63/4 4 3/4 86 
34-36 | 341/4 | 93/4 | 295/g | 6 15/16 | 78/4 | 68/4 4 3/4 93 


Table 7.—Dimensions of Four-point Adjustable Pressed Steel Shaft Hangers 
(American Pulley Co., Philadelphia, Pa.) 


Shaft Dimensions, in. See Fig. 1 Bolts 
Size, in. A B C D P G | No: ine; hm. : 
0 6-8 14 5/g 41/4 11 1/g 7/3 3 3/4 5 3/8 2 5/8 
Ae 10-12 | 167/16 41/9 12 9/16 7/3 3 3/4 5 3/g 2 5/8 
1 1/p 14-16 | 17 9/16 41/9 13 5/g 7/8 3 3/4 5 3/8 2 5/8 
18-20 | 1938/g 55/16 | 15 1/g 7/3 33/4 53/8 2 5/8 
7-9 16 3/4 4 1/y 127/g 7/8 41/ 5 7/ 2 5 

19 2 2 8 /8 
wo | to12 | i7%16 | 412 | 1316) Ye | 42 | 57s | 2] we 
2 14-16 | 197/16 55/16 | 153/16 7/8 41/2 57/8 2 5/8 
18-20 | 20 1/2 55/16 | 16 1/4 7/8 41/9 57/8 2 5/g 
8-10 | 207/16 5 1/o 1518/36] 11/8 5 V/4 67/8 2 3/4 
21/16 10-12 | 211/38 51/9 16 1/2 1 1/g 51/4 67/g 2 3/4 
to 14-16 | 231/g 6 18 3/g 13/16 51/4 67/8 2 3/4 
21/2 18-20 | 247/16 6 191/y6] 13/16 51/4 67/8 2 3/4 
22-24 25 3/4 6 21 1 3/16 51/4 67/3 2 3/4 

8-10 | 213/16 5 1/9 16 9/16 1 1/g 6 71/2 2 I 

2 9/16 10-12 | 217/g 5 1/2 17 1/4 11/8 6 71/2 2 1 

to 14-16 | 237/g 6 19 1/g 13/16 6 71/2 2 1 

3 18-20 | 253/ig | 6 207/16 | 13/16 | 6 71/2 ae Wl | 

22-24 26 I/o 6 21 3/4 1 3/16 6 7 1/9 4 1 


* Frame only, without bearings. 
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in a vertical plane, to conform to the desired shaft height. Tables 6 and 7 give the dimen- 
sions of typical commercial cast-iron and pressed-steel hangers. The length of the bearing 
varies with the type. Lengths of the various types which may be used with the hangers 
of Table 6 are given in Table 4. 

Post Hangers are used when shafting is to be mounted on building columns. Table 8 
gives dimensions of one type of adjustable ball-and-socket post hanger. Table 9 gives 
the dimensions of rigid post bearings. 


Table 8.—Dimensions of Adjustable Ball-and-Socket Post Hangers 
(Dodge Mfg. Corp., Mishawaka, Ind.) 


Shaft Dimensions, in. See Fig. 2 Bolts Weight, 
Size, in. A K L M No. |Size, in.| Ib.* 
15/16 Cae 2 3 /a 163 175s ee ee 21/g | 21/2 | 41/4 2 5/8 14 
1 3/16 GO WI28/4 i Ste eh 2/2 | 21/2 | 41/4 2 5/8 14 
1 7/16 GY PA bao ie eg ee eS 3 3 47/8 2 5/g 18 
gO TS | Aad oS. 3 5 47/8 2 5/8 18 
1 15/16 GF WN Te a Ye lees 3V/g | 33/4 | 51/8 2 5/8 28 
23/16 61/38 35/g | 41/g | 61/2 4 5/3 38 
“27/16 6 1/3 35/g | 41/g | 61/2 4 5/8 38 
2/16 | 61/2 43/g | 5 71/2 4 3/4 45 
215/1g | 61/2 43/g | 5 71/2 4 3/4 45 
3 3/16 8 5 1/g | 53/4 | 81/4 4 3/4 66 
37/16 8 5 1/g | 53/4 | 81/4 4 3/4 66 
31l/ig | 81/4 51/4 | 63/3 | 9 4 7/8 68 
3 15/16 81/4 51/4 | 63/g | 9 4 7/8 68 
47/16 81/4 5g |7 9 3/8 4 7/8 104 
415/16 _| 83/4 21 3/8 6 8 10 4 1 140 


* Frame only, without bearings. 


Table 9.— Dimensions of Rigid Post Bearings 
(Dodge Mfg. Corp., Mishawaka, Ind.) 


Dimensions, in. See Fig. 3 Bolts Weight, 
pion |r | CileD 1.2.1 Ff | @ | f | J | No. [Size,in| — Ib. 
pada Plain Babbitted Bearings 
13 6 97/3 | 3 33/q4| 31g] 18/4 | 11/4 | 7 9/16 3 1/9 10 
1 7 6 I1Y/g|] 31/a | 41/2) 4 2 11/4 | 81/g} 5/8 B) 1/9 13 
111/16 6 121g | 33/4 | 51/4} 43/8] 23/g | 11/2 | 91/g} U/16} 3 1/p 16 
1 15/16 6 1338/4] 4 6 47/g| 23/q | 18/4 | 101/4] 3/4 3 5/8 24 
2 3/16 6 151/g} 41/2 | 63/4] 53/g} 31/g | 2 113/g} 18/j6) 3 5/3 28 
27/16 6 161/4| 45/g | 71/2} 53/4} 31/2 | 21/4 | 121/g| 7/8 3 3/4 35 
211/16 6 17.5/g| 51/g | 81/4] 61/4] 33/4 | 21/4 | 1341/2] 1/16) 3 3/4 46 
2 15/16 6 187/g| 53/3 | 9 63/4] 41/g | 21/2 | 1471/2) 1 3 3/4 56 
37/16 6 | 22 6 101g] 81/2] 41/2 | 21/4 | 17 1/4] 7/8 4 3/4 100 
316/16 | 6 | 24 7 12 10 1/g} 53/2 | 28/4 | 1813/4) 1 Aaa] 139 
47/16 6 24 6 13 1/o| 11 6 23/4 | 181/4]} 1 4 1 142 
415/16 6 25 63/4 | 15 11 6 27/3 | 19 1/2| 13/g 4 11/8 179 
Ring and Capillary Oiling Bearings 
7 buat 21/2 | 6 37/g| 21/2 | 13/3 | 85/s| 3/4 | 4 1/2 20 
ie 6 12 3 ; 63/4| 41/2] 28/4 | 11/2 | 94/4] 3/4 4 Ya a3 
1 15/16 6 12 35/8 71/g| 51/g| 3 13/4 9 1 4 o/s e 
2 3/16 6 13 1/2} 4 81/4} 51/4] 31/g | 17/g | 101/g) 1 4 S/8 ef 
27/16 6 15 45/3 | 9 51/2] 31/4 | 17/3 | 107/g| 1 4 °/8 2 
2 11/16 6 161/4| 48/4 | 97/g| 6 31/2 | 21/g | 1213/4} 1 1/g 4 a 73 
2 15/16 6 171/2| 5 105/g] 61/4) 33/4 | 21/4 | 13 1/2] 11/8 4 Bh a 
37/16 6 | 20 6 12 7 43/g | 21/4 |16 11/4, | 4 5/4, 3 
3 15/16 6 | 238/4| 63/4 | 13 1/2} 81/2] 53/2 | 27/3 | 1838/4] 11/4 4 I (Ge 
47/16 6 | 24 6 161/2| 91/4] 6 27/g | 181/4| 1 3/g Gey 5 
6 15 11 6 27/g | 19 1/9| 13/8 4 1 1/g 21 


4 15/16 25 6 3/4 I a a a AS 
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DISTANCE BETWEEN BEARINGS.—The spacing of hangers for line-shafting 
depends on the size of shaft and the points at which load is applied. The following figures 
represent average practice with pulleys placed near the bearings: 


Shaft size, in... 15/yg—17/1g 1 12/ag-23/1g 2 7/16-215/1g 37 /16-3 15/16 4 7/164 15/16 | 
Distance between 
bearings, ft.... 6 8 10 12 14 
PULLEYS 


1. PROPORTIONS OF PULLEYS 


PROPORTIONS OF CAST-IRON PULLEYS (See also Fly-wheels, p. 11—-15).— 
Pulleys for the transmission of power have been standardized by manufacturers and stock 
pulleys are available for practically all conditions. The design of pulleys, except for 
special conditions is not advisable. It usually will prove more economical to consult man- 
ufacturers of pulleys for the adaptation of a stock pulley to meet the special conditions. 

Text-books on machine design give a number of equations for the proportions of cast- 
iron pulleys, which give slightly different dimensions. The dimensions of stock pulleys 
vary but little from the values given by the different equations. The equations most 
frequently used are those of Unwin, Releaux, and J. W. See. These equations follow. 

Let n = number of arms of pulley; D = diameter of pulley; S = thickness of belt: 
t = thickness of rim at edge; 7 = thickness of rim at middle; F = width of rim; B = 
width of belt; w, = width of arm at hub; w, = width of arm at rim; 6b, = thickness of arm 
at hub; 6, = thickness of arm at rim; ¢ = amount of crowning; ZL = length of hub; 
M = thickness of metal in hub. All dimensions are inches. 


Width of rim (Unwin) F = 9/g(B+04). . . . fla] 


(Releaux) F = 9g Bto'/4B. . . . [1b] 

Thickness of rim at edge, (Unwin)t=0.7S8+0.005D. . . [2a] 
(Releaux) t = 1/sw, to1/sw, . . . [2b] 

Thickness at middle ofrim, (Unwin) T=2t+e . . . . . [3] 
Width of arm at hub, (Unwin, single belts) w, = 0.6337 wv FD {ni 3 Seed 
(Unwin, double belts) w, = 0.798 VFD/n . . . [48] 


(Releaux) w, = (F/4) + (D/20n) + 1/4. [4c] 

(See) w, = 0.0625D+05 . . . [4d] 

Width of arm at rim, (Unwin) wy = 2/z3w, . . . . . CC; [5a] 
(Releaux) w, = 0.8 w;, . = tye eee SOT 

(See) wr = 0.04D+0.3125. . . [Be] 


Thickness of arm at hub, (Unwin)bh = 04u,. . . . =. ~~. [6a] 
(Releaux) bh = 0.5u,. . . . . . [6d] 
(See) b, = 0.025D +02 . ... [6c] 


Thickness of arm at rim, (Unwin) bh =O04w,. . . . 2°. [7a] 
(Releaux) b, = 0.5 w, . oop MeN LTOR 
(See) b, = 0.016 D +0125. . . [7c] 


Number of arms, (Unwin) n = 3+ (FD/150) . . . [Sa] 

(Releaux) n = 1/9{5+ (D/2F)}. . . [gb] 

Length of hub, (Unwin) Z = 2/3 For2.58,min. . . [9a] 

(Releaux) L = B for single arm pulleys . 

= 2 B for double arm pulleys [9b] 

Thickness of metal in hub, (Releaux) M = wy, tO S/4 wo, i Ne eee 
Crowning; (Unwin) ¢ = 1/54 F 2) 9) 0) ee [10b] 


The number of arms is arbitrary and may be altered if necessary. Commercial stock 
pulleys usually are made with four arms up to 10 in. diameter, 6 arms from 11 to 74 in 
diameter, and 8 arms for larger diameters. Pulleys with two or three sets of arms may 
be considered as two or three separate pulleys combined in one. Releaux states in such 
cases that the proportions of the arms should be 0.8 or 0.7 those of single-arm pulleys. 
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Width of Pulley in Relation to Belt Width—An equation that is widely used for 
proportioning the face of pulleys in relation to the width of belt was published by Carl 
Sara (Am. Mach., Feb. 11, 1915). If F and B = respectively, the width of pulley 
an elt, in., 


f= MASi> BR OS(on Sues ao > uf oe {11] 
If limits of design make these proportions impractical, the following equation may be used: 
Pe="1.09370 Bi-- O1Sih ee aes ee es [12] 


Crowning of Pulleys is necessary to hold the belt central on the face of the pulley, 
since a belt tends to climb to the largest diameter over which it runs. Different authori- 
ties give values for the height of crown C ranging all the way from 0.1 F to 0.011 F. 
Barth uses the equation S 

Come QLOB IDS FO maa ttre ew ue eee | (18) 


Notation is the same as in the preceding equations. 

STEEL SPLIT PULLEYS.—Split pulleys made of pressed steel with the arms riveted 
to the circumference and to the hub are widely used for power transmission. They have 
the advantages of high strength and light weight. They are available in standard sizes 
from 3 in. diameter by 3 in. face to 144 in. diameter by 36 in. face, with bores ranging 
from 17/16 to 8 7/1s in. diameter. Pulleys up to 96 in. diameter are made with 6 arms. 
Larger pulleys have 8 arms. 

WOOD-FACE PULLEYS.—Pulleys made entirely of wood, or cast-iron pulleys with a 
wood face, are used where lightness and high belt traction are desirable. Pulleys made 
entirely of wood are available from 3 in. diameter by 12 in. face to 120 in. diameter by 
24 in. face, with bores ranging from 11/2 to 71/2 in. Their weight is approximately 1/3 
that of cast-iron pulleys of similar dimensions. 

Wood-faced pulleys are used with high surface speeds and heavy loads. The high 
coefficient of friction of the wood face insures a more uniform speed and greater tractive 
effort than is possible with a metal face pulley. They are made both solid and split in 
sizes from 8 in. diameter by 3 in. face to 72 in. diameter by 40 in. face. 

RELATIVE CAPACITY OF DIFFERENT TYPES OF PULLEYS.—In an investigation 
to ascertain the value of compressed spruce pulleys, Prof. G. S. Wilson (Bulletin No. 10, 
Univ. of Wash. Engg. Expt. Station, 1920) found the horsepower capacity of several 
different types of pulleys to be as given in Table 1. In this investigation the slip of the 
belt was measured at belt tensions ranging from 37 1/2 to 187 1/2 lb. per sq. in. of belt 
section, and the horsepower determined by a Prony brake. The pulleys used in the inves- 
tigation were 18 in. diam. and 6. in. face. 

A paper by Lawrence Whitcomb (Nat’] Assoc. of Cotton Mfrs., 1909) gives the results 
of tests made at the Lowell Textile School on the relative transmitting capacity of wood- 
rim, wood-rim with cork inserts, wood-rim lagged with leather, and steel pulleys, all 18 in. 
diam. by 6 in. face. The results of the tests are summarized in Table 2. 

WEIGHT OF CAST-IRON PULLEYS.—Table 3 gives the weight of solid cast-iron 
‘single-arm pulleys. The values given are approximate and will vary with changes in 
bore. For split pulleys, the figures in Table 3 should be increased by 10%, and for split- 
hub pulleys by 4%. The weights of multiple arm pulleys are approximately as follows: 


Table 1.—Horsepower Capacities per Inch Width of Belt of Various Pulleys 


Pulley : Slip of Belt Relative 

4 eee 1% | 132% | 2% Capacity 

Kind lb. omepowes at 2% Slip 
PELLOIN ee rele ceieiov nite eve aie) ciel Tater. sere: 65.0 0.58 0.69 0.74 100.0 
aa er aieraieueiolclete cneie <lels) syvio's (anya 40.0 .71 .78 . 81 109.4 
SWQOG SD Ii tin ale elete's w orslereceinisteiousis elle ws vA) . 63 a . 82 110.8 
POT ere ciclo. sel siecle isie ie aye cleyerersisiavieies 41.5 62 .76 . 83 Pa 
22.0 FAS 81 . 84 L325) 


Table 2.—Tests of Lagged and Cork Insert Pulleys 
Slip, 


Maximum : 

Hp. at Hp. percent een 
Type of Eulley 2% Slip Trans- at Maxis | 39'S 

mitted mum Hp. ‘9: PAD 
Wood-rim pulley with cork inserts......... 11.8 1352 4.6 100% 
Wood-rim pulley, leather lagged........... 8.7 12.4 4.7 73% 
Steel pulleyzceetrastete crete cele els ives -islereleie » 8.3 iWAay/ 6.0 70% 
7.8 9.6 4.3 65% 


AWWioOd ori itlleyine. . se cte ele oils sevens inte csneersie 
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Double arm pulley, 2.5 F/2; triple arm pulley, 3.75 F/3; quadruple arm pulley, 5 F/4,, 
where F = width of face of pulley. 

PULLEY WINDAGE.—The loss of power due to windage of pulleys, 7.e., fanning of the 
air by the pulley arms, may be considerable in transmissions involving a large number of} 
pulleys. The windage varies widely with different types of pulleys. Tests made ati 


Table 3.— Weight of Solid Single-arm Cast-iron Pulleys 
(Dodge Manufacturing Co., Mishawaka, Ind.) 


5 Rim 
Face, in. Thick-- 


4-| 6 | 8 | 10 | 12 | 14 |.16 [ 18 | 20 | 22 | 24°[ 26s) 28 | Soe peu 


856 
937 


GEN Seecte Nast a4sce 681 | 810 | 964| 1107 
1S Miasigcs's||'ccecs. si 728 | 832 | 996 
Cliled ager lane ae 744 | 851 | 1016 
82) Ss eielllccieiaye 763 | 872 | 1036 
sueksetgite cists 950 


1800 | 2009 | 2268 


* 
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Purdue Univ. to determine the windage loss of cast-iron 
wood pulleys are reported in Power, May 1, 1917. 
face. 


Diam.,| B 
in. 
= a ee ee 
CD) soar 
fh” een 
te VOR ctciaxs 
Leh ee te 
\ ie oa eee 
Ser ane. a 
OT el oe te kv 
1 (Cs ea 
Uae “| Seer 
Tae ater <0 
LE] Seas 
Le One | cece 
iL 3e || sate 
“1 To eee 
Zeke ro ae ec 
tS ae See 
jo ae weed (mania 
ZO ON a teais's fers c 
Tal i 0 aera ee 
DD k-tels all saa 
Ie ae ee 
PS eee eae 
25 47/16 
26 47/16 
28 47/16 
30 47/16 
32 47/16 
34 47/16 
36 47/16 
38 47/16 
40 47/16 
42 47/16 
44 47/16 
46 47/16 
48 47/16 
50 47/16 
52 47/16 
54 47/16 
56 47/16 
58 47/16 
60 47/16 
62 6 
64 6 
66 6 
68 6 
70 6 
72 6 
78 6 
84 8 1/2 
90 8 1/2 
96 81/2 
102 81/2 
108 8 1/2 
114 81/2 
120 8 1/2 


R.P.M. 


232 
323 
417 
508 


STEEL PULLEYS 


Cast-iron Pulley 


0.0042 
-0048 
.0078 
.0192 


Wood Pulley A 
0.0046 
.0120 
.02585 
- 0443 
Steel pulleys usually have less windage loss than cast-iron pulleys. 


Table 4.—Weight of Standard Steel Split Pulleys 
(American Pulley Co., Philadelphia) 


Nominal Face, in. 


— a ee ee 
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pulleys and two different types of 
The pulleys were 24 in. diam. by 6 in. 
Following are the horsepower losses due to windage at various speeds: 


Wood Pulley B 
0. 
-0058 
.01535 
.02745 


00345 * 


24 | 26 | 28 | 30 | 36 


Approximate Weight, lb., Without Bushings 


.|1090 


99 
102 
107 
131 
136 
144 
153 
160 
168 
175 
183 
191 
199 
295 
300 
305 
317 
327 
337 
348 
358 
368 
469 
480 
492 
503 
514 
526 
560 
753 
803 
855 
975 
1035 
1170 


65 
110 
114 
120 
126 
143 
150 
156 
163 
170 
176 
270 
275 
280 
289 
297 
306 
316 
322 
333 
429 
439 
449 
460 
470 
480 
510 
672 
723 
774 
895 
955 


89 
124 
129 
137 
144 
152 
159 
166 
173 
181 
188 
285 
290 
295 
304 
312 
321 
331 
340 
349 
449 
460 
471 
481 
492 
503 
535 
712 
763 
814 
935 
995 
1130 


. |... 1118011220) 1260 


241 
253 
264 
276 
288 
299 
311 
472 
480 
490 
515 
539 
545 
560 
575 
590 
769 
782 
803 
820 
837 
854 
906 
1291 
1384 
1477 
1590 
1570 1650 
1999} 2030/2070 
29701211012150 


1690 
2110)2150 
219012230 


438 
457 
476 
495 
753 
773 
790 
810 
831 
858 
882 
906 
930 
1224 
1244 
1275 
1300 
1337 
1355 
1422 
1996 
2131 
2266 
2627 
2762 
2170 2930 
2260) 294513065 
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Table &.—Actual Width of Standard Steel Split Pulleys 
(American Pulley Co., Philadelphia) 
Nominal Face Width, in. 


e 
Dae ‘a OE a ds WD a ie [thats 
in. Actual Face Width, in. 
3 and 31 27/16 37/16 47/16 57/8 a Gee, Geoeorion wecsocdupoos> 

4 - 27/16 37/16 47/16 57/16 a ae) WE Ceete Meine Gore sn) ioctagc ss 

5 27/16 37/16 47/16 57/16 67/16 87/8 LOT/g | ocee cartes tener 

6 27/16 37/16 47/16 57/16 67/16 87/16 | 107/38 127/g  |..--.08 

7 27/16 | 37/16 | 47/16 | 59/16 | 6%/16 | 87/16 | 10 9/16 131/g |....---3 

8 and 9 21/ig | 31/16) 421/16 | 511/16 63/4 8 13/yg | 1018/16 | 1331/2 |..------ 
10 and 11 211/ig | 31/16) 411/16} 51/16} 63/4 818/16 | 1018/16 | 1238/4 |.....--- 

12 21/i¢ |} 32/16) 41/16} 51/16) 63/4 8 13/jg | 1013/16 | 1218/16 | 14 18/16 
13-16 211/ig | 341/16} 4/16 | 53/4 6 3/4 8 3/4 10 13/y¢ | 1213/16 | 14 18/16 
17-19 few veces 311/jg | 411/16} 53/4 63/4 83/4 10 13/46 | 1218/16 | 14 18/16 
Z0=235. |. ciofelnctar 311/yg| 411/16 | 53/4 63/4 8 3/4 10 13/36 | 1218/16 | 14 18/16 

pi ae) lloucoc hoe 31/ig} 41/16} 53/4 63/4 83/4 10 13/jg | 1213/16 | 14 18/16 
DST Te aaa Gate en] foctcr ee 47/3 57/3 6 15/16 815/j6 | 10 15/1g | 13 15 1/16 

S60) 2 LG oc cor bi eweep:a 47/8 57/8 6 15/16 815/yg | 1015/16 | 13 15 1/16 
BI=34 we lena yakas seme 47/3 57/8 615/3g | 815/16 | 1015/36 | 13 15 Vig 
36-420 Aesragtecicilaeraeieiste 47/8 57/8 615/16 | 815/16 | 1015/36 | 13 15 1/16 
PVT ee SR ts ee Mer acon) tas voce c 71/g 91/8 11 1/g 133/jg | 15 1/4 
Caps © Weeeoe Sells peeecunl habocc oe Beno er « 73/g 93/g 11 3/g 13 3/g 15 3/g 
7 ye oe Re S| ee rg al Bean ene | tts Stpror/s| Goo Scr 93/g 11 3/g 13 3/g 15 3/8 
QOH 12 a [ce tonal lea see wilvere wuts alle, te Searettateieee = stellt onretiw ote 11 3/g 13 3/g 15 3/g 

Th Site ee | Perera inesGneri Ge neces.) Ane Soria) pots Ses oocs 13 3/g 15 3/g 
Nominal Face Width, in. 
Pulle ’ 
ising 6 |. 18) | 200s] uatdbeet: GQ) 26 Pa 2ee tee 
in. Actual Face Width, in. 

12 1618/1g | 1818/3g |..... 2. |... se eenfe remo eleeeee ees [e reso es pikes gates cllincisr tee 
13-16 16.18/39] 18 18/16 |. ccc. coef es lene ferns we on ales eee ee fa cess cine} ninic aie ailln Sic oleh 
17-19 1618/16 | 1818/16 |. 0.0. a2 loess ecesfaccee s+ ule cores }> se aleen|mimrmn => |es sane 
20-23 16.13/1¢:| 1818/16 Jove ce wes ]oscte oclfe wn veces [> «= ctrsentfa see emeeicmehi =i aml inna 

24 16 13/3g | 1813/36 | 20 18/16 |... 2... fee eee eee [e nee eee fe ce ee ees fe neces eter eer ees 
25-28 17I/1g | 1815/16 | 2015/16 )|. .- 0. fore n ewe s[ocemece=|e cose wre] ecs anna semen 

30 171/3g | 1815/1 | 2015/yg | 2215/16 | 25 271/36 | 29 31 i/e ibs 
32-34 173/1g | 1815/16 | 2015/36 | 2215/16 | 25 27a figa 2? 31 I/yg |e 2-ceee 
36-42 171/36 | 1815/16 | 2015/35 | 2235/16 | 25 271/16 | 29 314/16 | 371/16 
44-48 17/4 19 1/g 21 I/g 23 1/g 253/16 | 27 1/4 293/16 | 31 1/4 37 1/4 
50-72 17 3/g 19 3/g 213/g 23 3/g 25 3/g 27 3/g 29 3/3 313/g 37 3/3 
74-88 17 3/g 19 3/g 213/g 23 3/g 25 3/g 27 3/g 29 3/g 31 3/g 37 3/g 
90-112 | 173/g | 193/g | 218/g | 2338/3 | 253/g | 273/g | 293/g | 313/g | 3738/3 

112-120 17 3/g 19 3/g 21 3/3 23 3/g 25 3/g 27 3/g 29 3/8 31 3/g 37 3/g 


SHAFT SPEEDS WITH VARIOUS DIAMETERS OF PULLEY.—Let NV, n = respec- 
tively, rev. per min. of driving and driven shafts; D, d = respectively, diameter of driving 
and driven pulleys, in.; V = velocity of belt, ft. per min. Then DN = dn; D= dn/N; 
d = DN/n; n = DN/d; N = dn/D; V = tDN/12 = adn/12. 


2. CONE PULLEYS 


Cone pulleys for driving machine tools should be so designed that the speeds will be 
in geometrical progression, that is, each speed is the product of the next lower speed and a 
constant multiplier. According to Carl G. Barth (Am. Mach., Jan. 11, 1912) the ideal 
ratio of speeds is V2 = 1.189. 

Three general cases exist in the design of cone pulley drives. 1. Crossed belts. 
2. Open belts, where the pulleys are so far apart that it is unnecessary to compensate 
for the tendency of the changing angle to alter the length of the belt. 3. Open belt, with 
the pulleys so close together that the change in the angle tends to alter the length of the 
belt, which tendency must be compensated. Inasmuch as in crossed belts the length of 
the belt is constant, and with open belts with long center distances, nearly so, it is only 
necessary that the sum of the diameters of the corresponding steps on the mating cones be 
constant. In case 3, the length of the belt is a function of both the sum and difference 
of the diameters of the pulleys and a simple solution is not possible. A large number of 
graphical methods for determining the diameters of the several steps of the pulleys are 
given in Halsey’s Handbook for Machine Designers. A graphical method and a trigonom- 
etrical method derived from it are given by C. A. Smith (Trans., A.S.M.E., x, 269). 
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A slight error, however, in a graphical solution on a small scale may result in a serious error 
in the size of the pulleys, and a mathematical solution is preferable. 

An algebraic solution was derived by William Kent from Burmeister’s graphical 
solution (“Lehrbuch der Kinematic’; Mach’y Reference Series, No. 14, 1908), which give 
results far more accurate than are required in practice. In all cases 0.8 of the thickness 
of the belt should be subtracted from the calculated diameter to obtain the actual diameter 
of the pulley. This should be done because the belt drawn tight around the pulleys is not 
the same length as a tape-line measure around them. 

The algebraic solution of the problem leads to the following equations: 

Let Z = distance between the centers; ro = radius of steps of equal diameter on the 
two cones; 71, 72 = radii of any pair of steps; a = (0.79057 L — ro). If rz is given, 


re = V1.25 L? — (0.79057 L — ro +r)? — 0.79057 L +r. . . . [14] 

If the ratio re + rj is given, let r2/ry = c: ro = cr}. 

We then have ae Oa tee aa ina) neces ote jee ae 15] 
which reduces to Gee) rie 1 2 eae) rit 125" = 2ia2 se ey 1/16) 
a quadratic equation, in which a = 0.79057 L — rp. Substituting the value of a we have 

(1 + ¢)ri? + (1.58114 LZ — 279) (1+ )ri = 3.16228 Lro — 279%, . . [17] 


in which LZ, ro and c are given and 7; is to be found. 

Let Z = 100, c = 4, ro = 12.858. 

Then 17 7; + 10 ari, = 12,500 — 8764.62, from which r; = 5.001, rz = 20.004. 

If c = 3, 71 = 6.304, re = 18.912. If c = 2, 71; = 8.496, re = 16.992. 

Checking the results by the approximate formula for length of belt, viz., Length = 
2L2 + x(ri +72) + (r2 — 71)? + L, we have 


forc = 1, 200 + 80.79 + 0 = 280.79 
2, 200 + 80.07 + 0.72 = 280.79 
3, 200 + 79.22 + 1.59 = 280.81 
4, 200 + 78.56 + 2.25 = 280.81 


The maximum difference is only 1 part in 14,000. 
J. J. Clark Undust. Eng., Aug., 1910) gives the following solution: Using the same 
notation as before, 


env +a(e+l)ri=2arn,'. .. . .. ~. ([18] 
a(e + 1)r.+ La CS) Sipha 6 So ts oS) 
z= (r2 _ 7)? + L? 58 4 3 = * . = - A = [20] 


The quadratic equation [18] gives the value of 71 with an approximation to accuracy 
sufficient for all practical purposes. If greater accuracy is for any reason desired it may 
be obtained by [19] and [20], using in [20] the values of r1 and rz = en, already found 
from [18]. Taking 7 = 3.1415927, the result will be correct to the seventh figure. 

SPEEDS OF SHAFT WITH CONE PULLEYS.—If S = speed (revs. per min.) of 
the driving shaft, 

81, $2, 83, 8n = speeds of the driven shaft, 
D;, D;, D3, Dn = diameters of the pulleys on the driving cone, 
dy, do, d3, dn, = diameters of corresponding pulleys on the driven cone, 
SD, = $§) dy; SD2 = 82 dz, etc. 
81/8 = Di/di = 11; 8n/S = Dn/dn,=Tn- 
The speed of the driving shaft being constant, the several speeds of the driven shaft 


are proportional to the ratio of the diameter of the driving pulley to that of the driven, 


or to D/d. vate ; 
SPEEDS IN GEOMETRICAL PROGRESSION.—If it is desired that the speed ratios 


shall increase by a constant percentage, or in geometrical progression, then r2/r1 = 73/r2 = 


1 = ¢, a constant. 
Tr/Tn t 2 eat 


Tne 1 = Cc 136 = Vrn + 71. 
Exampin.—lf the speed ratio of the driven shaft at its lowest speed, to the driving shaft be 
0.76923, and at its highest speed 2.197, the speeds being in geometrical progression, what is the 
alter GE (ee (BP 
constant multiplier if n Meehan. ro setae 


Log 0.76923 = 1.886056 
0.455774 
ivide by n — 1, = 4, 0.113943 = log of 1.30. 
It Da/dy % 1, then D;/d, = 1 + 1.3 = 0.769; D3/d3 = 1.80; Da/dg = 1.69; D5/ds = 2.197. 


BELT DRIVES 


1. THEORY OF POWER TRANSMISSION BY BELTING 


BELT TENSIONS.—A pulley is driven by a belt by means of the friction between thet 
surface of the belt in contact with the pulley. The driving force is the difference between: 
the tension ¢; in the tight side of the belt and the tension tz in the slack side; that is, 
p = t, — te, where p = effective pull of the belt in pounds. With a given sum of the 
tensions t; + te, the limit of the tractive force p without serious or objectionable slipping: 
of the belt on the pulley depends upon the length a of the belt in contact with the pulley’ 
and upon the coefficient of friction f. @ is expressed in radians. The value of the coeffi-; 
cient f is discussed below. The relation existing between the quantities 4, t2, f and a isi 
expressed by the exponential formula 

ti/tz = ef. 


Carl G. Barth (Trans., A.S.M.E., xxxi, p. 29, 1909) has developed a theory of belting 
which is as follows: In considering the formulas which are based primarily on Taylor’s 
investigations on belting (see below), the following assumptions are made: 1. The pulling 
power of a belt depends on the tension in belt when it is at rest, that is, on the initial ten-: 
sion, 2. The belt in service stretches and thereby decreases the initial tension. The 
stretch is rapid when the belt is first put up and decreases in amount with the age and 
service of the belt. 3. A belt whose initial tension is allowed to fall below a predetermined 
figure will, at a given belt velocity, fail to transmit the desired horsepower. 4. Excessive 
unit tension in a belt will cause it to stretch rapidly and will increase the maintenance and 
other charges relating to it. 5. Heavy belts at moderate tensions will give better service 
than light belts at higher tension. 6. From the standpoint of belt maintenance, the 
intervals during which belts, running at different velocities and transmitting different 
horsepowers, will fall to the minimum allowable unit tension and require retightening, 
should be equalized as far as possible. “Belts that are readily accessible can be taken down 
and retightened more easily than belts in inaccessible locations and, therefore, can be run 
at higher tensions. An initial unit tension of 200 lb. per sq. in. is about the maximum 
that should be put upon a belt if it is to be used under the most economical conditions. 

Notation.—t, = tension in the tight strand of the running belt, lb. per sq. in.; ft. = 
tension in the slack strand of the running belt, lb. per sq. in.; #) = minimum initial tension 
in the belt at rest on its pulleys, lb. per sq. in. This is the tension to which the belt can 
be allowed to fall before retightening. tm = maximum initial tension in the belt at rest 
upon its pulleys, lb. per sq. in. This is the tension to which the belt is retightened. ft, = 
centrifugal tension in belt, or loss in effective tension due to centrifugal force, lb. per sq. in.; 
p = effective pull in belt, lb. per sq. in.; a = are of contact of the belt on the smallet 
pulley, in radians = (7/180) X degrees of arc; f = coefficient of friction between belt anc 
pulley; V = velocity of belt, ft. per min.; e = base of Naperian system of logarithms = 
2.71828; A = a constant, whose values range from 160 to 320 as explained below. 


pr =ity tte) FA ee ee {1}; = Yo tg =A ee) 2 eee [2 

For machine belts A = 240 and 320, depending upon whether the values of fo or tm 
respectively, are being sought, as explained later. For countershaft belts, A = 160 anc 
240, respectively, for values of to and tm. 

The passage of the belt around the pulley develops a centrifugal force in the belt whicl 
decreases the tension in each strand of the belt, that is, the effective tensions are (t; — f¢ 
and (t2 — t-) for the tight and slack strands, respectively. The total friction of the bel: 
on the pulley is the ratio of the effective tensions, whence 


(iy = te) ee — 2) = I ee 
For the expression e!* may be substituted the expression 109-00758f6 where @ is the arc o 
contact in, degrees. This permits the use of the common system of logarithms instead o 
the Naperian system. This equation may be interpreted as: The ratio of the effectiv 
tensions is the number whose common logarithm is 0.00758 f6é. 
The centrifugal tension developed at any velocity is 
t, = 0.000 003 454 V2. 
24-14 
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and the coefficient of friction is found from the equation 
feos T1000 Vf Os ee a eee! 


Combining the foregoing equations 1, 2, 3, 4 and 5, we obtain the equation expressing the 
value of p directly in terms of f, a, A and V as 


_ (ef — 1) (2A — 0.000 010 3672) 
Pp = fa . . . . e e [6] 
aie al 


which may be expressed as 
(109-00758/8 _ 1) (2.4 — 0.000 01036 V2) 
2x 1099-00758 seg eee Be [7] 
The horsepower transmitted then may be determined from the general equation 
H.P. = pV /33,000. 


The value of the initial tension in the belt when it is at rest on the pulleys is connected 
with the formula for p by means of the equation 


tinttial = Wie {44 —p+VGA—p)?—-Op} 2. . . [8] 
which will give values for tp and ty, respectively, depending on whether 240 or 320 is sub- 
stituted for machine belts and 160 or 240 for countershaft belts. If, after having deter- 
mined the values of p, fo and tm, values of t; and ¢: are desired, they may be found by 
equations [9] and [10]. 

FESS UNMCELCEYD) sae Gale She (aie C) 


tos) 3) CAND) oman Mee esis) 1s ee et seen 10] 
These equations are useful if it is desired to determine the initial tension in a horizontal 
belt which theoretically is slightly different from that which should be used for a vertical 
belt, to which equation [8] applies. This tension, however, differs so slightly from that 
of a vertical belt, except in the case of belts of extraordinary length, that there is no prac- 
tical value in determining it separately. This equation for long horizontal belts is 


= = = 2)2 
tinitial = 1/4 [vi + Vip — (¢4=*) } el ae eee ea 1 1| 
5 tite ; 

where C = center to center distance of the belts, in., other notation being as above. In 
using equation [11], p is first determined by equations [6] or [7] and ¢; and ft: are then 

evaluated by equations [9] and [10]. Table 2 has been calculated from these equations. 
In earlier discussions of the theory of belting, two important assumptions were made 
which were found by Mr. Barth to be untrue. ~These were: (a) The sum of the tensions 
in the two strands of a running belt is constant under any variations in the effective pull. 
(6) The coefficient of friction between the belt and its pulley is constant for any given set 
of conditions, irrespective of the velocity of the belt. To replace the first of these assump- 
tions, Mr. Barth proved the theorem ‘‘Under any variation in the effective pull of the belt, 
the sum of the square roots of the tensions in the two strands remains constant,” and for 


p= 


assumption (6) Mr. Barth developed the empirical equation [5] for the coefficient of friction 


which is discussed below. 

COEFFICIENT OF FRICTION.— Early writers and experimenters gave constant 
values for the coefficient of friction between the belt and the surface of the pulley. These 
varied widely. For instance, Morin gave for oily belts, 0.15; for greasy belts, 0.23; for 
wet belts, 0.36; for dry belts, 0.56. The experiments of Towne and Briggs in 1868 resulted 
jn a recommendation of f = 0.42 as the average of the conditions of belt operation. 


~ Releaux gives 0.25, which figure generally has been used in approximate calculations. 


Mr. Barth’s studies of the experiments of Messrs. Lewis and Bird developed the fact 
that the coefficient of friction varies with the velocity of the belt and its value may be 
determined quite closely by equation [5]. Values of f according to this equation, for 
velocities ranging from 0 to 6500 ft. per min., are given in Table 1. 


Table 1.—Values of the Coefficient of Friction of Leather Belts on Iron Pulleys 
(Barth’s Formula) 


V = belt velocity, ft. per min.; f = coefficient of friction 
rE 


V ig v ii v f v f Vigo 
0 0.260 500 0.400 1000 0.446 2000 0.484 4500 0.512 
50 . 285 600 413 1200 458 2500 .493 5000 514 
100 . 307 700 423 1400 466 3000 .500 5500 Burs 
200 . 340 800 ~ 432 1600 473 3500 505 6000 7519 
300 .365 900 - 440 1800 479 4000 .509 6500 -520 
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WORKING TENSIONS.—The formulas developed above, and the tables of horse-- 
power calculated therefrom are not based upon the maximum horsepower that a belt can) 
transmit, or on the smallest size of belt that will transmit a given horsepower. Instead, , 
they are designed to give the size and tension of belt that will give the most economical | 
service, first cost, cost of maintenance and repairs, cost of idle equipment due to belt: 
failures, and loss of power due to excessive tensions all being considered. 

The foregoing theory is based on the following rule: 

For the driving belt of a machine, the initial tension must be such that when the belt! 
is doing the maximum amount of work intended, the sum of the tension on the tight side | 
of the belt and one-half the tension on the slack side will equal 240 lb. per square inch of | 
cross-section for all belt speeds; and for a belt driving a countershaft or one in any other : 
inaccessible location, this sum will equal 160lb. The maximum initial tension, that is, the : 
tension under which the belt is put upon the pulley when it is placed in service and the 
tension to which it is to be retightened as often as it falls to the minimum, must be such | 
that the above derived sum is 320 lb. for machine belts and 240 lb. for countershaft belts. . 
These values represent the constant A in the preceding mathematical discussion. Belts. 
in service should be subjected to regular inspection and care. The tension in them should 
be weighed at intervals and when it falls to the value fp as given in Table 2, they should 
be taken down, and a sufficient amount removed from them to restore them to the original 
initial tension f;. 


2. HORSEPOWER OF LEATHER BELTS 


ARC OF CONTACT.—Equation [3] shows that the pull of a belt, and consequently 
the horsepower transmitted, is a variable depending on the arc of contact of the belt on 
the pulley. If @ = arc of contact, R and r = the radii of the larger and smaller pulleys, 
respectively, L = the center to center distance of the pulleys, all in inches, and @ = 
sin~! (R — r)/L, then, on the large pulley 

6 = (180 Peder. ies: ci <a +u Pate coe nae 


@= (180 —2a)deg.. . . . ; |) 


For crossed belts the value of @ for both pulleys is found by equation [12]. 
The length of belt Zz in contact with the pulleys of open belts is 


Large pulley, Lp = R(r + 0.0349sin“1a@) . .. . . ([I14 


On the small pulley 


Small pulley, Lp = r(r — 0.0849sin“ta). . . . . . [15] 

With crossed belts, equation [14] applies for the large pulley. For the smal] pulley, the 
equation becomes 

Ly = rr + 0.03849 sina) 2 2 Fe. te 


HORSEPOWER OF LEATHER BELTS.—Table 2 has been calculated from the Barth 
equations for both machine and countershaft belts. The are of contact used is the arc on 
the smaller pulley, which determines the amount of power that can be delivered to or by 
the belt. The tables not only show the power that can be transmitted per square inch of 
cross-sectional area of belt, but also the limits of tension between which the belt should be 
used in order to transmit the desired power. The values of initial tension ¢,, are the ten- 
sions to which the belt should be tightened when it is put up, and the values of minimum 
tension ft) are the values below which the tension should not be allowed to fall without 
retightening. 

To use the table, ascertain the arc of contact of the belt on the smaller pulley. by 
means of equations [12] to [16], and in the section of Table 2 most nearly cor1esponding 
to this arc read the horsepower opposite the belt velocity. Multiply the figure so found 
by the cross-sectional area of the belt in square inches. For velocities other than those 
in the table, horsepower may be taken as proportional to the velocity. Similarly, the 
values of the initial and minimum tensions may be taken as proportional to the velocities. 
care being used to observe whether the consecutive values of the tension as given in the 
table on either side of the intermediate velocity are increasing or decreasing due to the 
effect of centrifugal force. 

To ascertain the size of belt that will be required to transmit a given horsepower, find 
from the table the horsepower that a belt of 1 sq. in. cross-sectional area will transmit 
under the given conditions of speed and arc of contact. Divide the figure so found into 
the required horsepower, to find the cross-sectional area of the belt. From Table 5 find 
the maximum width of belt that can be used on the pulleys which are to be used, and divide 
this baat into the cross-sectional area to ascertain the thickness. 

anufacturer’s Ratings.—Tables of horsepower transmitted by leath i 
£1937) issued by belt manufacturers show, as a rule, greater onpesiee Chak the Mets 


(Continued on page 24-19) 
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Table 2.—Horsepower and Tension of Belts per Sq. In. of Cross-section 


Machine Belts 


Countershaft Belts 


o g 4 P=] “4 7 a a. |2 a aaa 
Se |, (2 Jee SS ee Be]. fe lék (Sk BR Fe 
rc} o oO aS a Sal . | oa oO a a nm [Fie 
q z oe] aS]. a z ee RG -.2 + ot ‘28 o 
Pk one EAs | 8s ejay gG2 +2. o |& -| $8 | eset ei) el oes 
2s & lassie s/o es/S egies "| 2 |a84 d/8".di8 diz 8s 
a £ lg eelagcescjescsti] & |S es)oe4]294)3 94/3 8] 
os So [aS NS ESSA Ge oes | & (Sao WAS ol PS oss ol Sa 
S td AS as aan a= aigas ty tS gh esi 
183.75|127.5 | 206.0| 67.9 -T] 0.70 |141.0 | 85.0 | 137.3] 45.3 | 92.0 
2 180.25|124.0 | 209.8| 60.3 5] 1.51 [139.0 | 82.5 | 139.8] 40.4 | 99.4 
3 179.0 [121.75] 211.8| 56.5 3] 2.34 |138.0 | 81.25] 141.1] 37.9 [103.2 
a 178.5 |121.0 | 212.5] 54.9 6} 3.15 |137.75) 81.0 | 141.3] 37.4 {103.9 
'o) 178.0 |120.5 | 212.9| 54.3 .6] 3.78 |137.75| 81.0 | 141.3] 37.3 |104.0 
te: 178.0 |120.5 | 212.8] 54.4 4] 4.38 |138.0 | 81.25] 141.1] 37.8 |103.3 
° 178.25)121.0 | 212.5] 54.9 -67 4.96 |138.25) 81.75] 140.7] 38.7 |102.0 
4 NZ8.5 12085, 22s | 75578 -3] 5.47 |138.75) 82.25) 140.1] 39.8 |100.3 
8 179525) 122).0) | 211 ¢5:).25750 -5] 5.95 1139.0 | 83.0 | 139.4] 41.3 | 98.1 
5 181.0 |124.5 | 209.3) 61.5 8] 6.88 |141.25) 85.5 | 137.0] 46.1 | 90.9 
o 183.5 |127.5 | 206.3} 67.5 -8] 7.40 |143.5 | 88.5 | 133.8] 52.4 | 81.4 
ia) 186.75)131.0 | 202.5} 75.1 -41 7.39 |146.25) 91.75) 129.9] 60.2 | 69.7 
aS 190.0 |135.0 | 197.9] 84.1 -87 6.77 1149.5 | 95.25) 125.3] 69.4 | 55.9 
oa 193. 75)/139.25) 192.7] 94.5 2] 5.46 1152.5 | 98.75) 120.0] 79.9 | 40.1 
(ou 197.75) 143.75) 186.8|106.3 5] 3.37 |156.0 |103.0 | 114.1] 91.9 | 22.2 
185.25)129.5 | 204.2] 71.6 -6] 0.67 |142.0 | 86.25) 136.1] 47.8 | 88.3 
2 182.0 |125.75) 208.0] 64.1 -9] 1.45 |140.0 | 84.0 | 138.6] 42.9 | 95.7 
3 180. 75}123.5 | 209.9} 60.2 af [22.26 1139.0 |82.5 1139.8): 40.5 | 99.3 
a 180.0 123.0 | 210.7} 58.7 .O] 3.04 |139.0 | 82.25) 140.1] 39.8 |100.3 
1S) 79S NIZZIS VATU S728 3] 3.65 |138.75) 82.25) 140.2] 39.6 |100.6 
B 179.5 {122.5 | 211.0} 58.0 .O} 4.23 |139.0 | 82.50) 139.9] 40.2 | 99.7 
° 180.0 |123.0 | 210.8} 58.5 3] 4.78 |139.0 | 83.0 | 139.5] 41.0 | 98.5 
a 180. 25) 123.25) 210.4} 59.3 1} 5.29 |139.50) 83.5 | 139.0] 42.0 | 97.0 
2 180.75) 123.75) 209.8} 60.4 -4] 5.75 1140.0 | 84.25) 138.3] 43.4 | 94.9 
& 182.5 {126.0 | 207.7} 64.7 .O] 6.66 |142.0 | 86.5 | 136.0] 48.1 | 87.9 
184.75}129.0 | 204.8] 70.5 3] 7.16 |144.25) 89.25) 132.9] 54.2 | 78.7 
=» 2 187.75] 132.25] 201.1] 77.8 3] 7.15 |146.75) 92.25) 129.1] 61.8 | 67.4 
£ 191.0 |136.0 | 196.8] 86.5 -3] 6.56 |149.75| 96.75) 124.7] 70.6 | 54.1 
, a 194.5 |140.25) 191.7] 96.6 S529 52275110990. 119576"|580.'8: |) 3858 
- 198.5 |144.5 | 186.0/108.0 0053.26 (156.25) 103.25) 11358) 92.3-1) 21.9 
: 5 186.75|131.0 | 202.3] 75.4 9} 0.64 1143.0 | 87.5 | 134.8] 50.3 | 84.5 
3 F 183. 75|127.75| 206.1] 67.8 53 fel 239 Ate. 085.25)137.53)|545. 55) 915 
8 3 182. 25|125.75) 207.9} 64.1 .8] 2.17 |140.0 | 84.0 | 138.6] 42.8 | 95.8 
4 a : 181.75)125.0 | 208.7}. 62.5 .2] 2.92 1140.0 | 83.5 | 138.8] 42.4 | 96.8 
+ 12) . 181.25}124.5 | 209.1} 61.8 .3] 3.51 1139.75) 83.5 | 138.9} 42.2 | 96.4 
are} ; 181.25)124.5 | 209.1] 61.9 .2] 4.07 |140.0 | 83.75) 138.7] 42.7 | 96.7 
. ° . 181.25}125.0 | 208.9} 62.3 .61 4.60 |140.25| 84.25) 138.3] 43.4 | 94.0 
3 < j 181.75}125.25| 208.5} 63.0 5] 5.09 1140.50) 84.75) 137.8] 44.4 | 93.9 
< 3 3 182. 25|126.75| 208.0] 64.1 39185 S44 1.0 685.25 137 R47 91.4 
4 5 5 184.0 |127.75] 205.9] 68.1 8) 6.42 }142.75| 87,50] 134.9] 50.2 | 84.4 
4 a : 186.0 |130.5 | 203.2} 73.7 5] 6.90 1144.75) 90.0 | 132.0] 56.1 | 75.7 
af A $ 189.0 133.5 | 199.7] 80.7 .O} 6.90 1147.25) 93.75] 128.3] 63.3 | 65.0 
Ss e 192.0 |137.0 | 195.5] 89.1 -41 6.33 150.25) 96.25) 124.1] 71.9 | 52.2 
; a : 195.25/141.0 | 190.6] 98.8 oN SAME [Nise bay O55 1) PAM ae eis) 
2 3 199.0 |145.0 | 185.1]109.8 S24 Salo liao.) (103.50) 15.06.9252) 20,8 
3 aa 0.92 1188. 25}132.75| 200.3] 79.4 | 120.9] 0.61 |143.75| 88.75] 133.5] 53.0 | 80.5 
; 2 2.00 1185.5 |129.5 | 203.9] 72.1 | 131.8] 1.33 |142.0 | 86.5 | 135.9] 48.2 | 87.7 
: 3 3.12 1184.0 |128.0 | 205.8] 68.4 | 137.4] 2.07 |141.0 | 85.5 | 137.0] 45.9 | 91.1 
e 2 4.24 |183.25/127.0 | 206.7] 66.7 | 140.0] 2.80 |141.0 | 85.0 | 137.4] 45.1 | 92.3 
. 5 5.13 |183.0 |126.5 | 207.1] 65.9 | 141.2] 3.37 |140.75) 85.0 | 137.5] 44.9 | 92.6 
Ss 5.99 1183.0 |126.5 | 207.1] 65.9 | 141.2] 3.90 |141.0 | 85.0 | 137.3) 45.3 | 92.0 
d 2 6.82 |183.0 }127.0 | 206.9} 66.3 | 140.6] 4.41 |141.25) 85.5 | 137.0] 46.0 | 91.0 
= < 7.62 {183.5 |127.0 | 206.5| 66.9 | 139.6] 4.89 |141.5 | 86.0 | 136.5] 46.9 89.6 
: 3 8.37 |183.75|127.5 | 206.0] 68.0 | 138.0] 5.32 |142.0 | 86.5 | 135.9) 48.2 87.7 
= & 10.02 1185.5 ]129.5 | 204.1] 71.8 | 132.3] 6.16 |143.5 | 88.5 | 133.8 525) |- Ole 
= = 11.31 |187.5 |132.0 | 201.5] 77.1 | 124.4] 6.63 |145.5 | 90.75} 131.0] 58.1 Wek) 
A 12.12 1190.0 1135.0 | 198.1] 83.8] 114.3] 6.63 |148.0 | 93.5 | 127.5] 65.0 62.5 
= 12.39 1193.0 1138.25] 194.1] 91.9 | 102.2] 6.08 |150.5 | 96.75) 123.4] 73.2 50.2 
— 12.03 1196.0 |142.0 | 189.4]101.2 | 88.2] 4.91 [153.5 | 99.75] 118.7 B2 a7 ap DOL 
, 5000 410.96 |199.75|145.75| 184.1 8 3. 156.5 1103.75] 113.3] 93.3 | 20.0 


(Table continued on following page) 
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Table 2.—Horsepower and Tension of Belts—Continued 


Machine Belts Countershaft Belts 

+ 1 = 5 ‘ : ilies ay e—gieint 

ce Sy |e 2a lee SS [sh [55 

a 8 Paes oad = 3 | he hae 

S g Ee Aas pate) one 2 SENS ee = S 2 
Py a Sdlg— dls 4 £S*| 2 8 .4/S -s/5 3% 
°S a 1) Que A a|a 0-7 om | 2 ca Oat ‘eg rs] A, | 
Ee # lS cla S alse ¢ gal 5 Se o|Sa gies 
28 | 9 (AS 283 02 68 aes) gp jeo ee ee 
250 | 0. 0.0 |134.75] 198.2 14.6] 0.5 32.1| 55.8 | 76.3 

a 500 | 1. 187.0 |131.5 | 201.8 125535 be 134.4} 51.1 | 83.3 
3 0 2. 185, 75|130.0 | 203.7 13120.) 9h. 135.6] 48.8 | 86.8 
&] 1000 | 4. 185.0 |129.0 | 204.5 1332452" 136.0] 48.0 | 88.0 
3) 1200 | 4. 184.75|128.5 | 204.9 134.6] 3. 136.1] 47.8 | 88.3 
‘s | 1400 | 5. 184,75|128.5 | 204.9 134.71 3. 135.9] 48.1 | 87.8 
eo | 1600 | 6. 185.0 |129.0 | 204.7 134.2] 4. 135.6] 48.7 | 86.9 
< | 1800 | 7. 185.0 |129.25| 204.4 133.3] 4. 135.2] 49.7 | 85.5 
2 | 2000 | 7. 185.5 |129.5 | 204.0 134294 52 134.6] 50.8 | 83.8 
Sale 2500 ino: 187.0 |131.5 | 202.1 126.4] 5. 132.6} 54.9 | 77.7 
Fy 189.0 |133.5 | 199.6 118.8] 6. 129.9] 60.2 | 69.7 
A 191.25/136.5 | 196.4 109.2] 6. 126.6] 66.8 | 59.8 
= 194.0 |139.25| 193.2 CP ral iG 122.7| 74.7 | 48.0 
ar 197.0 |143.0 | 188.1 84.4] 4. 118.10} (83. 71193454 
200. 25)146.5 | 183.1 69.2] 2. 11320 1°93. 91S 


Fee ee se ee ry | en en 


191.5 |136.75| 196.0 108.1] 0. 130.7 Lez 200 

3 189.0 |133.5 | 199.5 HS25.0 ee 132.9 2h 7888 

= 187.5 |132.0 | 201.5 124.4] 1, 134.1 .8 | 82.3 

C) 187.0 |131.25| 202.2 126.5] 2. 134.5 10h 8354 

2 186.5 |130.75| 202.6 77153: 134.6 .8 | 83.8 

° 186.5 |130.75| 202.6 127.8] 3. 134.4 odkie3as 

§ 186. 75|131.0 | 202.5 127.4] 4. 134.2 SFA Goes 

187.0 |131.25| 202.2 126.6] 4. 133.8 .5 | 81.3 

3 187. 25|131.75| 201.8 125.3] 4. 133.2 .6 | 79.6 

& 188.5 |133.25| 200.1 120.2] 5. 131.3 50) 7368 

rat 190.5 |135.25| 197.7 113.0] 6. 128.8 5 | 66.3 

= 192.5 |137.75| 194.6 103.9] 6. 125.6 .8 | 56.8 

Gat 195.0 |140.5 | 191.0 93.0] 5. 121.9 .2 | 45.6 

198.0 |144.0 | 186.8 80.3] 4. 117.6 .9 | 32.7 

201.0 |147.25| 182.0 65.8] 2. 11257 .6 | 18.2 

2 .5 | 193.8 101.31 0. 129.2 7G res 

2 190. 75|135.75| 197.1 hiss he 131.2 EE) 

3 189.5 |134.25| 198.9 tesa hie 132.5 = Well) S74 

8 189.5 |133.0 | 199.7 LISA 12s 132.9 .3 | 78.6 
6) 188.5 |132.75| 200.1 120.2] 2. 133.0 a 
“3 188.5 |132.75| 200.2 120.5} 3. 132.9 2 
2 188.5 |133.25| 200.1 12022193; 132.6 aS 
a 188.5 |133.25| 199.9 119.8] 4. 132.2 BS 
@ 189.0 |133.5 | 199.4 118.2] 4. 131.7 6 
E 190, 25|135.0 | 197.8 113.5} 5. 129.9 2 
by 191.75|137.0 | 195.6 106.8] 5. 127.5 9 
A 192.7 98.2] 5. 124.6 x) 
a 5s AG 9 
SS 4, .0 
2) aD 


Table 3.—Service Factors for Belt Installations 
To be used in connection with Table 4 


Servi - 
Type of Equipment ae vi Type of Equipment. ad 
Brick and clay machinery.......... ye Pulp and paper: cs co<cst she se eer oe 1.2-1.4 
Coal mining machines............-. .4 | Pumps and compressors............-. 1.2-1.3 
Cotton @inning yay scien = siecle! <ier ay ING levers atclsneh 8 Cae ea 1.2-1.4 
Fann and blowers), «.0% ccsisisasinsie sien of | Dextiles. § ox sa. ceiseccavapetewie SR Rete ET 1.2-1.5 
Flourand, feed mille. cies cisinis sil erers «3: | Woodworking...) is.iqcask sein ees 1.2-1.3 
ae ee SRO ICIS yo AGIOS Oi is Additional factors for type of motor* 
Metal mining IEE) 110174 [Reversing or tinestart. 35 
Ol feldhurnce Sees 2) See "5 | High-torque A.C. or Compound- 
Printings, -7hceer eee "3 wound DiC. 5 foe Ai oe by ie eee 1.50 


* To be applied in addition to the factors for type of equipment. 
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(Continued from page 24-16) 
in Table 2 


Two reasons exist for this discrepancy. 
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1. Improvements in tanning and in 


methods of manufacture have produced more flexible belts with a higher initial coefficient 


of friction than that of belts 
made prior to 1930. 2. As 


Correction Factors 


noted above, the values of 250 et a AE ache a SB 
Table 2 are based, not on | a0 HA AY pa 
the maximum horsepower hel 7 {aly OpASara 
that can be transmitted by eye | 47 VA Bale: 
a belt, but on the conditions PEI Ae Vy er 
that will give maximum life HAY “vay, 0.80 
of belt and minimum cost 7 a7 AWWA va 
of service. In the use of 7 /4 % A 4, 0.78 
the more modern belts, the ‘3 180 Z A vay AV 
same considerations should = pf SALIH 
apply. = 160 ear 4 

Table 4 is condensed & WA 64nna 
from one issued by the Oe S| ls) aie = CUS Caaaae 
Baer md ft tii eee 
is typical of 1937 belting 3 | | [| VV I/AA SL 2206 AAs aes 
practice. It is used in con. 21-41-17 7 14 £6 3A05RrERr 
nection with Table 3 and 3 AV 
the correction factor chart, 8 100 = HH AAA Gee EEE 
Fig. 1. A belt must be & Hy 4 
proportioned to pull loads & 0 EAA Ae eee Sree 
in excess of the normal rated 8 BBEMCUZZ BEAR ASEaae 
horsepower of the drive. sot LALLA Z a apt 
The increase in horsepower BVWUUZZ GC Ae | [| Rane 
‘depends on the type of load VA Ee lol lel Eo Tee ET | 
and the characteristics of sid Si U/Z3 SRA eSeeRs eee 


the driving motor. Table 3 
gives correction factors for 
various classes of service. 
Fig. 1 gives correction fac- 
tors to be applied to the 
values of Table 4 to com- 
pensate for variation of the 
arc of contact from 180 deg. 


20 


Fig. 1. Factors for Arc of Contact. 
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Difference in Pulley Diameters, in. 


To be used with Table 4 


Table 4.—Horsepower Transmitted by Leather Belting 
(180 deg. arc of contact) 
Norsz.—This table should be used in connection with Table 3 and Fig. 1 


Single Belt Powe Belt we Belt £ Single Belt | Double Belt Triple Belt 
Bal Me- [Heavy Bq} Me = 74 | Me- Me- 
35 ee Heavy Light | ji, am & [Heavy] gi Bhan © | Heavy Se alain | Heavy| Light | EERE | Heavy RAS | Heavy 
s Ft Thickness, in. 2 3 Thickness, in. 
= | 11/64 | 18/64 | 18/64 | 20/64 | 23/64 | 30/64 | 34/64} = | 11/64 | 18/64 | 18/64 | 20/64 | 28/64 [80/64 | 84/64 
am Horsepower per Inch of Width am Horsepower per Inch of Width 
500} 1.0 Wel 1.4 1.6 1.8 2.0 | 2.2} 3400} 5.8 6.5 8.3 OS OR4 | V7 1259 
600} 1.2 1.3 1.7 1.9 Zt 203'||_ 2561 3600) 6.0: |’ 6:7 8.6 | 9.6-)-10.8-] 12.1 | 13.4 
700} 1.3 1.5 1.9 47) 2.4 2.7} 3.0 | 3800 | 6.3 7.0 FO ORG 25) 12.65) 13.9 
800 | 1.5 ede ewe 24a Weed: Sel 3.4] 4000 | 6.5 | 7.2 9.2 | 10.4] 11.5} 13.0 | 14.4 
COON ay oes a zeout 278) 13.0 3.5] 3.9} 4200} 6.7 | 7.4 OPO On T1181) 1383 114.8 
1000 | 2.0 PD) 2.8 a2) 3.4 Sh) 4.4] 4400 | 6.8 | 7.6 See \lee2 Wnloed | ol 5de2 
T2002 3a e226. 3-3 3.72 ie 4.2 4.7| 5.2] 4600} 7.0 | 7.8 | 10.0 | 11.2 | 12.5] 14.0 | 15.6 
1400 | 2.7 3.0 3.8 4.3 4.8 5.4] 6.0 | 4800} 7.1 7.9 | 10.1 | 11.4 | 12.6] 14.1 | 15.8 
1600} 3.1 3.4 4.4 4.9 | 5.4 6.1 6.8 | 5000 | 7.2 8.0 | 10.27) 11:5 | 12.8 | 14:4) 16.0 
1800 | 3.4 DB towe | ae DN | ee 6.8 761 5200'|| 7.2 | 820) 10.2. || 11-5 | 12.8 | 14.4) 16.0 
2000} 3.8 4.2 5.4 | 6.0 6.7 1D 8.4] 5400 | 7.3 | 8.1 10.4] 11.6 | 13.0 | 14.6 | 16.2 
2200} 4.1 4.6 | 5.9 6.6 vps) 8.2 9.2 | 5600 | 7.3 8.1 10.4} 11.6 | 13.0 | 14.6] 16.2 
PANO 454" 4.95] 613) 17.1 | 7.8 8.8} 9.8] 5800 | 7.3 | 8.1 | 10.4] 11.6] 13.0] 14.6 | 16.2 
2600] 4.8 oye 6.7 7.6 8.5 9.5 | 10.6 | 6000 | 7.3 | 8.1 10.4] 11.6 | 13.0 | 14.6 | 16.2 
2800} 5.0 DO 7.2 8.1 910) 1051 | 122 | 6200) 7.2 | 8.0 | 10/2 | 11.5 | 12.8 | 14.4 | 16.0 
3000} 5.3 5.9 7.5 8.5 9.4 | 10.6 | 11.8 ] 6400 | 7.0 7.8 | 10.0] 11.2 | 12.5 | 14.0 | 15.6 
3200 | 5.6 6.2 7.9 8.9 9.9 | 11.2 1 12.3 | 6600 | 6.8 | 7.6 ON7| HOLM Zee A SA0 nlone 
Minimum Pulley Diameter, Belts under 8 in. wide 
Pm miecwlins 112 fo) 24 | Maes. 6 8 leiae 100) a4 
Minimum Pulley Diameter, Belts 8 in. wide and over 
Te Oma 4 S24 |.30 | Sl) VS Ee Eee 24 30 


{ 
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Examrie.—A compressor is to be driven by a 5-Hp. high-torque, line-start motor. Motor - 
pulley, 51/4 in. diam., 1160 r.p.m. Compressor pulley, 20 in. diam. Center to center distance, | 
40in. Required the width and type of belt necessary. | 

The belt speed is 1594 ft. per min., or say 1600 ft. From Table 4, the heaviest belt that can be. 
used on a 5 1/4-in. pulley is a single belt, 13/g4 in. thick. At 1600 ft. per min., the normal capacity 
of this belt is 3.4 Hp. per inch of width. Difference in the pulley diameters is (20 — 5 1/4) = 143/, 
in. From Fig. 1, the correction factor for arc of contact is 0.94. The horsepower transmitted by 
the belt then is 3.4 X 0.94 = 3.2. From Table 3, the service factor for compressors is taken as 1.3. 
Additional correction factors of 1.25 for line start, and of 1.50 for a high-torque motor, therefore, 
must be applied. The rated horsepower of the motor is multiplied by these factors to find the 
maximum horsepower for which the belt must be selected. This figure, divided by the rated 
capacity of the belt, gives the width of belt necessary, as follows: 


5 X 1.3 X 1.25 X 1.50/3.2 = 3.8in., 
or, say, a 4-in. single belt, 13/g4 in. thick. 


Table 5.— Width of Pulley to be Used with a Given Width of Belt 
(Table calculated from Barth’s formulas. See page 24-09.) 


Width of Pulley, Width of Pulley, 
in. in. 


Width of Pulley, 
in. 


Formula, 
PF = 18/x2 B + 8/16 
Formula * 
F = 13/16 B+ 3/g 
Formula, 
F = 13/32 B + 3/16 
Formula * 
F = 13/16 B + 3/g 
Formula, * 
o|F = 13/16 B + 3/g 


Formula, 
F = 13/39 B + 3/16 


* Preferred formula 


3. BELT MAINTENANCE 


Correct maintenance of leather belts requires that tensions be held within predeter- 
mined limits, and that they be cleaned and greased at regular intervals. Further, regular 
inspection of belts and pulleys will indicate when belts should be shortened, and also 
reveal conditions that tend to destroy or damage belts, and permit them to be corrected 
before harm is done. 

BELT BENCH.—A convenient method of obtaining the correct tension in belts is the 
use of a belt bench. This consists of a work bench, of length exceeding the longest center- 
to-center distance of any belt drive in the shop. On the face of the bench are mounted 
two non-rotatable pulleys about 18 in. diameter. One of these is fixed. The other is so 
mounted that it can be moved to any point in the length of the bench, and there locked 
in position. A scale on the bench reads from zero 
at the center of the fixed pulley. The reading on 
the scale opposite the movable pulley is the length 
of the belt that then can be put around the two 
pulleys. 

In using the bench, the movable pulley is placed 
at a point on the scale that corresponds to the 
length of the belt. This length is determined by 
measurement with a steel tape around the actual 
pulleys on which the belt is to be used. The 
belt is placed over the belt bench pulleys, and 
drawn up to the proper tension by belt clamps. 
See Fig. 2. The belt clamps are connected by spring balances, one end of each balance 
being attached to the clamp on the short end of the belt. The other end of each balance is 
attached to a long draw bolt which passes through the clamp on the long end of the belt, Ag 


Fria, 2. Tension Measurement with Belt 
Clamps and Spring Balances 


mae 
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the draw bolts are screwed up by the nuts, the tension in the belt increases and is read on 


$ ; the balances. When the desired tension has been put in the belt, the point where the end of 


the belt overlaps the main part is marked. The proper addition for la 
or deduction for hinge joint is made, and the belt cut off. When the Saint: nb peerea. 
the belt can be placed on the pulleys of the drive, and the tension will be the same as wha 
Oakes te a ee sina balances of the belt bench. 
elts which have stretched in servi 

tension at the belt bench in the same iheneeea SMM Bi ee 

TIGHTENING OF BELTS.—To ascertain the amount that is to be taken out of a 
belt to restore it to its maximum tension, subtract from the maximum tension the tension 
in the belt before tightening. Find the figure corresponding to this difference at the bot- 
tom of the chart, Fig. 3, and run vertically upward on. the chart to the line corresponding 
to the cross-section of the belt. At the left of the chart, opposite the intersection of the ten- 
sion and the area so found, read the stretch per 18 in. of length of belt. Multiply this figure 
by the quotient of the length of the belt in inches divided by 18, or of its length in feet 


Cross Section of Belt in Square Inches 
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Fic. 3. Tension and Stretch of Belts 


divided by 1.5. The result will be the amount that must be taken out of the belt to restore 
it to its maximum initial tension. 

Exampie.—A belt 36 ft. long of 2 in. cross-sectional area shows a total tension of 260 Ib. 
Required the amount by which it must be shortened to restore it to a tension of 360 lb. Increase in 
tension = 360 — 260 = 100 1b. Enter chart on ordinate of 100 lb. tension, and follow it until it 
intersects the 2-in. cross-sectional area diagonal. On the scale at the left, opposite this intersec- 
tion read 3/39 in. Then 

3/39 X 36/1.5 = 21/4 in. = amount to be taken from belt. 


CLEANING OF BELTS.—Every precaution should be taken to prevent belts in ser- 
vice becoming saturated with lubricating oil, or, in fact, from coming in contact at all 
with any kind of oil. If, however, a belt does become so saturated it may be cleaned by 
first scraping it and then packing it in sawdust or other absorbent for several days. A 
quicker method is to pass the belt between rolls, under pressure, thereby squeezing out the 
oil which then may be absorbed by powdered chalk. The surface dirt may be removed 
from belts by wiping them with a cloth moistened with kerosene. This should be done 


in every case before applying belt grease. 


BELT DRESSING.—The use of a belt dressing is to increase the coefficient of friction 
of a belt and thus enable it to pull a heavier load with a given tension. The dressing 
should be applied only when the belt slips during working hours. Belts which are regu- 
larly inspected and whose tensions are maintained in accordance with the figures of 
Table 2 will seldom slip, and need no dressing except the regular cleaning and greasing 
every five or six months. If, however, the belt should slip during working hours as a 
result of neglect or of being subjected to a heavier load than that for which it was intended, 
a dressing should be applied sparingly to enable it to continue to pull its load until the 
machine can be shut down and the belt tightened. 

The Tabor Manufacturing Co., Philadelphia, recommends the cleaning of belts at 
intervals of six months and the application of a grease that will give to the surface a clean 
sticky pulling surface, similar to that which it has when new, due to the oils and grease 
that it contains. The grease in the new belt becomes exhausted after the belt has been 
in service for a certain length of time, as the result of heat, friction and atmospheric 
action, and the application of additional grease is necessary if the belt is to be maintained 
in a soft and pliable condition. The grease recommended is the same as that put in the 
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new belt by the manufacturers and consists of 2 lb. edible beef tallow and 1 Ib. cod liver: 
oil. The tallow is melted and allowed to cool slightly, after which the cod liver oil is 
added and the mixture stirred in one direction until cold. It should be applied in light 
coats by means of a camel’s hair brush, and only in such quantities as the belt will easily; 
absorb. 

The Use of Rosin on slipping belts should be absolutely prohibited. While it may; 
temporarily stop the slipping it will in a very short time ruin the belt. 

TAYLOR’S RULES FOR BELTING.—F. W. Taylor (Trans. A.S.M.E., xv, 204) | 
describes a nine-year experiment on belting in a machine shop, giving results of tests of’ 
42 belts running night and day. Some of the belts ran on cone pulleys and others on: 
shifting or tight-and-loose pulleys. The average net working load on the shifting belts: 
was only 0.4 of that on the cone belts. The experiments are summarized below. 

Belt tensions were weighed on spring balances between belt clamps when the belts were. 
first put on, and when they were retightened. Belts were so proportioned that the initial | 
tension with the belt at rest was 71 lb. per inch of width of double belt, equivalent to the: 
following stresses, lb. per sq. in.: Oak tanned and fulled belts, 192; oak tanned, not fulled, 
belts, 229; semi-rawhide belts, 253; rawhide belts, 284. Conclusions drawn from the 
experiments were: 

Belt speeds for maximum economy should be from 4000 to 4500 ft. per min. The best distance 
from center to center of shafts is 20 to 25 ft. Double belts should be used on pulleys 12 in. diameter 
or larger; triple belts on pulleys 20 in. diameter or larger; quadruple belts on pulleys 30 in. diameter 
or larger. Belts are more durable and work more satisfactorily when made narrow-and thick, 
rather than wide and thin. As belts increase in width they should be made thicker. The ends of 
the belt should be fastened together by splicing and cementing instead of by lacing, wiring or hooks 
or clamps of any kind. A V-splice should be used on triple and quadruple belts and when idlers are 
used. A stepped splice, coated with rubber and vulcanized in place is best for rubber belts. Splices 
in double belts up to 10 in. wide should be 10 in. long. For belts 10 to 18 in. wide, length of splice 
should be equal to the width of the belt. For belts over 18 in. wide, splice should be 18 in. long. 
Belts should be cleaned and greased every five to six months. Double leather belts will last well 
when repeatedly tightened under a stress, when at rest, of 71 1b. per inch of width, or 240 Ib. per sq.in. 
of cross-section, but they will not maintain this tension for any length of time. Idler pulleys work 
most satisfactorily when located on the back side of the belt about one-quarter of the distance from 
the driving pulley. 

The comparative performance of belts proportioned according to ordinary practice, giving a 
total load of 111 lb. per inch of width, and belts proportioned to give a total load of 54 Ib. per inch 
of width, are given in Table 6. 

Belts of any width can be shifted backward and forward on tight-and-loose pulleys. The best 
form of belt shifter for wide belts is a pair of rollers twice the width of the belt, either of which can 
be pressed against the flat surface of the belt on its slack side close to the driven pulley. The axis 
of the roller should make an angle of 75 deg. with the center line of the belt. 

Conditions that Injure Belts.—Belts that are running under improper conditions will 
give certain indications which may be used to identify and correct such conditions. If 
the tension on the belt is higher than it should be, the outside surface of the belt will tend 
to crack. If the laps also open up, the belt probably is too thick for the diameter of the 
pulleys. Ply separation also indicates too thick a belt. A belt cracked and checked on 
the pulley side indicates excessive slip of the belt. If the belt runs against the flange of 
a pulley or runs in contact with improperly placed belt shippers or guides, it will curl and 
the plies will open up on the edge. A belt running in the wrong direction will be indicated 
by the outside points of the laps opening. Dry rot of the belt indicates lack of dressing, 
and oil rot indicates exposure of the belt to lubricating oil. A belt too small for the power 
to be transmitted is indicated by short life both of the leather and of the cement. 


4. BELT JOINTS 


Four methods of joining the ends of belts are in general use, 7.e., cementing or gluing 
(endless belts), rawhide lacing, metal lacing and wire hinge joints. The endless belt is 
recommended wherever it can be used, but it is difficult to readjust the tension without 
taking the joint apart, unless the belt runs on pulleys which are adjustable and can be 
moved apart to compensate for belt stretch. Rawhide lacing, formerly the common 
method of making belt joints, has largely been replaced by the wire hinge joint. Metallic 
lacing is comparatively little used, and is not especially suited to belts running on small 
diameter pulleys. 

ENDLESS BELTS.—The length of splice depends on the width and thickness of the 
belt. Table 7 gives the length of splices as recommended by the Graton & Knight Co. 

For making the joints, belt manufacturers offer special cements, or the following glue, 
recommended by the Tabor Mfg. Co., may be used: Two parts liquid fish glue, one part 

liquid isinglass, by measure. The glue should be applied hot. 
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Before the joint is made the belt should be placed over the pulleys and drawn up to 
the proper tension by means of belt clamps, or it should be measured on a belt bench 
(see p. 24-20). Tension should be measured by spring balances between the clamps. 
When the belt has been drawn up to the proper tension, its length under tension should 
be noted and the proper allowance added for lap. The ends of the belt then are scarfed 
as shown in Fig. 4. The scarfed surfaces should be thoroughly sized with cement or glue 
and the two ends squeezed together between boards, pressure being applied by means of 
screw clamps. In using cement, after sizing, the belt joints are cemented a few inches at 
a time, each application being allowed to set for one half hour before the next section is 
cemented. 

Endless belts should be run so that the feather edge of the splice on the side next to the 
pulley points away from the pulley as the splice approaches it. 


Direction of Motion 
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LACED JOINTS.—The ordinary belt lacing is a strip of rawhide whose width depends 
on the size of the belt to be laced. The ends of the belt are cut square with the edges and 
butted together, after which holes are punched in the two ends with an oval punch, the 
large diameter of the oval being parallel with the sides of the belt. The lacing is started 
at the center, worked over to or 2 side of the belt, back to the opposite side, and is finally 
brought to the center at the point at which it started. The lacing is-carried out as shown 
in Fig. 5. The lacing is parallel to the sides of the belt on the face next to the pulley and 
crossed on the opposite side. Table 8 (A. D. Porter, Railway Age-Gazette, Nov. 4, 1910) 
shows the size of lacing and the punching of the holes for lacing various sizes of belts. 


Table 6.—Performance of Belts under Different Conditions 
Total load per inch of width 


a 111 Ib. | 54 lb. 
Effective pull per in. of width 

65 lb. 26 lb. 
Shorten double belt to restore tension, in. per 10 ft. of belt........... Va 1 
Life of double belt when carefully handled, years................+5+5 7 18 
Cost of maintenance, % -of original cost. ..........0eccesecececcsces 37 14 
Total stretch of belting, % of original length.................-0-005. 6 6 
Stretch during first 6 months, % of total stretch................-+-- 36 15 

Stretch allowable before retightening, % of original length............ 0.47 0.81 

‘Interruptions to manufacture per year...........2ccee sere seen eres 5 0.75 


Table 7.—Length of Belt Splices 


Single Belts Double Belts Triple Belts 
Width of Length of Width of Length of Width of Length of 
Belt, W, End-lap, in. Belt, W, End-lap, in. Belt, W, End-lap, in. 
in. See Fig. 4 i See Fig. 4 in. See Fig. 4 
der 4 4 8 Under 5 8 
we 10 6 12 5-12 12 
Over 10 8 Ww 12-24 Ww 


24 Over 24 2 


Table 8.—Data for Lacing Belts 
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The strength of a laced joint is about one-half that of the belt itself, or about 1000 ta 
1500 lb. per sq. in. 1 Se 

The objections to the laced joint are that it is seldom well made, and that it is difficult? 
to lace a belt so as to maintain the same tension in it on the two edges of the belt. It alsos 
virtually increases the diameter of the pulley at the point at which the joint is in contact; 
with it, since the lacing cannot be made flush with the surface of the belt. The lacing: 
causes the belt on either side of the joint to be raised from the pulley, and destroys thes 
intimate contact of belt and pulley. The joint also is less flexible than the remainder of? 
the belt, and this has a more or less detrimental effect on the belt and the service rendered! 
by it. Belts as a rule fail at or near the lacing. Added to the other objections, the mak-- 
ing of a laced joint is slow and expensive. 

METALLIC BELT LACING consists of a strip of steel cut into a series of Vs. The: 
points of the Vs on each side are bent at right angles to the body of the lacing. The ends: 
of the belt are butted together and a strip of the metallic lacing whose length is equal to. 
the width of the belt is laid across the joint. The points are then driven through the belt, 
clinched on the pulley side, and driven into the belt so that there will be no projections: 
to come in contact with the pulley as the joint passes over it. The metallic lacing pro- 
vides a rapid and cheap means of making a joint, but it is less flexible than the rawhide | 
lacing. It is also difficult to break the joint for purposes of repair without seriously dam-. 
aging the belt at the joint. 

WIRE-LACED HINGE JOINTS.—The most satisfactory method of making a belt 
joint, all things considered, is by the use of wire which is looped through each end of the 
belt in a series of eyelets which project beyond the end of the belt. The eyelets in the 
two ends are brought together and a pin of rawhide is run through them, thus joining the 
ends of the belt and forming a true hinge. The finished joint does not project above the 
surface of the pulley, and as the joint can be bent through an are of about 270 deg. there 
is no diminution in the flexibility of the belt as a whole. Machines for making joints of 
this character are made by the Peerless Belt Lacing Machine Co., Philadelphia, and by 
the Birdsboro Foundry & Machine Co., Birdsboro, Pa. 

The pin should be cut off about !/g in. short on each side of the belt. The strength of 
a joint made in the above fashion is stated to be about 700 Ib. per lineal inch of joint. 
For belts that are to be used in damp places brass, instead of steel, wire is recommended. 


5. ARRANGEMENT OF BELT DRIVES 


ARRANGEMENT OF PULLEYS.—If possible, machinery driven from overhead 
shafting should be so arranged that the belt will make an angle from the vertical of not 
less than 45 deg. Never, unless it is absolutely impossible to avoid it, should driving and 
driven pulleys be in the same vertical line. Care should be taken to arrange the pulleys 
in line with each other, the tops of the crowns being aligned. Otherwise the belt will tend 
to stretch unevenly and to run crooked. Machinery should be so placed that the tight 
strand of the belt will be the bottom strand. If, however, machines are so placed that the 
pull of the belts at alternate line shaft pulleys is in opposite directions, the wear and strain 
on bearings will be reduced. This arrangement of machinery will make one-half of the 
belts drive with the top strand tight. 

The distance between shafts has considerable influence on the 
life of belts. Distances should, as a rule, be made as great as 
possible up to reasonable limits. For narrow belts on small 
pulleys, a good average figure is 15 ft.; for larger belts the 
center line distance should be from 20 to 25 ft., while for main 
belt drives using wide and heavy belts, pulleys should be from 25 
to 30 ft. apart. If the distance is made too great the belt will 
have a tendency to flap and injure itself. 

IDLER PULLEYS.—Belts which are run on pulleys located 
close together are! liable to stretch rapidly and thus lose the 

Fia. 6. Idler Pulley tension necessary to the transmission of the desired amount of 
power. For such cases, and also for belts which are required to 
run for long periods without stopping, an idler pulley, which can be moved against the 
belt to take up the slack and thus increase the tension, will be found desirable. The 
idler should be located about one-quarter of the distance from the driving pulley and 
‘should bear against the slack side of the belt. Its effect is not only to increase the ten- 
‘sion, ies eet ey are e A ree The idler may be so constructed that it can be moved 
agains e belt at will, or it may act automaticall i i 
‘Such an arrangement is shown in Pig. 6. SA ecarnn Rata eT Alf 
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GUIDE PULLEYS.—Where two shafts that are not parallel and that do not intersect 

are to be connected by belting, and the conditions are such as to make a quarter-twist 
belt inadvisable, guide pulleys are used. The function of 
the guide pulley is to alter the direction of the belt and cause 
it to run squarely on to the receiving pulley. The location 
of the guide pulley with reference to the main pulleys is 
determined by the intersection of the planes passing through 
the center of the face of the main pulleys and perpendicular 
to their axes. Thus in Fig. 7, let!A and B represent the 
main pulleys, and xx and yy the planes passed through the 
middle points of their respective faces. These intersect in the 
line CD. Tangents from any two pointsas FE and F on this 
line to the points H and J, and G and K, respectively, on Fia. 7. Guide Pulleys 
the pulleys A and B will determine proper paths for the belt. 
The guide pulleys should be located at the intersection of the tangents HE and EJ and 
FG and FK, respectively, and the plane through the center of the face of each pulley 
should coincide with the planes formed by these tangents. Figs. 8 to 11 show various 
arrangements of guide pulleys. Others will suggest themselves according to the needs of 
each particular case. It is only necessary to observe the precaution that the guide pulleys 
be so placed that they will receive the belt squarely from the main pulley and deliver it 
squarely to the next one. If this be done, the pulleys may be placed in practically any 
location and at practically any angle. 


Bleyation 
Fie. 9 
Drives with Guide Pulleys 


Quarter-Twist Belts.—One of two shafts at right angles to each other and in different 
planes may be driven from the other by means of a belt with a quarter twist in it, providing 


- that the distance between the shafts is not too short. The belt must run squarely on to 


each pulley and the point at which the belt leaves each pulley must lie in the straight line 
formed by the intersection of the planes passing through the center line of the face of each 
pulley and perpendicular to their axes, as shown in Fig. 12. The driving pulley is AD and 
the belt runs in the direction shown by the arrows. The point C at the end of the horizon- 
tal diameter of the driven pulley at which the belt leaves it is set so that it is vertically 
above the point A at the end of the horizontal diameter of the driving pulley where the 
belt leaves that pulley. Should the shafts in question be respectively a horizontal and a 
vertical one the relative arrangement of the pulleys would be the same as shown in the 
illustration. It makes no difference what position the shafts take so long as the leaving 
points of the belts on the pulleys are in the straight line determined by the intersection of 
the two planes as described. The quarter-twist has been used with belts up to as much as 


30 in. wide. There should be a considerable distance between the shafts, however. For 
heavy belts and short center line distances, guide pulleys or mule pulley stands should be 


used. A quarter-twist belt will drive in one direction only. 
Where the quarter-twist belt drives through a floor the location of the holes in the floor 
can be determined by the following method (M. H. Ball, M achy., Sept., 1912) as shown in 


Fig. 13. From the end of the horizontal diameter at which the belt leaves the upper pulley 
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a plumb line is dropped to the floor, and point Z on the floor is marked. Through L are : 
drawn on the floor the lines XX and YY respectively perpendicular to the lines of shafting : 
on which the upper and lower pulleys are carried. The outlines of the pulleys in plan are : 
then traced on the floor, these being aXbdLc and efYghL respectively for the upper and | 
lower pulleys, each being symmetrical about the center lines XX and YY. These center | 
lines, which are the projections of the horizontal diameters of the pulleys, are next divided | 
into eight equal parts, the divisions being numbered as shown. ‘The numbers should start ; 
at the end of the diameters at which the belt runs on the pulley. Next divide the distance | 
in inches between the. 
center lines of the shafts 
by the number of divi- 
sions laid out on the 
pulley, and the distance 
from the center line of 
the upper shaft to the 
floor by the quotient so 
obtained. The latter fig- 
ure represents the num- 
ber of spaces on the 
pulley that the belt at 
the floor will be away 
from the end of the di- 
ameter at which it runs 
on to the pulleys, that 
aS 8. 
Fie. 12. Quarter- Fie. 13. Laying Out Pe! Hole for Tee el a a 
eee uae seat = center with the line JM, 
perpendicular to XX, as aradius strike are MN. The arcis divided into eight equal parts 
and numbered from M to N. The same number of spaces are taken on the arc as were 
taken on the lines XX and YY, and OP is drawn through the point J and the point on 
the are so found, PJ being made equal to JO. This line is the position of the center 
line of one strand of the belt at the floor, while a line parallel to OP through K, and of 
the same length is the position of the center line of the other strand. 

Quarter-twist belts may be used to drive shafts which make angles with one another of 
other than 90 deg., if the rule is observed that the points at which the belt leaves the pulleys 
are in the straight line determined as explained previously. The method of laying out 
holes in the floor is the same as that used for shafts at right angles, except that the are MN 
on the pulley outline extends only to a line drawn from the point J parallel to the face of 
the lower pulley. 

Mule Pulley Stands.—A common arrangement of guide pulleys, known as a mule 
pulley stand, is shown in Figs. 14 and 15. The method followed in locating the pulleys 
and determining the angles at which they are to be placed is as follows: The pulleys which 
are to be connected by a belt are A and B, and they have the relative locations as shown 
in the various views. The center line XX in the elevation is prolonged, and at a distance 
L (see plan) from the line ZZ through the middle plane of the face of the pulley A, the line 
Z'Z' is drawn. Through the point p, the line YY is drawn parallel to XX, and at a dis- 
tance below it equal to the vertical distance between the shafts of the two pulleys. With 
p as a center the circle A’ is drawn with a radius equal to the radius of the pulley A. The 
circles B and A’ are then joined by the tangents TT’ and SS’, which represent the inclina- 
tion of the belt with respect to the pulleys at all points along its length. At the point a 
where these tangents intersect the line ZZ the lines ab are drawn parallel to the line XX. 
The diameter of the mule pulleys having been decided, the point d is set off on ab at a 
distance from ZZ equal to half the diameter of the mule pulley. Through d is drawn the 
line ef parallel to ZZ. This represents the center of the mule stand. The lines gh through 
the point d, perpendicular to the tangent TT’ or SS’ will be the axis of the mule pulley. 
The points ¢ and j are laid off on either side of the point d on the line gh, de and dj, being 
made equal to half the width of the mule pulley. The bearings of the mule pulley will lie 
on the line gh outside of the points c and j, and their position with reference to the center 
lines of the main pulleys can be ascertained by scaling the drawing or by calculation, as 
preferred. If the drawing is laid out to a large enough scale, scaling will be accurate 
enough for all practical purposes. The axes of the mule pulleys will necessarily be inclined 
from the vertical, not only as regards the plane ZZ through the middle of the face of the 
pulley A, as shown in the elevation Fig. 14, but also as regards the plane WW through the 
middle of the face of pulley B as shown in Fig. 15, and this angle will be the same in the 

_two views. Lines through the points ¢ and j parallel to the tangents 7'7’ ard SS’ will be 
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the major axes of the ellipses representing the upper and lower sides of the mule pulleys 
in the two views in Figs. 14 and 15. The position of the center of the mule stand and of 
the mule pulleys in the end view of the drive, Fig. 15, is determined in exactly the same 
Manner as the similar points in 
the elevation in Fig. 14, and no 
further explanation is necessary. 
The various points in Fig. 15 are 
designated by the same letters as 
the corresponding points in Fig. 14, 
and the same explanation will 
apply. 

If it be borne in mind that 
the governing principle of mule 
pulley drives, and in fact of all 
drives where the belt joins two 
pulleys that are not in the same 
plane, is that the belt must be de- 
livered squarely on the pulleys, but 
that it can leave them at any angle 
within reasonable limits, it is evi- 
dent that the mule pulleys can be 
placed in any location desired. If 
local conditions make it advisable, 
the mule pulleys can be so placed 
as to require the belt to leave either 
or both of the main driving pul- 
leys in a horizontal position. The 
method of laying out the drive is 
the same in any event. The only 
variation will be in the relative 
length of the dimensions LZ and L’. 
The sum of these is taken and the 
position of the circle A’ is then de- 
termined as before. The angle of 
the pulleys will be the same, as will 
be the length of the belts. 


Mule Pulley Drive 
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The fact that it is possible to vary the position of the mule pulleys without affecting 
the working of the drive makes it possible to place both mule pulleys on the same shaft. 
Referring to Fig. 14, if the belt travels in the direction of the arrows, it is evident that if 
the lower mule pulley be moved in the direction that the belt travels, the belt will still be 
delivered squarely to pulley B. It will, of course, leave pulley A at an angle, but this will 
have no effect on it if the mule pulley is maintained at the same angle as before, since the 
belt will still be received squarely by the mule pulley. If the distance between the axes of 
the mule pulley shafts is not excessive, the lower mule pulley may be moved until the two 
shafts are in line, as regards Fig. 14. They will, however, still be out of line as regards 
Fig. 15. By the same process of reasoning as before, however, it is evident that the upper 
mule pulley can be similarly moved in the direction of the belt travel until its axis is in 
line with that of the lower pulley in Fig. 15. The axes of the two mule pulleys then will 
coincide, and in their new locations they can be mounted on the same shaft. 

The above considerations apply to drives where the main pulleys are of the same 
diameter. If they are unequal, the shafts of the mule pulleys will lie at different angles 
and the pulleys must be mounted on separate shafts. The location of the shafts is deter- 
mined by the same method as described above, however, the only difference being that 
the axis of the upper mule pulley is determined by the perpendicular to the tangent TT’, 
Fig. 14, while that of the lower one is determined by the perpendicular to the tangent SS’. 
These tangents in this case will not be parallel. Otherwise the construction is the same 
as for drives with main pulleys of equal diameter. 


6. SHORT CENTER DRIVES 


Belt drives with flat belts, between shafts whose center lines are but a short distance 
apart usually prove unsatisfactory unless provision is made to increase the tension in the 
belt or to give a greater arc of contact on the driving pulley. Increased tension and 
greater arc of contact may be obtained at the same time by a weighted floating idler 
(see p. 24-24). Increased tension which automatically adjusts itself to the load is obtained 
by means of the Rockwood drive (see below). Since 1930 the drive known as the V-belt 
or Texrope drive has come into wide use for short center drives. Both the V-belt drive 
and the Rockwood drive may be operated with the driving and driven shaft located in the 
same vertical plane. 

V-BELT DRIVES.—The V-belt drive consists of one or more endless belts constructed 
of cotton cords and fabric impregnated with and imbedded in rubber, and of trapezoidal 

cross-section. These run on sheaves 

--—==F with V-shaped grooves on the periph- 

ery. The angle of the groove depends 
on the service in which the belt is to be 
used, and manufacturers of V-belts 
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able 9 an ig. give the dimensions for the sh i i ‘th. the 
Pa owoerdelpe gies od eaves used in connection with the 
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Table 9.—Dimensions of Cast-iron Sheaves for Texrope Drives 
2 to 25 Horsepower. 21/39 X 7/1g-in. Texrope 
(Allis-Chalmers Mfg. Co., Milwaukee, Wis.) 


2-Groove. U= | 3/4-in. Face 3-Groove. U = 21/9-in. Face 4-Groove. U = 31/4-in. Face 
at's 3/3 s/3 4 
Slal v | wi] x Fao los aly ae i Woe ex Yl reba ale Wo Xx Vaike 
E ar Els E 
23 a 3 E 31s 3 
(2) | a CA I eed C4 (=) Roe Z\5 2 
4 N13 te! * /28/g | avcex 11JN] 3.1/9 * | 238/g| 8/4 | 131N] 31/2 28/8 1/2 14 
SEG) INS for) ie) 28/9 (unas 12]N| 31/2 x 23/g} 3/4 | 14[N ye 5 Aris Ve 15 
SBI NI 3t/o] “ | 28/3 bax... 13]N| 31/2 i 23/g} 3/4 | 15{N 312 i ak Wee 16 
6.0)/N]31/o] * |28/g]-..... l4/N] 31/2] © [28/3] 8/4} 16)N 312 : 23/8 11/p 17 
6.2|N} 31/9] .* |28/g}...... 15]N| 31/2 : 23/g] 3/4] 17)N 34/2 fs 23/8 1/2 18 
GAIN | 32/9) * |28/s}...... 16/N] 31/2] * | 28/g] 8/4} 18)N 31/2 : 23/3 11a 19 
6.6|N | 31/9 = DSS Bbc isers 17] N| 31/2 ¢ 23/3 3/4 | 19IN 31/2 ee eis A 20 
6.8)N|31/o| * |238/g|...... 18]N| 31/9 * | 28/g| 8/4 | 201N 31/2 : 28/5 1/2 21 
TOM PL /a eas | 28/e hives. 19]N| 31/9 23/g} 3/4 N 31/2 : 2/3 1/2 22 
8.6) R| 41/g | 57/g | 28/g]...... 22|R| 41/g | 57/g | 23/g| 3/4 R| 41/g | 57/g | 23/g} 11/9 | 30 
11.0] R | 41/g|57/g|23/g|...... 30] R| 41/8 R 41s 57/8 23/s Ve . 
13.6] R | 41/g | 57/g | 23/g]...... 35] R| 41/3 age ue aus ie 3 
16.0] R | 41/g|57/g|23/g|...... 45] R| 41/8 4 41s 57/8 23/8 be - 
20.0] R | 41/g | 57/g | 23/g]...... 55] R} 41/8 B re Ape A /3 (16 ie 
25.018 |48/4|61/o/3 ~~ ‘|...... 75| S| 48/4|61/2|/3 ~~ ‘|...... 3/4 61/3 : Vg - 
» Ss 43/4 oi : nPehe ses 2 ie hanes Bi 6/2 : 1/8 be 
|S 4 C9 ewe Cees AUG LOTS ere lhioreisiers 
; 5-Groove. U = 4-in. Face 6-Groove. U = 43/4-in. Face 7-Groove. U =51/p-in. Face 
5.4|/P|3l/o| * 13 15/g | 17)P a3 23/8 P]31/o| * [3 31/g | 21 
5.6|P|31/o| * |3 15/g} 18]P ‘ : ae piace : ; aan 2 
ood : ; de aly a3 pak B 31/9 gnie) 31/3 24 
ee he ; Heh: 4 P <3 23/6 241 P|31/o| * |3 31/3 | 26 
eels ee 3 ae 23| P * 13 23/g| 25)P|31/o| * 13 31/g | 27 
ase ie P *El3 23/g| 27)P|31/2| * |3 31/g | 28 
Reba bare tem WA a3 23/3 ZONE ty ole ame |p 31/g | 30 
Ere pf * : es Ale * 13 23/8 30) P}31/o} * 13 31/g | 32 
te 5 fete 31/2 |3 Hee 35] 51/2|3 | 23/g| 40} 8 hee 62 ; 31/8 - 
‘ 43/4 2 8 
11.0] S | 43/4 | 61/2 | 3 15/g | 451 S Ss : 
13.6| S| 43/4 | 61/2 | 3 15/g | 651S ike ha 5 Ae nt 
16.0} S| 43/4] 61/2] 3 15/g | 751.8 : ae ae : eins 
20.0} S| 43/4] 61/2 | 3 1/2 | 90] S Sh eal ae 
esi) 1 yal Id A | Re ae pel eae ete 
aberlesctrin la ko 210) T153/s[71/3|4 | 3/4 [250 
i 8-Groove. U = 61/4-in. Face ee , SS 
ee et ialaisic|.= [4 laecladalsie| © |4 |asie| 2s 
: * 35/3| 21Q]31/2/ * [4 | 43/s| 29 
5.8/Q/31/o| * 14 27/g| 27/Q| 33/2) * |4 8 2 vee 
35/3 | 301Q| 31/2 4 43/8 
6.0/Q|31/2| * |4 | 27/3| 291Q) 31/2 4 Pol amy 
hed i : au aula Fane : j Ant Al Ae * 14 4a7 33 
te Q wi " 4 28 33]Q| 31/2] * |4 |35/3| 341Q] 31/2] * | 4 Ae - 
: 35/g | 364Q/}31/o) * | 4 8 
6.8 Zone 4 27/3 | 344Q| 31/2} * |4 
7.0 Q 31/o| * |4 27/g | 351Q|31/2| * |4 35/g| 381Q|31/2| * |4 48/3 ee 
8.6] T | 53/g | 71/3 | 4 27/g | 50) T| 53/g | 71/8 | 4 35/8 abe ety oe , He ce 
i 4 35/8 8 8 
11.0] T | 53/g | 71/g | 4 27/g | 65) T| 53/g | 71/8 ge bes 
4 35/g| 951 T| 53/g | 71/g| 4 /8 
13.6| T}53/g}71/g| 4 27/g | 90} T| 5 3/g | 71/8 ria WH 43/6 (125 
1/g}4 | 35/g [120] T | 53/g | 71/s 8 
16.0| T}53/g/71/g/4 | 27/3/10) T| 53/3 | 7 3/g/71/g/4 | 17/g {150 
1/g | 4 1 1/q [145] T| 5 3/g | 71/8 8 
20.0| T}53/g|71/g|4 | 11/g |135] T| 5 3/g | 7 ied Fe ae (abe 
4 1 1/g |175) T| 5 3/g | 71/8 /8 
25.0| T | 53/g | 71/8 | 4 11/g |165} T| 5 3/g | 71/8 ‘dealt ean 
11/g |205] T} 5 3/g | 71/8 /8 
‘0/7 |53/g|71/8|4 | 141/g |195)T] 53/3 | 71/8 | 4 : 
38.0 T 3a 71/3 | 4 1 1/g |265] T| 5 3/g | 71/3 | 4 11/9 |280| T | 5 3/g | 71/814 17/3 1295 
* No hub. 
i P Q R 8 T 
t Bushing Class.......6-+-2+ereeeeeees My = Ph She b/s 5/3 
Smallest Bore, in..........- see eeeeee A oe ay 4 31/9 4 
Target, Bore lives sirieiseutosi vie sin ees ayore 21/2 /2 2 
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are a speed-up factor of 1.2 and a reversing service and line-start motor factor of 1.2. 
Both these factors are applied in addition to the overload factor if the conditions of the 
drive require them. A service overload factor, depending on the application of the drive, 
may be applied instead of the overload factor given above. Service factors are given in 
Table 10. 

Texropes are made in the following sizes of cross-section, the first figure denoting the 
maximum width and the second the thickness: 1/2 & 11/39 in., 21/39 & 7/16 in., 7/3 X 17/39 
in., 11/4 & 3/4in., 11/2 X 1 in. Selection of the correct drive is made from voluminous 
tables issued by the manufacturers of V-belts, Tables 11 and 12 being typical of those 
issued for drives of from 2 to 25 Hp., using cast-iron sheaves. Table 11 gives center dis- 
tancés that are available at various speed ratios of driving and driven sheaves with Texrope 
drives of the class noted, and also the serial number of the belt that can be used. At the 
top of each column of center distances the letters A, B, C, and D, refer the user to corre- 
sponding columns in Table 12, in which will be found the horsepower that can be trans- 


Table 10.—Service Factors for Texrope Drives 
Type of Machinery |Service Overload Factor: Type of Machinery Service Overload Factors 


Brick and clay......... Oil fielder gases heer kk 1.2 to: 1.5 
Coal mining Mibesaievetaleve evs Pulp and paper........ V.2to 154 
Cotton ginning......... Printing. 2 56 26 2 as 2x), 1.0 to 1.3 
Fans and blowers...... Pumps and compressors 1.2 to 1.3 
Flour and feed mill Rock crushing......... 1.2 to 1.4 
Laundry Suis ieee cisa clots Textile y.gettee ccleskerte Le2 tavles 
Machine tools......... Woodworking......... 1.2 to 1.3 
Metal mining.......... 
Table 11.—Center Distances and Texrope Serial Numbers 
2 to 25 Horsepower. 21/32 X 7/1g-in. Texrope. 2 to 10 Grooves 
(Allis-Chalmers Mfg. Co., Milwaukee, Wis.) 
=| el ee Ee Ei & E EI g 
gi Cb siecl al dimer g|_ S$] s| s}] si-¢s] gs 
S/oZ] Slozl Slos| Sleoz S1e4] Slozl Soa] Sloe 
galfs|ce]e3 (fal s3|2ales |Sslee ls 3] Sale el Sales] bs |e S| 8s 
SalS SH S/ES RE GB REE S/R ESS lee HEJES/RElEEIRE IES RG 
BOAR AOA [AA SARAISA lAalee Salada [Salsa lsalea [sales 
A B Cc D A B c D 
1.00} 8.1} B35! 11.9 16.1] B51] 20.6] B6Of 2.58/12. 3| B60 |16.3| B68 |20.21 B75 127 
1,03] 8.3] B35] 11.8 16,3} B51] 20.8] BOO} 2.67|12. 4] B60 }16.7| B68 120.31 B75 |28 aca 
1.07} 8.4] B35] 12.2 16.4! B51] 20.9] B6Og 2. 76/12. 5] B6O [16.9] Bos |20.5| B75 |28 2] Roo 
1.10} 8.6] B35] 12.4 16.6} B51] 21.1] B6Of 2. 86/12. 6| B60 |17.0| Bos {20.6 B75 {28 3] R90 
1.14] 8.7] B35! 12.5 16, 8| B51} 21.3) Boog 2, 96/12. 8| B6O ]17. 1] Bos |20.9 B75 128.5] B90 
1.16] 7.9] B35] 11.5 16.0} B51] 20. 4] B60} 3.03/15. 8] B75 [23.9] B90 [31.6 B105]39 
1.19} 8.8] B35] 12.4 16.9| B51] 21. 4| Boo 3. 13|16.0| B75 24-0] B90 318 Bios 30a Biae 
1,21] 8.1] B35] 11.6 16, 2| B51} 20. 6| Boo} 3. 23/16. 1| B75 [24.1] B90 [32.0 B105139 5 B120 
1.23] 9.2] B42] 13.9 18. 4| B60] 22. 4) Bos} 3. 33/16. 2/ B75 [24.3] B90 32. 1/ B105|39_ 7] B120 
1,26] 9.6] B42] 14.1 18. 6| B60} 22. 6| B68 3. 45/16.3/ B75 24.4! B90 132.2 B105/39.8| B120 
1.30] 9.8} B42] 14.2 18.7} B60} 22.8) Bost 3.58/16. 4] B75 124.5] Boo 132 
; : : : ‘ 41 B105 
1,34] 9.9] B42] 14.4 18.9} B60} 22.9] Bos} 3.71/16. 5| B75 124.8] B90 132.6 B105 abuse 
1.39/10.0| B42] 14.6 19.0] B60} 23. 0) B68f 3.79|18. 5) B90 }26. 8] B105134. 7 B120/46.9| B14 
1.43/10. 1] B42] 14.7 19.2} B6O} 23.2) Bosy 3.91/18. 7) B90 |27. 0] B105/34.8| B120147.21 B14 
1.48/10. 3) B42] 14.8 19.3] Boo} 23.4) Bost 4.03/18. 8) B90 |27. 1) B105/34.9| B120147. 4 B144 
1.54110.5] B42] 14.9 
1,59/10.7| B42] 15.2 re Bio 23.8 ve a i9 Q 390 7 ‘ ate ie Bia ie ae 
1.62/12.0] B51] 16.6 20.6] B68} 24. 1] B759 4.47\19.1] B90 |27. d 
; ; .6| B105}35. 4 B120147. 81 B144 
1,67|12.1] B51] 16.7 20.7] B68} 24. 2| B759 4. 63/19.3| B90 |27 9 
. ; . 8) B105]35. 5| B120 
1,72]12.3] B51] 16.9 20.9| B68} 24. 4! B75] 4, 69/21. 5) B105]29. 8] B120142, 6 B144 ioe Se 
1.77}12.5| B51] 17.1 21.1] B68} 24.6] B75¥ 4. 84/21. 6| B105]29. 
: ‘ . 9| B120)42.7/B 
1.83 4 ue at Bs ah BE 5.0021. 7} B105}30. 2| B120142 ie BS dues 
-90] 12. .8| B75} 5.17/21. 9] B105130. 3] B120143.21B144 
1,96/12.8] B51] 17.4 21.4] B68] 25.0] B75 5.37/22.0] B105 : ay ule 
: : 30. 4] B120]43.3| BI 
he 12.9] B51] 17.6 21,6) B68} 25. 1) B75] 5, 56/22. 2| B105]30.5| B120143. 4 Bla io: 5 aus 
.06]14. 4] Boo} 18,5 22.1) B75] 29.6] B9OR 5.76/33. 6] B14 ' 
F % ‘ 4141.3) B158149.9 B 
22614: 6| Bo] 18.7] Bed 22:5] Bye] 299) Boed or ioe 9) Baal a 5] B15ah50. 03171539 iso 
A : i é .3) B144]41.7) B158150. 1 BI 
2.27/14.7] B6o} 18.9 22.4 73133.3 B180 
et edn a aie aa B90} 6.33/34. 5] B144141. 8] B158/50. 2 B173153.6 B180 
pa 0.1) B90} 6. 55/34. 7] B144]42. 0] B158|50.3| B173(53. 71 B180 
Ps iaaleee, He He oe ae B75] 6.78)34.9] B144}42.2 B158/50. 4 B173]53.9| B180 
/ E 7.04/35.0| B144142. 4] B158/50. ——_—_—_ ON BOA 2.918754 7. 04135.01 B144142. 41 158150, 817315401 B180 
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mitted per single Texrope at the given motor speed and selected center line distance. 

This figure for horsepower is divided into the horsepower required for the drive, the quo- 

tient being the number of Texropes that must be used. Since a fraction of a rope cannot 

be used the next higher integer must be taken when the quotient is a fraction or a mixed 
Table 12.—Horsepower of Texrope Drives with Cast-iron Sheaves 


2 to 25 Horsepower. 21/39 X 7/ig-in. Texrope. 2 to 10 Grooves 
(Allis-Chalmers Mfg. Co., Milwaukee, Wis.) 


Sheave 


Dianieters, 2 Motor Speed, 1730 r.p.m. | Motor Speed, 1140 r.p.m. | Motor Speed, 850 r.p.m. 
in. a Da. Center Distance De Center Distance poe Center Distance 
3 Z Fervor See Table 11 aes See Table 11 ercae See Table 11 
= 5 3 A; | Bi Lc D |Shaft| A |B Cc D 
A fa nN Horsepower per Texrope 
6.4 6.4) 1.00 3.13|3 3: 3 1140 |2.18)2.18)2.18)/2.18}] 850 41.62/1.62)1.6211.62 
O52 6.4)1.03] 1677 |3.05)3.05|3.05)3 1104 |2.11)/2.11)2.11/2. 11} 823 $1.58)1.58/1.5811.58 
6.0 6.4/1.07) 1622 |2.97|2.97|2.97|2 1069, |2.03)2.03)/2.03)2.03] 796 }1.53/1.53/1,5311.53 
5.8 6.4)1. 10] 1568 |2.86)2. 86)2. 86/2 1033 |1.93]1.93)1.93/1.93) 770 |1.4811. 48/1. 48/1.48 
5.6 | 6.4/1.14) 1514 |2.79|2.79\2.79|2 997 |1.86)1. 86/1, 86/1. 86} 744 11. 43/1. 4311. 43/1. 43 
6.0 | 7.01.16] 1483 |2.91}2.94)2.94)2 977 |1.99)2.01)2.01}2.01] 729 |1.50/1.52/1.5211.52 
5.4 6.4)1.19) 1460 |2.70|}2.72)2.72/2 962 |1.77/1.79}1.79}1.79] 717 41.37/1.39)1.39}1.39 
5.8 7.01.21] 1433 |2. 83/2. 86)2. 86/2 944 |1.91/1.9311.93)1.93) 704 1. 46/1. 48/1. 48/1. 48 
7.0 8.6) 1.23] 1408 |3. 30/3. 34/3. 34/3 928 |2.34/2.37)2.37|2.37] 692 |1.73)1.74)1.74]1.74 
6.8 | 8.6|1.26] 1368 |3.22)3.22)3.26)3 902 |2.28)2.28)2.30)2.30} 672 |1.68)1.68/1.69/1.69 
6.6 8.6)1.30] 1328 |3. 12/3. 15}3. 18/3 875 |2.18)2.21}2.23)/2.23] 652 41.62)1.64]1.6511.65 
6.4 8.6) 1.34] 1288 |3.04/3.07|3. 10/3 848 |2.12/2.14)2.16)2. 16} 633 }1.57/1.5911.60/1.60 
6.2 8.6}1.39] 1247 |2.96)2.99)2. 99/3 822 |2.0512.07/2.07/2.09] 613 |1.53)1.55/1.55)1.57 
6.0 8.6) 1.43} 1207 |2.85)2.91/2.91/2 795 |1.9511.99/1.9912.01} 593 1.47/1.50/1.50/1.52 
5.8 8.6|1. 48) 1168 |2.78)2.80)2. 84/2 768 |1.87)1.89)1.91/1.93] 573 |1. 4311. 4511. 46/1. 48 
5.6 8.6)1.54) 1127 |2.71|2.74|2.76)2 742 |1.81/1.82)1.85/1.85] 553 11.38/71. 40/1.41/1.41 
5.4 8.6}1.59] 1086 |2.62)/2.67)2.70)\2 716 |1.72)1.76)1.77)1.77] 533 |1.33)1.36)1.37)1.37 
6.8 |11.0}1.62] 1069 |3.13)3. 16/3. 19/3 704 |2.20|/2.23/2.25)2.28} 525 |1.63/1.64/1.66/1.68 
6.6 |11.0)1.67] 1038 |3.05/3.08)3. 12/3 683 |2.14/2.16/2.18)/2.21] 510 |1.59/1.60/1.62/1.64 
6.4 |11.0)/1.72] 1007 |2.94,3.01/3.04/3 663 |2.05|2.10)2.12)2.14) 494 11.52)1.56/1.57/1.59 
6.2 |11.0/1.77] 976 |2.87|2.93)2.96|2 642 11.98) 2.03)2.05)2.05} 478 |1.49)1.52)1.53/1.53 
6.0 |11.0/1.83} 943 |2. 80/2. 85/2.838/2 621 |1.91]1.95)1.97)1.97] 463 |1.44/1.47/1.49/1.49 
5.8 |11.0/1.90] 912 |2.72)2.75)2.80/2 601 |1. 83/1. 85)1.89)1, 89) 448 |1.40/1. 42/1. 45)1.49 
5.6 |11.0/1.96} 881 |2.62)2.68)2.71)2 580 |1.75)1.79}1.81)1.82} 433 |1.34)1.37/1.38)1.40 
5.4 |11.0/2.04] 849 |2.56)2.61/2.64/2 560 |1.68)1.72)1.74)1.76] 417 {1.30]1.33/1.34/1.36 
6.6 |13.8/2.06] 840 |2.95/3.02/3.05/3 553 |2.07/2.12)2.14)2.18] 412 |1.54)1.57]/1.59)1.62 
6.4 |13.6/2.13] 814 |2. 88)/2.94)2.98/3 536 |2.01}2.05)2.07|2.12} 400 }1.49/1.52/1.54/1.56 
6.2 |13.6)2.20] 788 |2.81/2.87/2.90)2 519 11.94)/1.98/2.01/2.03} 387 |1.45]/1.49}1.50/1.52 
6.0 |13,6)2.27] 763 |2.73/2.80)2. 82/2 503 |1.87/1.91)1.93)1.95} 375 J1.41/1.4411. 45/1. 47 
5.8 |13.6/2.35] 738 |2.66)2.72)2.75)2 486 |1. 80/1. 83)1.85)1.87) 362 }1.37|1.40)1. 42/1. 43 
5.6 |13.6/2.43] 713 |2. 46/2. 60/2.65)2 469 |1.6411.73]1.77/1.79] 350 |1.25/1.33/1.35}1.37 
5.4 |13.6/2.52] 687 |2.39/2.53)2.56)2 453 |1.57/1.67/1.68)1.72} 337 J1.22)1.29)1.30/1.33 
6.2 |16.0)2.58] 671 |2.66)2.75)2. 81/2 442 |1.84/1.90)1.94/2.01] 329 |1.38)1.42)1.45/1.50 
6.0 |16.0/2.67] 649 |2.59]2.68)2.73)/2 427 |1.77)1.83)1.87)1.93} 318 |1.33)1.38)1.41/1.45 
5.8 |16.0/2.76] 627 |2.52/2.61/2.66)2 413 |1.70/1.76)1. 80/1. 85) 308 |1.30)1.34)1.37)1.42 
5.6 116.0/2.86] 606 |2.43/2.54/2.60)2 399 |1.62)1.69)1.73)1.79] 297 }1. 24/1. 30)1.33]1.37 
5.4 |16.0]/2.96] 584 |2.37)2. 48/2. 53/2 384 |1.56)1. 63)1.67}1.70} 287 Ji. 20/1. 26)1.29)1.32 
6.6 |20.0/3.03] 571 |2.76)2.92)2.99/3 376 |1.94}2.05}2.09}2.14) 280 }1.44)1.5211.55/1.59 
6.4 20.0)\3.13} 554 |2.69)2. 85/2.91/2 364 |1.88)1.98/2.03)2.07] 272 |1.39)1.48)/1.51/1.54 
6.2 |20.0|3.23] 536 |2. 62/2. 78/2. 84/2 353 |1.82)1.92/1.96)2.01} 263 |1.36)1.44/1.47/1.50 
6.0 |20.0/3.33] 519 |2.56/2. 70/2. 76/2. 342 |1.75/1. 85) 1.89/1.93] 255 J1.32/1.39/1.42)1.45 
5.8 |20,0)3.45) 502 |2. 49/2. 63)2. 69/2. 330 11. 68/1.78/1. 81/1. 85] 246 J1.28)1.36)1.39)1.42 
5.6 |20.0/3.58] 484 |2.43)2.57)/2.62)2. 319 11.62/11. 71/1. 75)1.79] 238 11. 24)1.31/1.34)1.37 
5.4 |20.0/3.71] 467 |2.37|2.50)2. 56)2. 307 |1.56/1.65)1.68]}1.72] 229 ]1. 20/1. 28/1. 30/1.33 
6.6 |25.0/3.79] 457 |2.70 2: 86/2:95 3, 301 |1.89}2.00)2.07|}2.12] 224 }1.40)1.49/1.54)1.57 
6.4 |25.0/3.91] 443 |2.63/2.97/2. 88/2. 292 11. 83]1.94|2.00|2.05] 217 ]1.36]1.44/1.49)1.52 
6.2 125.0/4.03] 429 |2.56/2.72/2.81|2. 282 |1.77/1.88)/1.94/1.98] 210 |1.33/1. 41/1. 45/1. 49 
6.0 |25.0/4.17] 415 |2.47)2. 65/2. 73)2. 273 |1.69}1. 81/1. 87/1.91} 204 [1.27)1.36)1.41)1. 44 
5.8 |25.0/4.32} 401 |2. 40/2. 58/2. 66)2. 264 |1.62/1.74/1.80)1.84] 197 |1. 24) 1.33/1.37)1.40 
5.6 |25.014.47] 387 |2.34)/2.51}2.57)2. 255 |1.56/1.67/1.71/1.77] 190 |1.20/1.28)1.31)1.36 
0/4. 63} 373 |2.28)2. 45/2. 50/2. 246 11,5011. 61/1.65)1.70] 183 ]1. 16)1.25)1.28)1.32 
274 Bla 68 369) |'2.57|2.72)2. 85/2. 243 11.7911. 90)1.99/2.03} 181 J1.33)1.41/1.48)1.51 
6.2 |30.0/4.84] 358 |2.50/2. 65/2. 78)2. 235 11.7311. 84/1.92}1.97] 175 |1.30)1.38]1.44)1.47 
6.0 |30.0|5.00] 346 |2.44/2. 58/2. 70/2. 228 11.67/1.77/1.85}1.89] 170 }1.26)1.33/1.39/1.42 
5.8 |30.0|5.17) 334 |2.37/2.51/2. 63)2. 220 |1.60/1.70/1.78]/1.82} 164 }1.22/1.30/1.36)1.39 
5.371 323 |2.31)2.47|2.57/2. 212 11.5411. 64)1.71]1.75] 158° J. 18} 1. 25/1. 3111.34 
3 30,013.56 311 |2. 26/2. 39/2. 50/2. 205 11. 48)1.58|1.65/1.68| 153 |1.15|1. 22/1. 28/1. 30 
6.6 |38.0/5.76| 300 |2. 73/2. 83/2. 89|2. 198 |1.91]1.98/2.03/2.05) 147 }1.42/1.47)1.50)1.52 
6.4 |38.0/5.93] 291 |2. 66/2. 76/2. 82/2. 192 11. 85/1. 92/1.96]/1.98} 143 1. 38)1. 43/1. 46/1. 48 
6.2 |38.0/6.13] 282 |2. 60/2. 69/2. 75|2. 186 |1,79]1.86/1.90/1.92] 138 |1.34)1.39/1.42)1.44 
.0)6.33] 273 |2.53/2. 62/2. 68/2. 180 }1.73/1.79)1.83/1.83) 134 |1.30/1.35)1.38)1.38 
Hae 38 ole. 33 264 12. 46/2. 54)2. 60/2. 174 11. 66/1. 72)1. 76/1. 76} 130 |1.27)/1.31/1.34)1.34 
5.6 |38.0/6.78] 255 |2. 40/2. 48/2. 54/2. 168 |1.60]1.66/1.69}1.69] 125 |1.22/1.27/1.30)1.30 
5.4 38.017.04 246 12.3412. 4212. 4812. 162 /1.54/1.5911. 6311.63) 121 TH. 1911. 23/1.2611. 26 
ee 
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number. It should be noted that the horsepower required for the drive is the maximum 
horsepower after all overload factors have been applied. 

Exampiyu.—A fan operating continuously at 400 r.p.m. is to be driven by a 10-Hp. 1140-r.p.m. 
motor. Center distance of fan and motor shafts, approximately 28in. Required the drive for this 
installation. Solution—From Table 10, the overload factor for fans is 1.2 to 1.4. For continuous 
duty the higher value would be used. Horsepower of drive, therefore, is 1.4 X 10 = 14 Hp. Speed 
ratio = 1140/400 = 2.85. In Table 11, opposite speed ratio 2.86, find in column D a center dis- 
tance of 28.3 in., which may be assumed as satisfactory. In Table 12, column D under motor speed 
of 1140 r.p.m., and opposite speed ratio of 2.86 find the horsepower per No. B90 Texrope to be 2.68. 
Number of texropes required = 14/2.68 = 5.22. Hence, the drive will consist of six No. B90 
Texropes. From Table 12, sheave pitch diameters will be 5.6 and 16 in. respectively. 


PIVOTED MOTOR (ROCKWOOD) DRIVE.—An efficient short-center drive, gen- 
erally known as the Rockwood drive, uses a flat belt. The driving motor is mounted on a 
pair of overhanging arms that are free to rotate about a shaft in a base which is rigidly 
attached to the supporting structure. See Fig. 17. Various arrangements are possible to 
permit of floor, ceiling, wall or machine mounting. See Figs. 18 and 18a. The weight of 
the motor thus is utilized to provide tension in the belt. The arms are adjustable, per- 
mitting movement of the motor toward or away from the rocker shaft, and thus enabling 
any desired initial tension to be obtained in the belt. As the belt stretches in service, the 


Arm Length Adjustable for Correct Location 
of Motor from Pivot Shaft 


Arms Adjustable Tension Spring 
on Pivot Shaft to ‘Pivot Shaft Adjustable 4 
Rit Motor Width on Base to Suit Belt Driven Pulley Directly 
Length Below Motor 
Fra. 17. Boles Pivoted Motor Fia. 18a Fie. 18. Arrangements of Pivoted 
rive : 


Motor Drives 


Table 13.—Motor Ratings for Rockwood Drives 
(Rockwood Mfg. Co., Indianapolis, Ind.) 


Motor Rating, Hp. Direction of Belt 
(O) 
Base 1800 1200 900 _— 
No. R.p.m. R.p.m. R.p.m. sae SL: 
Min, Pulley Width of | Min. Pulley! Width of 
ee >. ace ie | oe ae a) SD ampana| le Beltting Diam., in. Belt, in. 
‘ 8/4 7g 21/2 21/9 3 2 
Z 11/g 1 3 3 31, 21, 
2 i{ 3 2 1 1/p 31/2 3 aT ok 
5 3 Z 4 4 41/o 4 
4 { 71/9 5 3 41/2 5 5 1/2 4 
EAs edie sled 
6 71/2 6 7 
{ 20 15 10 7 7 : 
8 { 25 20 15 7 8 8 Mf 
30 25 20 8 8 9 7 
10 40 30 25 9 9 10 8 
50 40 30 10 10 11 9 
12 60 50 40 11 1] 12 10 
75 60 50 12 12 13 11 


CUNY ate eT RON Te 


(ub whe whee) eels de) 
RK \ 


va 


e 


“7 


oc Te 


Pe a a 


Re ee ey Ce ee TE ee ey 


A 


PIVOTED MOTOR DRIVE 24-33 
Floor Mounting Plan Ceiling Mounting 
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E | 
ia | k 
= 5 a Ps D 
Fp mer of (Maximum 
Bolt Size) 


Max dh Se 2 
Fie. 19. Dimensions of Standard Rockwood Drives 


Table 14.—Dimensions of Standard Rockwood Drives 
(Rockwood Mfg. Co., Indianapolis, Ind.) 


Heaviest Motor Base 
Should Carry, lb. 


Base Dimensions, in. Shipping 
No. Weight, 
lb. 
A B ¢ D E F G H 

0 75/g | 123/g | 41/2 V/g 11 31/g | 1638/4 | 81/2 35 
2 93/g | 1511/4 | 51/g 5/g 13 37/g | 191/o | 101/g 55 
4 11 71/4 | 61/4 5/8 15 47/g | 225/g | 13 80 
6 123/4 | 19 7 3/4 | 17 5 253/4.| 141/4 110 
8 142/_)-21 8 3/4 19 61/2 | 283/4 15 1/4 150 

10 7/8 32 1/2 

12 38 3/4 


weight of the motor automatically takes up the slack developed, and maintains the tension 


~ at a constant value. Table 14 and Fig. 19 give the dimensions of standard Rockwood 


bases and Table 13 gives the size of base that should be used with different sizes of motors 
under various conditions of driving. 

Theory of the Pivoted Motor Drive—R. R. Tatnall (Mech. Engg., May, 1935) outlines 
the theory of the pivoted motor driyes and develops equations to determine the length of 
lever arm on which the motor is mounted. The tension in the two strands of the belt and 
the ratio of the tensions is given by the equations 


Tee {Wile Wie OEP/(a +b). ae. TI 
T= NeW /iaa- by) —akP/(a-Fb)o no...» 5 [18l 
: Ty/T, = (eW+dkKP)/(eW—akP) . ..... . [19] 


where 71, 7'2 = respectively, tension in tight and slack strands of the belt; e, a,b = length 
of lever arms, in., as shown in Fig. 20; W = weight of motor, lb.; P = load transmitted, 
Hp.; & = 126,000/Nd, in which NV = r.p.m. of motor, and d = motor pulley diameter, in. 

The maximum theo- 
retical load that can 
be transmitted is P = 
eW/ak. In practice, the 
maximum load that can 
be transmitted is limited 
by slip of the belt, and 
is about 75% of the theo- 
retical maximum. 

In applying equa- 


tions [17] to [19] to the hn a3 <a a 
design of 2 pivoted Contact_Angle 
motor drive, the ratio of Fie. 20. Lever Arms in Pivoted Fic. 21. Tension Ratio in 
the tensions first is de- Motor Drive Terms of Contact Angle 
termined. High values with Paper Pulleys 


of 7,/T2 correspond to 
low values of 72, with danger of excessive slippage. Low values of T,/T> correspond to 


high total tension, with good frictional grip of the belt on the pulleys. Excessive values 
of T:/T2, however, tend to shorten belt life and burn out bearings. Fig. 21 gives values 
used by the author in connection with paper motor pulleys. Let & = tension ratio 
selected; W = weight of motor, lb.; N = full speed of motor, r.p.m.; P = maximum load 
to be transmitted, Hp., = rated Hp. X 1.5 for compensator start = rated Hip. x 2vontor 
across line start; D, d, = respectively, diameter, in., of driven and motor pulleys; r = d/2; 
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h = height of motor shaft above pivot; k = 126,000/Nd; m,n = respectively, angle of 
slant of tight and slack strands of belt; x = horizontal distance, motor shaft to driven 
shaft, in.; y = height of driven shaft above motor shaft, in. = — y if driven shaft is below 
motor shaft; C = center distance between shafts, in. Then 


R = 7,/T2 = {(eW/kP) + b}/{(eW/kP) — a} ee es PO), 


and Rab. =“(Ri— 2D) ec EE eee) ee [21] 
Lengths of lever arms a, b and e are found by 

a=~hwsm--énem—re ss. 3. yey eee 

b= hkesnbesun tr. f ..) So eee 


In the equations [22] and [23], r is positive when the tight strand is on the pivot side of the 
pulley and negative when the slack strand is on the pivot side. : 

By substituting equations [22] and [23] in equation [21] and solving for e, we have 

h(R cosm-+ cosn) — (R — 1)r 
{(R — 1)W/kP} — Rsinm — sinn ~ 

In using equation [24], r is positive when 7; is on the pivot side of the pulley, and nega- 
tive when 7% is on the pivot side. A is negative if the pivot is higher than the motor shaft, 
as in wall or ceiling mountings. Angles m and n are measured upward from a horizontal 
axis through the motor shaft drawn toward the pivot side. If either strand of the belt 
slopes downward from the motor, the corresponding angle, therefore, is negative. Angles 
m and n are computed as follows: Let A = the half-angle between belt strands. 

A = ‘sin-® (Dia) /26"" - ey 9. ne | 
The angle of slope of the center line of shafts is S. 
S:= tana! y/o isang y/ Co | a eo LOL 
S is negative when y is negative. Then 
m = S — A when 7; is on pivot side of pulley. 
= §+ A when 7? is on pivot side of pulley. 
n = S+ A when 7) is on pivot side of pulley. 
= § — A when 7; is on pivot side of pulley. 

ExampLe.—See Fig. 22. Deter- 
mine the pivot distance for a drive 
using a high-capacity belt on 2 
paper motor pulley, under the fol- 
lowing conditions: Motor, 25 Hp., 
compensator started, whence P = 
25 X 1.5 = 37.5;r.p.m. = 865 = N; 
weight of motor, 730 lb. = W; di- 
ameter of motor pulley, 12 in. = d; 
distance of motor shaft above feet= 
11 in.; distance of pivot below top 
surface of pivoted base arms = 
49/1, in., whence A = 114 49/16 
in. = 15.6; r = + 6 (positive, be- 
cause 7) is on pivot side of pulley); 
diameter of driven pulley, 45 in. = 
D; center line distance = 48.3 = C. 
Solution.—Value of k is found from 

3 126,000/Nd 
126,000/(865 X 12) =12; ' 
kP = 450, and WkP = 1.62. From 
equation [25] A = sin7! (45-12) /96.6 
= 20 deg. From Fig. 21, R = 4.3. 
Angles m and 7 are found by com- 
putation, or by measuring with a 


[24] 
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IN protractor to be m = — 27 deg., 

*E n = 13 deg., whence cos m = 0.891, 

Fria. 22. Graphical Method of Laying Out Pivoted sin m = — 0.454; cos n = 0.974, 
Motor Drive sin n = 0.225. From equation [24] 


15.6{4.3(0.891) + 0.974} — (4.3 — 1)6 : 
ere = 7.83 in. 
(4.38 — 1)1.62 — 4.3(— 0.454) — 0.225 
The tension ratio will be 4.3 at a peak load of 37 1/9 Hp. if the pivot is 7.83 in. back of the motor 
shaft. 
Graphical Method.—See Fig. 22. Draw to scale the motor pulley and the driven 


pulley in their respective locations, Calculate the two tensions from 7; — 72 = kP and 


ya Nl 
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1';/T. = R, whence T2 = kKP/(R — 1), and 7; = RT). Lay off to scale the tensions T; 
and 7, from their point of intersection D. Construct the parallelogram of forces, and draw 
the resultant DG. Draw the vertical center line of the motor pulley, making cC equal to 
the weight of the motor, to the same scale as used for the tensions. Prolong DG to Gi, 
making AG; = DG. On AG; draw the parallelogram AG,KEC, and draw the diagonal AE, 
On cC locate point Q, making cQ equal to the distance h of the center line of the motor 
above the pivot. This distance h is fixed by the dimensions of the motor and the pivoted 
base. Through Q draw a horizontal line intersecting AE at V, which is the locaticn of the 
pivot, and which can be scaled from the drawing. 


7. BELT DATA 


U. S. NAVY DEPARTMENT SPECIFICATIONS FOR BELTING.—Belts shall be 
made from No. 1 native packer steer hides or their equal. They shall be tanned with white 
or chestnut oak by the slow process for six or eight months; chemical processes are not 
permitted. The leather is to be thoroughly curried by hand and must not be stuffed or 
loaded for artificial weight. The leather must not crack open on the grain side when 
doubled strongly by hand with the grain side out. All belting shall be cut from the central 
part of the hide, not more than 15 in. from the backbone or more than 48 in. from the tail 
toward the shoulder. Belts 8 in. wide and over must be cut to include the backbone. All 
leather must be stretched 6 in. in the lengthwise direction and should not exceed 54 in. 
after stretching. Centers and sides are to be stretched 6 in. separately. That is, all sides 
from which widths of less than 8 in. are cut must be stretched after the backbone section 
has been removed. Center sections are to be stretched in the same size for which they are 
to be used. 

For single belts up to 6 in. wide the laps must not exceed 6 in. nor be less than 3 1/z in. 
long. For single belts wider than 6 in., the laps should not be more than 1 in. longer than 
the width of the belt. For double belts, laps must not be more than 5 1/2 in. nor less than 
31/2 in. long. Filling straps are not permitted. All laps must be held securely at every 
point with the best quality of belt cement, and when pulled apart must not show any 
resinous, oily, vitreous or watery condition. The belts should be again stretched after 
manufacture. 

Weight.—Single belts, all sizes, 16 oz. per square foot; double belts: 1 to 2 in. wide, 
26 oz. per sq. ft.; 2 1/2 to 4 in. wide, 28 oz. per sq. ft.; 4 1/2 to 5 1/2 in. wide, 30 oz. per sq. ft.; 
6 in. wide and over 32 oz. per sq. ft. 

Rawhide Lacing.—Only hand-cut green slaughter-house hides are to be used for lacing. 
They are to be cut in the following sizes: 1/4, 5/16, 3/3, 7/16, 1/2, 5/3 and 3/4 in, They must 
be cut lengthwise from the hide and have a tensile strength of not less than 
WNEGIGS Tiles & Guthrie 3 a ee ee ee eee ee Wr ni Si Uh eS. 
Tensile strength, lb. per sq.in ........... 95 125) lpm d Goma SOM 20a 230 

LENGTH OF BELTS.— Whenever possible, the length of belt required for a pair of 
pulleys should be determined by actual measurement by means of a steel tape passed 
around the pulleys. Where this is impracticable, the length of an open belt can be deter- 
mined by calculation, using one of the three following formulas (Carl G. Barth, Am. Mach., 
Mar. 12, 1903): 


i =Pt9" + cr +20 Pe ee > 127] 
(DSi) x: 12 

pa Orton cit. ww es. BS 
(D+ dar 60 — 132 

Dae toe tee. ee Lol 


where L = length of belt; D = diam. of larger pulley and d = diam. of smaller pulley; 
C = center to center distance of pulleys, all in the same unit, in. or ft., 7 = 3.1416, and 
xz = {(D — d)/2C}?. The accuracy of the formulas is as follows, testing them by the 
limiting case where d = 0 and C = D/2, giving L = Dm: Formula [27] gives a result some- 
what over 2% short; formula [28] gives a result about 1% short; formula [29] gives a 
; 3 hort. 

+ iene Te cate above notation, length of crossed belts is given exactly by 


D+4ar 7B eee Detd ; 

ana ta to) {gq bec Fi B = sin See” ae [30] 

LENGTH AND WEIGHT OF BELTING.—The length of a belt when closely rolled 
may be found as follows: Let D = diameter of roll, in., d= diameter of eye, in., 
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N = number of coils in‘roll, L = length of belt, feet. Then Z = 0.1309 (D+ d)N. 
Approximate Weight of Belts.—Let L = length of belt, ft., w = width of belt, in., 

C = a constant = 13 for single, and 8 for double belts. Then, weight of belt, W, lb., is 

W=LXv/C. ; 
THICKNESS OF LEATHER BELTING.—Specifications of the American Leather 

Belting Assoc. give the thickness of first quality leather belting as follows: 

Medium Single Heavy Single Light Double Medium Double Heavy Double 

10/g4—12/g4 in. —«-12/g4—14/g4 in. 15/g4—17/64 in. 18/g4—20/g4 in. 21/g4—23/g4 in, 


The thicknesses are average thicknesses in inches, determined by measuring 20 coils and 
dividing this value by the number of coils measured. In rolls of belting containing less 
than 20 coils, average thickness should be determined by measuring one-half the total 
number of coils and dividing this value by the number of coils measured. No point in 
either single or double belting shall be more than 2/g4 in. thicker or thinner than the 
average thickness. 

STRENGTH OF BELTING.—The ultimate tensile strength of belting does not gen- 
erally enter as a factor in calculations of power transmission. The strength of the solid 
leather in belts is from 2000 to 5000 Ib. per sq. in.; at the lacings, even if well put together, 
only about 1000 to 1500. If riveted, the joint should have half the strength of the solid 
belt. The working strain on the driving side generally is taken at not over one-third of 
the strength of the lacing, or from one-eighth to one-sixteenth of the strength of the solid 
belt. 

SAG OF BELTS. DISTANCE BETWEEN PULLEYS.—Shafts that are to be con- 
nected with belts should be at such distance as to allow of a gentle sag to the belt when in 
motion. A general rule is: Where narrow belts are to be run over small pulleys, 15 ft.isa 
good average, the belt having a sag of 11/2 to 2 in. For larger belts, working on larger 
pulleys, the distance should be 20 to 25 ft., with a sag of 21/, to 4 in. For main belts 
working on very large pulleys, the distance should be 25 to 30 ft., with a sag of 4 to 5 in. 
If too great a distance is attempted, the belt will have an unsteady flapping motion, which 
will destroy both the belt and machinery. 

EFFECT OF HUMIDITY UPON A LEATHER BELT. (W. W. Bird and F. W. Roys, 
Trans. A.S.M.E., 1915.) Tests with a 4-in. oak-tanned single belt, with constant horse- 
power transmitted, and with the center distance and humidity varying, showed increase 
of the sum of the tensions as the humidity decreased. Figures taken from curves of the 
results are as follows: 


Center distance............. 9 ft. 6 in. 9 ft. 6 1/> in. 9 ft. 7 in. 9 ft. 7 1/> in. 
Relative Humidity Sum of the Tensions, pounds 

DO cea estate coeis kia, WOES 95 210 325 445 

SON ae aare ck eee 125 260 400 550 

PL SNS a RSE Ra oh § 150 310 465 620 


Increase of temperature as well as increase of humidity tends to lengthen the belt and 
decrease the tension. The most important conclusions are: 

1. If a belt be set up at a medium relative humidity, the tensions will not be excessive 
at lower relative humidities, nor will there be any great danger of slipping at high relative 
humidities unless there are excessive temperature changes. 

2. If a belt be set up at any relative humidity with a spring or gravity tightener, aload 
50% greater than the standard can be transmitted at either high or low humidity without 
danger of stretching the belt, slipping, or excessive pressure on the bearings. 

COEFFICIENT OF FRICTION.—The coefficient of friction of a belt on a pulley 
varies with the character of the belt and with the type of surface and condition of surface 
of the pulley. It also varies with the velocity of the belt. (See p. 24-15.) Table 15 from 


Table 15.—Coefficient of Friction of Belts on Pulleys 


Friction Surface of Pulley 


Kind of Belt 
\ Iron Steel Wood Paper Wee 


Greasy Oily 
Tron Tron Tron 
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Machy., March 1931, gives the coefficient of friction of various types of belts on various 
pulley surfaces. These coefficients probably are average values and take no account of 
the variation due to velocity. 


8. MISCELLANEOUS TYPES OF BELTS 


RUBBER BELTING.—The advantages claimed for rubber belting are perfect uni- 
formity in width and thickness; it will endure a great degree of heat and cold without 
injury; it is also specially adapted for use in damp or wet places, or where exposed to the 
action of steam; it is very durable, and has great tensile strength, and when adjusted for 
service it has the most perfect hold on the pulleys, hence is less liable to slip than leather. 

Never use animal oil or grease on rubber belts, as it will soon destroy them. 

Rubber belts will be improved, and their durability increased, by putting on with a 
painter’s brush, and letting it dry, a composition made of equal parts of red lead, black 
lead, French yellow, and litharge, mixed with boiled linseed-oil and japan enough to make 
it dry quickly. The effect of this will be to produce a finely polished surface. If, from 
dust or other cause, the belt should slip, it should be lightly moistened on the pulley side 
with boiled linseed-oil. Table 16 gives the properties of rubber belting and the maximum 
tensions under which it should be operated. 

STITCHED CANVAS BELTING.—The widths of stitched canvas belts vary with the 
thickness, ranging as follows: 4-ply, 1 1/2 to 18 in.; 3-ply, 3 to 30 in.; 8-ply, 40 to 48 in.; 
10-ply, 12 to 60 in. Widths increase by 1/2 in. up to 5 in. wide, and by 1 in. up to 14 in. 
From 14 in. to 32 in. widths increase by 2 in. Above 32 in., canvas belts are made 36, 40, 
48, 54 and 60 in. wide. Table 17 shows the properties of stitched canvas belting. 

TEON BELTING is a cotton belt impregnated with a special composition to enable 
the belt to work effectively in heat, steam, water and chemically charged atmospheres 
under abnormal conditions. It is reinforced with a stitching of copper wire extending in 
rows lengthwise of the belt, which practically eliminates stretching, the stretch at 190 lb. 
per sq. in. of belt tension being 0.09 in. The belt is unaffected by temperature variation 
up to 250° F. Table 18 gives the horsepower capacity of these belts as stated by the maker. 

Teon belting is made in the following widths: Light belt, 1, 11/4, 11/9, 2, 21/9, 3, 
31/2, 4 in.; min. diam. of pulley, 3in. Medium belt, 1 to 2 in., increasing by 1/4 in. 


Table 16.—Properties of Rubber Belting 


we 
oO 
° 
ms 
w 
an 
fe} 
N 


+ > » ina] » S 
eed s Be ii la oa Ae cory 
Kind Jo.) [eee] [22|4 jess] |ee| =e) | 28 
o gal glgegl g 8/4 Isaglg@ 8] Sigal eg 8 
pa (88) 22 [see] 2 | ee|s. les] = | Ze lssldesls | 2: 
ge)ee\ee% 2 | a2/s* qets | asl eee ts jas 
Peete cl 2 2) ea) ae (ae Cie old. gels .| 38 
6F 2s sas a4 SA ze sad a4 SA zs sad a8 SA 
3 plies |0. 30] 0. 864 72 | 0.150 0.972 on O65 10 }1.080 78 |0.180} 11 
4 plies 30/12 152 96 200 1.296] 100 . 220 13 1.440) 104 240} 14 
5 plies | .30} 1.440} 120 250 1.620] 125 e275 16 {1.800) 130 .300) 18 
6 plies | .30) 1.728] 144 300 1.944] 150 290) 20 42.160) 156 . 360) 20 
7 plies | .30| 2.016] 168 350 2.268) 175 .385| 24 42.520) 182 .420| 26 
8 plies | .30) 2.304} 192 , 400 2.592| 200 . 440 26 |2.880) 208 .480| 28 
10 plies | .30] 2.880} 240 . 500 3.240 e}. 36 
12 plies | .30| 3.456} 288 . 600 os 


28 oz. 
. Maximum aes . |Maximum Rete 

ae Weight, | Tight Side] Thick- | Minimum) weight, |Tight Side] Thick- | Minimum 
of lb. per! Tension, ness, Pulley Ib. per | Tension, | ness, Pine 
Belt aq. ft. Ib. per in. Diameter, aq. ft. Ib. per in. 7 ’ 

in i ‘ 

aq. in ? sq. in 

j 0. 864 72 0.135 8 0.972 75 0.150 9 

/ ae 1.152 96 . 180 12 1.296 100 . 200 14 

5 plies 1.440 120 BPP) 16 1.620 125 .250 18 

6 plies 1.728 144 .270 20 1.944 150 . 300 24 

7 plies 2.016 168 315 26 2.268 175 . 350 30 

8 plies 2.304 192 . 360 32 2.592 200 .400 36 

10 plies 2.880 240 450 40 3.240 250 . 500 48 
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increments; 2 1/2 to 4 1/9\in., increasing by 1/2 in. increments; 5 to 10 in., increasing by 
1 in. increments;. 12 in.; 14 to 20 in., increasing by 1 in. increments; min. diam. of pulley, 
4 in. Medium heavy belt, 3, 4, 5, 6 in.; min. diam. of pulley 7 in. Heavy belt, 3 to 
26 in. increasing by 1 in. increments; min. diam. of pulley, 9 in. eon belting is made 
by D. P. Brown & Co., Philadelphia, Pa. 


Table 18.—Horsepower Transmitting Capacity of Teon Belts per Inch of Width * 


Belt Belt 

Veloc- Veloc- Light ical Heavy ae Triple poe 

ity, ft. ity, ft. 

per min. per min. fanaa 
500 | 0.70| 1.04] 1.70 | 2.40 | 2.70 | 3.00 3000 | 4.00 | 5.98|10.01 {13.99 [15.97 |17.97 
750 | 1.04] 1.56] 2.50 | 3.50 | 4.00 | 4.49] 3250 | 4.30] 6.49 10.273) PIS TS 1723 948 
1000 | 1.40] 2.05] 3.36 | 4.66 | 5.32 | 5.99 | 3500 | 4.66] 6.99 11.66 |16.32 |19.75 |20.98 
1250 | 1.70] 2.50] 4.16 | 5.83 | 6.66 | 7.50 3750 | 4.99] 7.49 |12.49 |17.49 |19.99 |22. 48 
1500 | 2.05/ 3.01] 5.00 | 6.99 | 7.99 | 8.98 | 4000 | 5.32 7.99 |13.33 |18.65 |21.34 |23.99 
1750 | 2.40} 3.50} 5.85 | 8.16 | 9.32 |10.49 |] 4250 | 5.66 8.49 |14.16 |19.82 |22.66 |25.48 
2000 | 2.70] 4.00} 6.66 | 9.33 |10.67 |12.00 4500 | 6.00/ 8.99/15.00 {20.99 |23.98 126.99 
2250 | 3.01 | 4.50} 7.50 |10.49 |11.99 |13.54 | 4750 6.32 | 9.49 115.84 |22.15 |25.32 |28.46 
2500 | 3.36] 4.99] 8.32 |11.66 |13.33 |15.00 5000 | 6.66} 9.98 |16.67 |23.30 |26.66 |30.00 
2750 | 3.70| 5.49] 9.17 |12.82 |14.66 |16.48 


* Based on 180 deg. arc of contact on both pulleys. For other arcs of contact, the tabular values 
should be increased or decreased as follows: 210 deg., + 11%; 200 deg., + 7%; 190 deg., + 4%; 
170 deg., —4%; 160 deg., —8%; 150 deg., —13%. 


BALATA BELTING is canvas belting impregnated with balata gum, which makes it 
waterproof and resistant to animal oil. Mineral oils affect it adversely, as do temperatures 
above 120° F. Table 19 gives the properties of balata belting. 


Table 19.—Properties of Balata Belting 


28 oz. Leather Strips 


: Coeff- 4 

Kind - Maximum : 2 cient Maximum 
A Weight,| Tight Side] Thick- | Minimum of Weight,|Tight Side] Thick- 

lb. per | Tension, 


lb. per | Tension ness Pulle A 
Belt ‘ ae : y - ic- 
sq.ft. | Ib. per in, Diameter, Bee sq.ft. | Ib. per Fric 
aire 3 tion, : tion, 
iq. in. in. sq. in. 


CHAIN DRIVES 


Power transmission chains may be broadly classified as roller chains, block chains, 
inverted-tooth or silent chains, and malleable chains. The latter are used principally in 
conveyor applications and for very slow speed drives. For the transmission of power at 
high chain velocities, the other types are preferred. Block chains comprise 8-shaped or 
B-shaped blocks with side links riveted to them at both ends. Block chains are used only 
for light transmissions and at speeds under 800 ft. per min. 


* 1. ROLLER CHAINS 


Roller chains have been standardized, and all manufacturers of this type of chain build 
their chains and sprockets in conformity with American Standard A.S.A.-B29a-1930. 
The following notes are abstracted from that standard. This standard is subject to 
seas pees and the latest issue should be consulted. 

ROLLER CHAINS.—A roller chain comprises a series in-li 
roller-links assembled together. The roller-link consists hee plates, natal ae whee 
inserted a pair of bushings, each carrying a steel roller. The pin-link consists of a pair of 
pins riveted to a side plate, the pins passing through the bushing of the adjacent roller 
link. They are held in place by a side plate fitting over the projecting ends of the pins. 
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The pins either are riveted over the side plate or are 
secured by cotters. The bushings are free to turn on 
the pins, and the rollers are free to turn on the bush- 
ings. The distance between the center lines of the 
pin-links and between the center lines of the bushings 
of the roller-links is equal to the pitch of the ‘chain. 
The plates forming the tension members of a roller- 


4 link are known as inside plates, and the plates form- 

. ing the tension members of the pin-link are known 
as pin-link plates. 

; Roller chains are made in the standard series, the 

5 extra heavy series, and light-weight machinery chain, 


and also in single, double, triple and quadruple width 
chain. The center plates in multiple width chains 
have a thickness equivalent to two thicknesses of 
inside plates as used on the roller links. Dimensions 
of commercial standard roller chain are given in 
ri Table 1. Light-weight machinery chain, designated 


Fra. Oa Se ee aa as No. 41, is 1/2 in. pitch, 1/4 in. wide, and has side 


plates 0.050 in. thick. The pin diameter is 0.141 
- in., and the roller diameter is 0.306 in. 


Table 1.—Dimensions of Roller Chains 
(Morse Chain Co., Ithaca, N. Y.) 


Nominal Weight | Average 
Chain | Pitch | Roller sone Dimensions, in. (See Fig. 1) per | Ultimate 
No. P, in. Diam., wide ee ee «Foot, Strength, 
Dy, in. pas Ape eee aCe rap” le zB Ib. Ib. 
Single Chains 
35 3/g 0.200 SIG MOS DONO e250 uO .250))|| 02466 |. ...4.,-- 0.21 1,400 
- 466 REP) 391 SORZ! \ltereretare .38 3,200 
, . 380 . 260 . 280 R520 W cee s 5728) 2,000 
5 .584 . 400 439 SOT stews oe .69 5,200 
.700 499 .538 OE Be ees en 1,05 7,300 
. 934 643 BOIS Wa287. lteter ease aves 12,200 
1.166 . 787 SCE" EY Cal BBG sae 2.60 21,000 
1.400 .991 OSS 82 eioce see 3.80 30,500 
MOSS DOTA A S45 2142) |icceiere D4 42,500 
15866 Hete2745) 12368) | 2548. |... els 6. 87 52,500 
Double Chains 
35D 3/g 0.200 3/16 0.350 | 0.230 | 0.250 | 0.860 | 0.400 0.40 2,800 
40D 1/g 5/16 5/16 466 Sey] 391 1.207 DOS 81 6,400 
50D 5/g 0.4 3/g 584 . 400 -439 | 1.510 .710 1.40 10,400 
60D 3/4 15/39 I/g . 700 -499 reeks} |) inte)! . 893 74 [\P4 14,600 
80D 1 5/g 5/3 .934 . 643 .699 | 2.433 | 1.147 3.83 24,400 
100D 1 1/4 3/4 3/4 1.166 . 787 .850 | 2.974} 1.400 5.46 42,000 
120D 1 1/9 7/8 1 1,400 991 1.089 | 3.761 hh) 8.00 61,000 
140D 13/4 1 1 1.634 | 1.071 12154) 42054 | 159127 | 1102 78 85,000 
160D 2 1 1/g 11/4 1.866 | 1.274] 1.368 | 4.839 | 2.291 | 14.40 105,000 
Triple Chains 
35E 3/g 0.200 3/16 0.350 | 0.230 | 0.250 | 1.260 | 0.400 0.66 4,200 
40E 1/2 5/16 G/igullmemaooelemes2 10) 53910] 1.772 |5565.-| = 1430 9,600 
50E 5/3 0.4 3/g . 584 . 400 439 | 2.220 .710 Ps (KU) 15,600 
60E 3/4 15/39 1/2 .700 .499 E2587) nen OF . 893 3.30 21,900 
80E 1 5/3 5/3 . 934 643 699 | 3.580 | 1.147 DIZ 36,600 
100E 14 3/4 8/4 1. 166 .787 .850 | 4.374 | 1.400 8.40 63,000 
120E 11/2 7/8 1 1. 400 991 | 1.089 | 5.540 | 1.779 | 12.00 91,500 
140E 13/4 1 ] 1634 TeO7 1 lh. 154019 5.966" |) 1.9127) 17 ./00 127,500 
160E 1 1/g 11/4 1,866) laz74ay, 1368077130) | 2.291 || 26.67 157,500 
Quadruple Chains 
35F 0.350 | 0.230 | 0.250 | 1.660 | 0.400 0.88 5,600 
40F . 466 522 SEN |) PLS By/ ~565 1.75 12,800 
50F 584 . 400 439 | 2.930 .710 2.80 20,800 
60F .700 ~499 POSON| SeOre , 893 4,26 29,200 
80F . 934 . 643 .699 | 4.727 | 1.147 7.10 48,800 
100F 1.166 . 787 850 | 5.774 | 1.400 | 11.18 84,000 
120F 1.400 £991 1.089 | 7.319 | 1.779 | 16.34 | 122,000 
140F 1634) (OTM, 154" 7.878.) 1 170,000 
1.866 | 1.274 | 1.368 | 9. 23 210,000 
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Dimensions of the standard and extra heavy series are given in Table 2. Extra heavy 
chains are similar in all dimensions to the standard chain, with the exception of the inside 
plates, which are thicker than the standard plates. 


Table 2.—Dimensions of Standard Roller Chain 
(American Standards Assoc., B29a—1930) 


Extra Heavy 


Standard Series 


ete n Series 
ite: oller : —ooT tS 
Py Diam., Thickness Test Standard Le 
of Inside : of Inside 
in Dy, in Load, Chain 
Plate Ib N Plate 
tn ; 2: tp, in. 
3/3 0.200 0.050 555 35N 
1/9 5/16 . 060 740 radio heres 2 5 Se 
5/g 0. 400 080 1,400 500 ty ae 
8/4 15/39 .094 2,018 60 0.125 
1 5/3 .125 3,820 80 . 156 
11/4 3/4 . 156 5,626 100 187 
11/9 7/3 . 187 7,760 120 219 
13/4 .219 10,220 140 250 
2 . 250 13,008 160 .281 
21/2 .312 25,340 200 Aa¥pe 
4375 36,634 240 . 469 


Table 3.—Horsepower and Loads of Standard Roller Chains 
Loads in pounds 


: Maxi- 


Chain} Pitch,| im Chain Velocity, ft. per min. 

No.| in. | ppm. 50] 100 300 | 400 | 600 | 800 | 10001 13001] 1600 
Hp. | 0.25 | 0.45 | 0.79 | 1.06| 1.27 | 1.60 | 1.82 | 1.94 | 2.07 | 210 

: 

35N| 9/s |3620{ Load} 162 | 150 1E7"E 165 +} 88 ~) A795] Gel) sy daees 
Hp. | 0.41 | 0.76 | 1.33 | 1.78 | 2.12 | 2.65 | 2.98] 3.25 | 3.41 | 3.44 

: 

40 ya |2712{ Load| 269 | 250 194 | 175 | 146 | 123 | 107 | 87 | 74 
Hp. | 0.64] 1.20 | 2.11 | 2.82 | 3.38] 4.22| 4.751 5.13 | 5.4 | 5.47 

50 | 5/3 |1927} Load| 428 | 397 308 | 278 | 232 | 196 | 169 | 137 | 413 
60 | 3/4 [r4sa{ Hp. | 0.93 | 1,80 | 2.03 | 4.06 | 4.86 | 6.07 | 7.15 | 7.68 | 8.10 | 8.20 
Load} 645 | 597 462 | 419-| 348 | 295 | 253 | 206 | 169 
aaa o4i{ Hp. | 1.66 | 3.07 | 5.58 | 7.20 | 8.64 | 10.8 | 12.1 | 13.0 | 13.75| 13.85 
Load| 1092 | 1014 785 | 712 | 592 | 507 | 431 | 349 | 286 
Hp. | 2.41 | 4.48 | 7.88 | 10.5 | 12.6] 15.7| 17.6]18.85| 19.9 | 20.0 

: 

100 | 114 | 052{ Load | 1592 | 1478 1153 | 1035 | 862 | 727 | 622 | 506 | 412 
120 | 11/2 | 515{[Hp- | 3.63 | 6.76] 11.8] 15.8 | 18.9 | 23.6 | 26.5 | 28.7 | 30.2 | 30.2 
Load | 2415 | 2230 1730 | 1565 | 1306 | 1098 | 946 | 766 | 623 
140 | 19/4 | 375{|Hp- | 4.36 | 8.11 | 14.2] 19.0 | 22.8 | 28.4 | 31.7 | 34.0 | 36.0 | 36.0 
Load | 2880 | 2674 2070 | 1870 | 1560 | 1308 914 | 742 
38.8 | 43.4 | 46.7] 49.0 | 49.0 
2130 | 1792 1244 | 1013 
65.4] 73.5 | 79.01 84.0 | 84.0 
3600 | 3030 2130 | 1742 


Table 4.—Horsepower and Loads of Heavy Roller Chains 
Loads in pounds 


Chain| Pitch, Chain Velocity, ft. per min. 
No. i 
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PROPORTIONS OF CHAINS.—Standard chains are made in the following pitches: 
3/g in., 1/9 in., 5/g in., 3/4 in., 1 in., 1 1/qin., 1 1/g in., 1 8/4 in., 2 in, 
If P be the pitch of the chain, ints the propértichs of standard chains are determined 
approximately as follows: Roller Geamsten, 5/s P; width (minimum distance between 
inside plates) is the nearest binary fraction to 5/g P; in the narrow series, width is the 
nearest binary fraction to 0.41 P. Pin diameters are approximately 5/16 P, or 1/9 of the 
roller diameter. Thickness of inside plates, standard series, is approximately 1/g P. 
Under exceptional conditions, values given by the above equations may be increased 
by as much as 25%, but only when lubrication and installation, as well as the design of the 
drive is correct. If lubrication is poor, or the chain is subject to suddenly applied loads or 
continuous service, or where unusually long life is required, or if the sprockets are subject to 
misalignment, chains should be selected on a basis of approximately one-half of the loads 
given by the equations. Tables 3 and 4 show the working loads and horsepowers trans- 

. mitted by various chains on the basis of equations [2] and [3]. The tables are based on 

: 

y 

: 

4 

j 

. 

; 
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sprockets having not less than 15 teeth. 

CHAIN VELOCITY.—A chain that is satisfactory in all other respects may prove 
impracticable due to its velocity being limited by the permissible velocity of the sprocket. 
The maximum allowable impact between chain rollers and sprocket teeth limits sprocket 


speed to 

r.p.m. = (1920/P) X VA,/WyP. . [1] 
where P = pitch, in.; Ay = projected area of roller, sq. in.; Wy = weight of Shain Ib. per 
Ets 
standard roller chains are given in Tables 3 and 4. 
in Table 5. 


The maximum revolutions per min. of sprockets as caleulated from this equation for 
Maximum chain velocities are given 


Maximum Chain Velocity = 75 n + VP, where n isthe number of teeth in the smaller 
sprocket. Under favorable conditions, the chain velocity can be very high but with 
< 
= Table 5.—Maximum Velocities of Standard Roller Chain 
’ Chain No. 

No. of 35N | 40 | 41 50 | 60 | 80 | 100 | 120 | 140] 160] 200 
¢ Teeth Pitch 
Saale 3/g_| Ye | We | 5/3 | 3/4 | 1 tiv | 14/2 | 18/4| 2 | 21/2 
et Roll Diameter, in. 
0.2 5/jg | 0.306] 0.4 15/39 5/g 3/4 7/3 1 1 1/g | 1 9/16 
( Max. R._p.m. R.p.m.| 3600 | 2600 | 2900 | 1900 | 1500 940 645 520 370} 325) 240 
7 {re permin.| 788| 758| 846| 692| 657| 549| 470] 455] 378] 379] 350 
Max. R.p.m.} 3600 | 2600 1900 | 1500 940 645 520 370| 325! 240 
{ Ft. per min.} 1015 975 890 844 705 604 585 486) 487] 450 
Max. R.p.m.} 3600 | 2600 1900 | 1500 940 645 520 370; 325) 240 
{ Ft. per min.| 1238 | 1191 1089 | 1032 862 738 AN 5941 595! 550 
1900 | 1509 940 645 520 370} 325) 240 
{ Ga cpa ae 1287 | 1220 | 1019 872 845 702} 704) 650 
Max. R.p.m.| 3467 | 2600 | 2900 | 1900 | 1500 940 645 520 370} 325) 240 
\ Ft. per min.| 1517 | 1515 | 1694] 1384 | 1313 | 1097 940 910 755) 758) 700 
Max. R.p.m.| 3350 | 2600 | 2900} 1900 | 1500 940 645 520 370| 325) 240 
{Fe per min.| 1570 | 1624 | 1810 | 1480 | 1407 1173 | 1010 975 810} 813} 750 
Max. R.p.m.| 3249 | 2600 | 2900} 1900 | 1500 940 645 520 370} 325) 240 
{ Ft. per min.| 1625 | 1733 | 1933 | 1580 | 1500 1254 | 1075 | 1040 864) 867} 800 
F Max. R.p.m.| 3150 | 2600 | 2900 7 1900 | 1500 940 645 520 370} 325) 240 
{ Ft. per min.| 1675 | 1842 | 2058 |_ 1680 1584 | 1330 | 1145 | 1104 917} 922) 850 
Max. R.p.m.| 2905 | 2510 | 2725 1500 940 645 520 370) 325) 240 
{ Ft. per min.| 1818 | 2095 2277 1875 | 1567 | 1347 | 1300 | 1080) 1083) 1000 
Max. R.p.m.| 2655 | 2297 | 2490 1500 940 645 520 370} 325) 240 
{ Fe. per min.| 2005 | 2300 2486 2250 | 1880 | 1612} 1560 | 1296) 1300) 1200 
Max. R.p.m.| 2455 | 2125 | 2305 940 645 520 370} 325) 240 
{ Ft. per min.}| 2148 | 2482 2694 2195 | 1880 | 1820 | 1363) 1516) 1400 
Max. R.p.m.| 2292 | 1985 | 2152 940 645 520 370} 325) 240 
{Ft per min.| 2290 | 2654 | 2871 2500 | 2150 | 2080 | 1728 1734) 1600 
Max. R.p.m.| 2140 | 1850 | 2007 520 370} 325) 240 
2410 | 1996) 2003) 1850 
{re per min. | 2474 | 2857 | 3010 9 
Max. R.p.m.| 1877 | 1623 | 1760 520 370} 325) 240 
2995 | 2692) 2600) 2400 
{Ft per min. | 2812 | 3257 | 3523 
Max. R.p.m.| 1770 | 1533 | 1659 ae tte 
{ Ft. per min. | 2990 | 3458 8 oer 
Max. R.p.m.| 1650} 1428 | 15 seach a io0 


Ft. per min. 
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unfavorable conditions, 400 ft. per min. may be too great. The critical velocity is reached 
with the sprocket at its maximum speed. 

STANDARD CHAIN NUMBERS.—The right-hand digit of the chain number i8 zero 
for chains of the usual proportions, 1 for a light-weight chain, and 5 for a rollerless bushing 
chain. Digits to left of the right-hand digit denote the number of 1/g inches in the pitch. 

The extra-heavy series is designated by the letter H following the chain number. 
Multiple-width chains are designated by prefixes to the chain number, as follows: D, 
double-width; E, triple-width; F, quadruple-width, etc. 

Tolerances.—Chain length may be over-length 1/64 in. per foot, but may not be under- 
length. Chain lengths shall be determined when subjected to a measuring load of 1/32 of 
the test load (see below). 

Maximum pin diameters = nominal pin diameter + 0.0005 in. 

Minimum hole in bushing = 1.006 nominal pin diameter -+ 0.005 in. 

Minimum clearance between pins and bushings = 0.006 nominal pin diameter. 

Maximum width of roller link = 

(nominal width of chain) + (2.05 X nominal side plate thickness) + C, 
where C = 0.005 in. for side plates up to and including 0.156 in. thick, and 0.007 in. for 
thicker side plates. 

Minimum distance between pin plates = maximum width of roller link + 0.002 in. 

LOADS.—Test Load is the load under which a chain should be tested for material 
defects. For single width chains 

Test load = 42,000 X (pin diameter)? — 280 lb. 

Working Load.—Equation [2] given below is a guide for the selection of chains. Let 
F = working load, lb.; Ap = projected bearing area of pin, 7.e. diameter of pin X length 
of bushing, both in inches; V = chain velocity, ft. per min.; Wy = weight of chain, 
lb. per ft. Then 

F = 2,600,000 Ap/(V + 600) ie oy Se 

When the chain velocity exceeds 800 ft. per min., the value of F’, as found above, should be 

diminished by the quantity W;V?/115,900, which represents the centrifugal tension in the 
chain. The horsepower transmitted by the chain then will be 

Fins 97/33 000 hs anaes [3] 

LENGTH OF CHAIN.—Let P = pitch of chain, in.; C = center to center distance of 
sprockets, pitches; N = number of teeth in large sprocket, in.; m = number of teeth in 
small sprocket, in.; Z = length of chain in pitches. Then 

L=2C+1e(N+n) + {0.0257(N —n)?/C}. . . . . [4] 

As a chain cannot contain a fractional part of a pitch, the next whole number above the 
calculated number of pitches must be used. If it is an odd number, an offset link should 
be used. The chain length in inches = L X P. 

If the center to center distance can be adjusted to suit the length of the chain, an even 
number of pitches should be chosen to avoid using an offset link. The proper center to 
center distance then may be found by the equation 

C’ = 1/g P{i2L — N—n+V(QL—WN — n)?— 0.824(N—n)*}, . . [5] 
where C’ = center to center distance of sprockets, in. C’ should not be less than 12 P 
nor less than the pitch diameter of the large sprocket. If possible, adjustment for the 
center to center distance should be provided to take up excessive slack in the chain due to 
elongation from wear. A slack in the chain of, say, 1/4 to 1/2 in. drop per foot of span should 
always be allowed. 

SELECTION OF PROPER CHAIN AND SPROCKETS.—From the known data, such 
as horsepower, r.p.m., and center to center distance, the other data can be found from the 
tables and equations for chain pull, chain velocity, etc., for a trial drive. Select the 
shortest pitch chain that will carry the load, giving preference to the standard chains. 
Assume the number of teeth to be used in the sprockets; calculate the chain pull F and 
the chain velocity V, and examine the tables and rules to determine if everything is within 
safe limits; make the necessary change in chain or sprockets, and again apply the test. 

‘ BEST CONDITIONS OF DRIVING.—The highest efficiency is reached in a chain 
drive when the center to center distance can be so adjusted that there will be an integral 
number of pitches between the points of tangency of the chain on the pitch circles of the 
two sprockets. Under this condition, the angular velocity ratio between sprockets is 
most nearly uniform. The true pitch line of a sprocket is a polygon of as many sides as 
there are sprocket teeth. During the passage of each tooth, the distance of the center 
line of the chain from the center of the sprocket varies. If one end of the tight strand 
rises while the other end falls and vice versa, there is a tendency to produce rapid fluctua- 
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tions in the angular velocity ratio between the sprockets. The smoothest action is 
‘obtained when the two ends rise and fall in unison. The larger the number of teeth in 
the sprocket the closer will the polygon approach a circle. This explains why sprockets 
with few teeth are undesirable unless the motion is so slow that the inertia of the driven 
wheel and its accessories has but little effect. 

Where the center to center distance is not too short, the slack strand may be either 
above or below. For short centers it is better to have it below. Chains may be run at 
any angle, but they run best when nearly horizontal. Many successful vertical drives 
have been installed. In such cases, the slack must not be allowed to develop to a point 
where the chain may jump the teeth on the lower wheel. 

Idler or “jockey” sprockets should be avoided if possible. If, however, it is necessary 
to use them, they should be as large as possible and as well-made and well-mounted as the 
main sprocket. A little side float on the idler pin is desirable. Idlers never should be 
placed against the tight strand, nor should they ever be run above the maximum speed 
allowed for regular driving sprockets. 

When the chain elongates to 3/g in. per foot it should be replaced. If any part of a 
link needs repair the whole link should be replaced. Excessive slack with non-adjustable 
centers may be corrected by removing two links and inserting an offset link, thus shorten- 
ing the chain by one pitch. 

Sometimes the load may be divided between two single roller chains, the sprockets 
running side by side. In this case, the teeth of the two parallel sprockets should be 
opposite and not staggered. Also the two chains should be of equal length with the roller 
links of one opposite the roller links of the other. If removed, each chain should be 
replaced over exactly the same teeth as before. 

Maximum service and minimum wear of sprockets and chains are obtained when the 
sprockets are aligned with their mid-planes coincident. 

The general conditions affecting the efficiency of a chain drive are as follows: 
1. Increasing the number of teeth in the sprocket. 2. Decreasing the velocity ratio 

“represented by r.p.m. of driver + r.p.m. of driven wheel. 3. Increasing the load. 
4. Continuous lubrication in an oil bath. 5. Making the center to center distance such 
that the span of chain on the tight side is an exact multiple of the pitch. 6. Reducing 
the r.p.m. 7. Decreasing the pin diameter. 8. Decreasing the diameter of the sprocket 
bearing. 9. Shortening the pitch. 10. Reducing the weight of the chain. 

SPROCKET PROPORTIONS.—The pitch diameter of a sprocket is given by 


Doe yee (180 dog.) T) os + ous 2s 2e7.-- (6) 


where Dp = pitch diam., in.; P = pitch of chain, in.; 7 = number of teeth. Dimensions 
of the section profile (see Fig. 2) are given by the following equations, in which t = thick- 
ness of sprocket, in.; tp = thickness of inside plate, in.; h = depth of chamfer, in.; g = 
width of chamfer, in.; r = radius of chamfer, in.; Q = depth of shroud, in.; W = width of 
chain, in.; K = transverse pitch of multiple width sprockets, in.; 


For single-width chain, t = 0.93 W-— 0.006. . . . [7] 
For double- and triple-width chain, t = 0.90W —0.006. . . . [8] 
. For quadruple-width chain and over, = 0.88 W—0.006. . . . [9] 
einen ee eee eel: ir = 1.008P 6. ees 
ea ee eee 2 O = 0.5 Pee en en, - © [13] 
Ke Wat elo tpi} OO0Ss . 0 ee sets) ss [14] 

Minimum outside diameter of sprocket is 
Da eelOo- {cot (s0\degy/2)] 4 2 i 5 .-- » [15] 


Bottom diameter of sprocket = D, — roller diameter. 
Maximum hub diameter = Dy — P. 


Dimensions of commercial sprockets are given in Tables 6 and 7. 

Tolerances.—The tolerances on the bottom diameter of cut sprockets is + 0.000 in., 
— (0.003 in. + 0.001 PVT). Tolerance on sprocket thickness is + W/50 + 0.002 in. 

The advantages of standard tooth forms are: (a) Distribution of the load among 
several teeth; (6) elimination of jerks when the links come into and pass out of action; 
(c) means to provide for chain elongation by allowing the successive rollers to climb the 
teeth and adapt themselves to their natural pitch line; (d) Quieter action resulting in 
greater efficiency and longer life; (/) Less tendency of the teeth to wear hook-shaped. 

The rollers of a new chain of correct pitch will seat themselves at the bottom of the 
tooth spaces. After the chain has elongated, one roller only at any particular instant will 
be seated at the bottom of the tooth space. From that point the successive rollers will 
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take higher positions on the working | 
face of the tooth until they have 
reached a pitch circle large enough to 
accommodate theincreased pitch of the 
chain. The greatest pressure is on the 
first tooth, with continually lessened 
pressure on each successive tooth until 


YY 
on the last or ‘“‘bedding”’ roller is reached. 
If the speed of the smaller wheel 


Fic. 2. Transverse Sprocket Tooth Profiles is over 60% of the maximum r.p.m. 
as given in Tables 3 and 4, the 
sprockets should be widened and all sharp burrs on the edges of the teeth removed. 
Smaller running sprockets may be made of machine steel, cast iron, semi-steel or bronze. 
Table 6.—Sprocket Tooth Dimensions for Roller Chain 
(Morse Chain Co., Ithaca, N. Y.) 
Sprocket Tooth Dimensions, in. (See Fig. 2) 


{| 


& & Thickness, ¢ Width Over Teeth, M Chamfer 
f os A ee es A 
s | € |e Ena 
a ay q ; ge 5 es 
q a om I re ie} a a o 
a aie et WE EB a2 
eS ea See Meee a ral SR ale ak Soe) ea 
35 8/g | 0.200/0.168 |0.163 . 400 
40 1/2 5/16| .284 275 -565 


140 | 13/4 | 1 .924 | .894 
11/g |1.156 


Table 7.—Standard Sprocket Diameters for 1-in. Pitch Roller Chains 
(A.S.A. Standard B29a-1930). 
For other pitches than 1 in., multiply the values in the table by the pitch. 
To obtain bottom diameter of sprocket, subtract diameter of chain roller from pitch diameter, 


No. Pitch |Outside] No. Pitch Outside Outside | No. | Pitch | Outside 
of Diam., | Diam.,| of Diam., | Diam., Diam., of | Diam.,| Diam., 
Teeth in. in. |Teeth in. in. in. eeth in. in. 

2.0000 | 2.332] 36 11.4737 | 12.030 21.593 96 |30.5628) 31.146 
2.3048 | 2.677 | 37 11.7917 | 12.349 21.911 97 |30.8811| 31.465 
2.6131 | 3.014} 38 | 12.1096 | 12.668 22.230 98 |31.1994) 31.783 
29238 | 3, 340 | SOME C42eo Pe bar oan 22.548 99 131.5177] 32.102 
3.2361 | 3.678} 40 12.7455 | 13,306 22.867 | 100 |31.8360| 32.420 
3.5495 | 4.006] 41 13.0635 | 13.625 23.185 | 101 |32.1543] 32,739 
3.8637 | 4.332] 42 13.3815 | 13.944 23.504 | 102 |32.4726| 33,057 
4.1785 | 4.657] 43 13.6995 | 14,263 23.822 | 103 |32.7909| 33.376 
4.4940 | 4.982] 44 14.0175 | 14.582 24.141 | 104 |33.1091| 33.694 
4.8097 | 5.305] 45 14.3356 | 14.901 24.459 | 105 |33.4274] 34.012 
5.1259 | 5.627} 46 14,6536 | 15.219 24.778 | 106 |33.7457| 34,313 
5.4423 | 5.950] 47 14.9717 | 15.538 25.096 | 107 134.0640) 34,649 
5.7588 | 6.271] 48 15.2898 | 15.857 25.415 | 108 |34.3823) 34.968 
6.0756 | 6.593 | 49 15.6079 | 16.176 25.733 | 109 |34.7006| 35.286 
6.3925 | 6.914] 50 15.9260 | 16.495 26.052 | 110 |35.0189| 35.605 
6.7095: 7.2357 51 16.2441 | 16.813 26.370 | 111 |35.3371| 35.923 
7.0266 | 7.555] 52 16.5619 | 17,132 26.689 | 112 135.655 | 36.241 
7.3439 | 7,875 9 (03 16.8803 | 17,451 27.007 | 113 |35.974 | 36.560 
7.6613 | 8.196] 54 | 17.1984] 17,769 27.326 | 114 36.292 | 36.878 
7.9787 | 8.516] 55 17.5166 | 18.088 27.644 | 115 |36.610 37.197 
8.2962 | 8.836] 56 | 17.8347 | 18.406 27.962 | 116 |36.929 37.515 
SUGISSeie O05 Sz 18.1529 | 18.725 28.281 | 117 137.247 37.833 
8.9315 | 9.475 |] 58 18.4710 | 19.044 28.599 | 118 137.565 38.152 
9.2491 | 9.795} 59 18.7892 | 19,363 28.918 | 119 137.883 38.470 
9.5668 |10.114 ] 60 19.1073 | 19.681 29.236 | 120 |38.201 38.788 
9.8845 |10.434] 61 19.4255 | 20.000 29.554 | 121 138.519 39. 106 
10.2023 |10.753 |} 62 19.7437 | 20.318 29.873 | 122 |38.837 39.425 
10.5201 |11.072 | 63 | 20.0618 | 20.637 30.191 | 123 139.156 39.743 
10.8380 |11.392 | 64 | 20.3800 | 20.955 30.510 | 124 39.475 40.062 
11,1558 |11.711 | 65 | 20.6982 | 21.274 : ; 


30.828 | 125 


39.794 | 40.381 


ee 


y 
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NUMBER OF TEETH.—The number of teeth in the sprockets should not be less than 
14, unless the speed is very low. However, when a sprocket runs at a low speed, 8, 7 or 
even 6 teeth may be used if it is not practicable to use a higher number. At moderately 
high speeds, such low numbers of teeth are inefficient and destructive to the chain. 

Whether the number of teeth should be odd or even is a disputed question. If a chain, 
after cleaning or repairs, is replaced so that the same links mesh with the same teeth as 
before and further, if there is an even number of pitches in the chain, 7.e., no offset links, 
an even number of teeth is advantageous. In that case one-half of the teeth will so wear 
as to work best with inside links which do not elongate from wear; the other half will 
accommodate themselves to the increasing length of the pin links. Otherwise an odd 
number of teeth is preferable, as then every tooth will mesh alternately with both kinds 
of links in the chain. 

CUTTERS FOR SPROCKET TEETH.—Three types of cutters are used for cutting 
sprocket teeth, viz.: Convex cutters, straddle cutters and hobs. Convex cutters will cut 
the following ranges of teeth: 7-8, 9-11; 12-17; 18-34; 35 and over. These cutters are of 
the common type, designed to cut the spaces between the teeth. Straddle cutters are 
designed to straddle the teeth and cut a part of two spaces at thesametime. Twostraddle 
cutters will fill the requirements for all numbers of teeth. Hobs are made to cut any 
required number of teeth of a given pitch and roller diameter. Proportions of cutters are 
given in American Standard A.S.A. B29a-1930, together with proportions of pattern teeth 
for cast sprockets. 


2. SILENT CHAINS 


A “silent” or high-speed chain consists of a series of leaves of the shape shown in 
Fig. 3, which are assembled by means of pins and bushings to form various widths of 
chain, as shown in Fig. 4. The chain engages with the sprocket as shown in Fig. 5. As 
the pitch lengthens, due to wear, the links adjust themselves to a larger pitch circle as 

_shown in Fig. 4, thus automatically compensating for wear. These chains can be run in 
either direction at velocities up to 1500 ft. per min. without noise or shock. 


Fig. 3 


Fia. 5 
Silent Chain 


ALLOWABLE TENSION.—The values of normal tension given in Table 8 may be 
increased when the speed of the chain is low, and must be decreased with high speeds. 
The following figures show the percentage variation from normal tension with variation 
aan 70 80 90 100 110 120 130 140 150 

tof normalr.p.m.. 10 20 30 40 50 60 
ee of normal tension 300 300 235 200 165 140 125 115 105 100 85 68 54 40 25 
i i -i i i in. wide, at 1200 r.p.m. and at 

Exampie.—Required the safe tension on a 1-in. pitch chain, 3 in. wide, 

600 aor From Table 2, the normal tension is 3 X 205 = 615 lb. at 1000 r.p.m. At 1200r.p.m., 
the speed is 1200/1000 = 120% of normal. Hence the permissible tension is 0.68 < 615 = 417.5 1b. 
At 600 r.p.m., the speed is 600/1000 = 60% of normal, and the allowable tension is 1.40 X 615lb. = 
861 lb. ; 

‘Other factors which tend to reduce the allowable tension are continuous operation 
(24 hr. per day), reversing service, drives subject to shock, and drives in which the drive 
sprocket has less than 25 teeth. Manufacturers of silent chain should be consulted con- 

ning drives involving unusual conditions. ‘ 
ae earth of Chain.—If P = pitch of chain, in., 7 = number of teeth on larger sprocket, 


number of teeth on smaller sprocket, D and d = pitch diameters of larger and 


i re. sprockets, in., respectively; C = center to center distance between the sprockets, 


in., and L = length of chain, and 6 = angle whose sine is {1/2(D — d)/C}, 
L = TP{(180 + 2 8)/360} + ¢P{(180 — 2 8)/360} +2CcosB. . - [16] 
i i basis 
F CHAIN DRIVES.—Pitch of chain first should be selected, on the 
of ae ext a in Table 8. The higher shaft speed is the limiting factor, and indicates 
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Table 8.—Silent Chain Drive Data 
(Morse Chain Co., Ithaca, N. Y.) 


Small Sprocket DriveR 


Mini- Small 


Maxi- 
ms mum _ |Sprocket 
. : per Normal | Mini- | Desir- | mum se P 
Pitch, Erieaeey Chou foot, Tension,| mum able Desir- Desay ons 
. Width, lj Normal ¢ able Mini. 
in, 5 in. m.t+ lin. No. of | No. of able Canter ianue 
mm | Wide, | 7?! | Wide, | Teeth. | Teeth, | No.of | “pi | No of 
lb.t DriveR | DriveR | Teeth, tans Teeth 
DriveN a ‘ 
3/g On75 4000 75 13 15-17 75 6 13 
1.00 2400 100 13 15-17 99 8 17 
[25 1800 125 13 17-21 109 14 17 
1.50 1400 150 13 17-21 115 18 21 
1.80 1100 185 15 17-23 125 21 23 
2.00 1000 205 15 17-23 125 24 23 
2.40 800 250 15 17-23 129 30 23 
3.00 600 335 17 17-27 129 36 23 
4.00 400 560 17 17-31 129 48 25 
6 935 


* Weight per foot = (2 X pitch)/width. 
+ Under favorable conditions these values may be exceeded, and under unfavorable conditions 
they must be decreased. See Allowable Tension, p. 24-45. 


Table 9.—Dimensions of Silent Chains 1 in. Wide 
(Morse Chain Co., Ithaca, N. Y.) 


Width. | Width Ove WidthiOwe| 


No. of 


Length Thickness 


vite | oe inch | Overall, | Washers, Shoulders, | of Rocker, | of Links, 
Wide * a aR aa in. in. 
3s 24 7.099 | 1.039 0.959 0.954 0.040 
1/2 16 1.130 | 1.030 940 925 060 
b/g 12 1.139 1.039 919 “904 “081 
3/4 12 1150 | 1.040 920 "904 ‘081 
0.9 8 1118 | 0.998 “878 “863 "122 
1.0 8 1.118 | 0.998 878 "863 122 
1.2 8 1.158 | 1.038 ‘878 “848 122 
1.5 8 1.184 1.038 878 "848 122 
2 6 haar? ite tesy 837 ‘807 163 
3 3¢__| 1.250 1000 “674 “644 1163 


* For each inch or half-inch increase in width of chain, add the increased width to di i 
given above. The first inch in width lacks one link. For example, 5/g in. pitch, 1 mn eee 
11 links, 5 and 6 in alternate sections. For each additional inch or fraction, add as per second 
column of table. tf Double. 


the largest pitch chain that can be used. In general, the largest pitch gives the best drive, 
but limitations of sprocket diameters and necessity for quiet operation often dictate 
smaller pitches. For the most noiseless drive, the smallest pitch that will carry the load 
should be chosen. Large pitch chain should be used for slow speeds and large power. 

The Speed Ratio is the basis of selection of driving and driven sprockets. The smaller 
sprocket usually is selected first, on the following basis: 


Speed Tatio™  — er waecwen So eletO one Orelto Orel Over 6 : 1* 
No. of teeth in pinion..... 17, 19, ar 17 15 
Chain Speed is determined by the equation 
V=TXrpm./N i. Bebo he Genie, Mena Leal 


where V = chain velocity, ft. per min.; 7 = number of teeth in sprocket; N = number of 
links per foot of chain. 

Chain Width is determined by first finding the total pull in the chain necessary to 
transmit the desired horsepower, and then ascertaining the width by means of the allow- 
able tension for the chain. used. 


P = Hp. X 33,000/V © i gs) fe Fe eS 

w= P/ psa ey [19] 

where P = total pull on chain, lb.; p = pull on chain, Jb. per inch of width (see Table 8); 
* For chain pitches 1.2 in. and over, 17 teeth is the minimum. Th i 

sprocket should not exceed 130, and better results follow iba a ninaliet, auricee of eo eee 


with the smaller pitch chains. An odd number of teeth in both e i i 
speed ratio demands an even number, a hunting link should he Noel ete hee ie 
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V = chain velocity, ft. per min. The next greater width, in even inches or half-inches, as 
shown by Table 9, should be used. 


HORSEPOWER TRANSMITTED BY SILENT CHAINS is given in Table 10. 
SILENT CHAIN SPROCKETS.—Table 11 gives the weights of solid pinions and 
armed sprockets for silent chain. Hub lengths are given in Tables 12 and 13. Odd 


Table 10.—Horsepower Rating of Silent Chain Drives 
(Link-Belt Co., Chicago) 


Chain Driving Pinion Horsepower Chain Driving Pinion Horsepower 


Pitch, | Width, | °°? | No. of | 10 Hr. | 24 Hr.| Pitch, | Width, Diset | No. of | 10 Hr. | 24 Hr. 
a a 1am., 4 Ci 1am., 
in. in. os Teeth |per Day|per Day] in. in, ae Teeth |per Day|per Day 
1760 r.p.m. 690 r.p.m. (Continued) 
Seepe then ieae4 b IT iss. feo nO) 1 ey 7 S411 at | 109.5 |. ere 
teh Ba nhe.o4 | 17 33 hoe te 8) alate 8 8.41] 21 | 125.2] 100.2 
eh -87ei 102.92, 37 3.04) 30il aie 9 9.05| 19 | 165.0 | 132.0 
Ha 1 ot eeu) ea, ee ee ter i Men 9.05| 19 | 183.4] 147.0 
ijseh Le | 2.92 |. 17 77 Soo ae, be at 8.41 | 21 | 219.0 | 175.0 
Ha} °2 R72 12 10.3 o 8.21 ave huts 8.41 | 21 | 250.0] 200.0 
Yo | 3 3041.19 U75T Veen 2s | Ma aye) Bee | 40001 de 21e |, 335.0.) 268.0 
Ws | 3 $067 ale 25 22.2 | UTIGATT us 18 | 10.01] 21 | 376.0 | 301.9 
1160 r.p.m 585 r.p.m. 
Sen) 16] 2:04 | 17 FD tol nies 12,1 10,0h) 21) 228.5") 183.0 
3/g | 1 2.04 | 17 2.1 1.7] 11/2 [4h AI@a6: OFM "2K" *| 267.01 213.0 
Ye | 1 peal) iz 2 lesa aes Gee 10,0191) 21. | 305.0'4-244.0 
owe fa) -2.72- | 47 50M 4 Zeit io} 620. |10701011-21 — \-381..05)- 305.0 
1/g | 2 3.04 | 19 89 SZ letiae 2? | 10,01 |. 21 |-418.0 | 335.0 
t/a?) 3 9-72) AT Hee) SFr leis oh) 28, olor) 21) | 45720 | 366.0 
3/4 | 2 4.58 | 19 W6s) SVattlenie pes | 10.9671 223, | 505.001 404.0 
SAD /o: | 5.05.0 21 Pe 7) 419,80] Mapes of 24 P11 921 & 25> | -547.0°1) 437.0 
3/4 3 5.05 21 29.7 238 570 r.p.m. 
3/4 | 4 5.05 | 21 278) bn 2h A aaayy SM UeaTGill pS 112 60,7 148.5 
3/4 | 5 RE wey, Sn ae a 4 ae ee die 
3/4 | 6 5.05 21 59.4] 47.5 11 5 10.01 41 pn Baas 
4 | 7 5.05 | 21 69.3) 55.5 : 
4 79.21 63.3) !1/2 7 9.05 19 114.5] 91.6 
3/4 | 8 eos er ioe Bae t 8 | 9.05 )—19 130.8 | 104.7 
3/4 | 8 5.53 | 23 ot etose (ells Oe P0017 a2 tae 2168.0 19485 
8/4 | 9 cage Oe (le eae) 10 10.01,\ 921 187, 1 | 149.7 
860 r.p.m 450 r.p.m. 
erie t/a fe2.04 | 17 oe i-0|02 22 14.70 23 627.0 501.0 
1 3 572°| 17 Z4}) wo te2 : 
ae 1 us 577 tT ere 261 2 26) f 14.70 | 23° | 741.0 | 593.0 
W/o | 2 272 “7 6a | 5.0 1-2 28 | 14.70) 23 | 797.0 637.0 
is | 2 FN baad 8.0| 6.4] 2 Aer 4 70°| 23. | 855.011 -684. 
aH aie 3-36, 2) 10.0] 8.0] 2 32 | 14.70| 23 | 912.0] 730.0 
3/4 | 2 5.05 21 16,2 13.0 440 r.p.m. 
8/4 | 21/2 | 5.05 | 2 eal NN a a ERC Ey ee eae 
3/4 | 4 5.05 | 21 32.4 a 2 108 113.43... 20 25250: 201.0 
3/4 | 5 5.05 | 21 B0i3 ee a ia igen) 214) 403.0 | 323.0 
I 5 6.10 19 Spl tal  Eeal E) Stee NTS Asn emt 453.01 11 362,0 
1 6 6.10 | 19 Ps EEN (es 18 | 14.70 | 23- | 505.0 | 404.0 
I 7 ee a ee ax 2 20 | 14.70| 23 | 561.0] 449.0 
1 7 67 ; 
1 8 6.74 | 21 98.0] 78.4 436 r.p.m. 
1 9 E74 20 110.2) 88,2 | 2 (ees 4s) eT. | 301.0 (24120 
1 12 6 74a 2a 047.0.) 117-6 | 2 eis 4a ai (| 351.0.] 281-0 
11/4 | 10 7,62 | 19. | 156.2 125.0 7 
11/4 | 12 Becta ieee beu.8 13.43 | 21 | 433.0 | 347.0 
2 13.43 | 21 | 476.0 | 381.0 
2 14570, |) 23 528.0 423.0 
2 140705) 23 | 576. 
1 2 6. 21.3 | 17.0 
2 14.70 | 23 | 624.0 | 599.0 
1 3 * 28.4 | 22.7 eile 
ate 25.5 | 2 14.70 | 23- | 672. 
| 7 x 42.6) 34.1] 2 14.70 | 23 | 720.0 | 576.0 
4 8. 62.6 | 50.1] 21/2 19.95 | 25. |°752.0| 601.0 
11/4 : Nie G2 151 821) 19.95 | 25 | 902.0 | 722.0 
1 5 8 78.2 ‘ 2 
ak ; 21 19.95 | 25 |1053.0 0 
We 166 7 82.0| 65.6 /2 
ee ah hie eo 95.7 | 76.51 21/9 19.95 | 25 |2030.0*| 1625.0 
4 : . 


* 2 Strands. 


24-48 MECHANICAL POWER TRANSMISSION 


widths of chain take the hub projection for the next higher width. For cast sprockets the 
values in Table 11 are the length of hub on each side of the sprocket. Split sprockets 
should have longer hubs than solid sprockets. Spring sprockets should be used with 
pulsating loads, as an air compressor, and shearing pin sprockets for drives subject to © 


shock. 
Table 11.— Weight per Inch of Face of Silent Chain Sprockets 
(Compiled from curves issued by Morse Chain Co., Ithaca, N. Y.) 

ee a 

: No. of Teeth, Solid Pinion No. of Teeth, Sprockets 
oF eas 13 | 15] 20 | 25 | 30 | 30 | 40 | 50 | 60 | 70 | 80 | 90 [100] 110 |120| 130 

in, iS 

ee PS oe 


Weight, lb. 


tall ev oligbale Le 2S PSSOeGS S20]! 4207 5 0f G26) 7-0 : 

Moelle Ol le 29] oak) Ae O 4,8| 6.4] 8.0] 9.6] 11.2] 12.8] 14.4] 16] 17.6] 19] 20.4 
5/8 ez We Ale225- eo oda ano 7.5} 10 12.5) 15 17.5) 20 22.5} 25| 2735) 3013255 
3/4 12512. 0) S85) 522 8:00) 1025) 4 17.5] 21 24.5) 28 31.5] 35) 38.5) 42) 45.5 
0.9 | 2.2] 3.0] 5.0 | 8.0 |10.2 | 13.5) 18 Picts \ Ai 31.5) 36 40.5] 45] 49.5) 54] 58.5 
120 | 26i05..6| 6,2 [020 i555. 118 24 30 36 42 48 54 60| 66 72| 78 
152 )0358h05.0) 9.00140 Vea ee.. 21 28 35 42 49 56 63 70| 77 84] 91 
VESa 528i e7. ST 4 Os 2h Oe es. 30 40 50 60 70 80 90 |100)110 | 120)130 
20 119.8113. 8/2225 (35,0 teen. 60 80 |100 |120 |140 |160 {180 |200)220 | 240|260 
SOU 242 0) 51 0) 33 0 isnt aera ose 102 |145 |188 |231 |274 |317 |360 |403/446 | 489 |522 


Table 12.—Hub Lengths of Solid Steel Silent Chain Pinions 
(Morse Chain Co., Ithaca, N. Y.) 


Chain Width, in. 


1 |isjo| 2 | 3 4[5| 6|7 s|o|wolulje 3 | 4] 15 | 16 | 7 | 18 


Hub Length for Pinions not over 10 in. Diameter, in. 


{Pitch of Chain, in. 


3/4|8/4| 3/4] 3/4] 3/4] 3/4] 3/4] 3/4] 3/4) 3/4*) 3/4*) 3/4*| 8/4*).....]...--]---- |e eee e|e eee [eee ee [enon 
0.9]3/4| 3/4] 3/4] 3/4] 8/4] 3/4] 8/4) 3/4] 3/4*) 3/4*) 3/4*) 3/a*{1* {1* |I* JI* JI* JI* TT 

3/4) 8/4] 8/4] 8/4} 8/4) 3/4) 3/4} 3/4] 3/4*) 3/4*) 8/g*) 3/4*1* |1* JI* JI* It I I1* 

we pouood de fb pee fae pee a nat] gt 7g) 17a] 11/4] 11/4 

Atoodt fb de me fa fa pa ag] 1/9] 11/4] 11/49] 1a] 1/4" 

Vo JU 4/4} 1/4} 11/4) 11/4) 11/4*] 11/4] 11 /4*) 11/4") 11/4") 11 /2*) 1 1/9*) 1 1/2*! 1 1/9*) 1 1/2*| 11/9" 

11/4} 11/4] 11/9]11/9|11/9|2 2 2 2 2 2 Zz 2 Ya ze 2 


Hub Lengths for Pinions over 10 in. Diameter, in. 


1.2)...].... V1/4] 01/4} t1/q)1 1/4] 11/4) t 4/4] 11/4") 11/4") 10 /4*) 11 /4*] 11/4") 1 1/4") 11 /4*} 1 1/4") 1 1 /g*] 1 1/4*) 1 1/4" 
1.5)...].... VU/q} 11/4} L/4) 11/4) 11/4) 11/4) 1/q*) 11/4") 11 /4*) 11 /4*] 11 /4*) 11/4) 11 /4*] 1 1/4") /4*{1 1/4") 11 /4* 
2 |...[..-- V1/4) 11/4) 11/4] 1 1/4) 11/4) 11/2] 11/2*) 1 1/9*) 11/2") 11/2*| 11/2*) 1 1/9*) 1 1/2*|11/9*! 11/2") 11/9*)1 1/9" 
Be inte | ersreisiffereies 11/9}11/2]11/9|2 ay fe 2 2 2 2 2° eV eae a2 


* Hub at each end of pinion, 


ROPE DRIVING 


1. MANILA AND COTTON ROPE DRIVES 


SYSTEMS OF ROPE DRIVING.—Two systems of rope driving are in use: 1. The 
American or continuous system, Fig. 1, in which a single rope passes over the sheaves 
several times, the slack being taken up by a tension carriage, which also transfers the rope 
from the outside groove of the driven sheave to the opposite outside groove of the driving 
sheave. 2. The English multiple system, comprising one or more separate ropes along- 
side of each other in the pulley sheaves. 

‘ The Continuous System is adapted to drives where the shafts are not parallel, to vertical 
drives and to drives where the rope is exposed to. the weather. A disadvantage, however 
is that the breakage of a single strand puts the entire drive out of service. , 

The arrangement of the tension carriage is important. The slack preferably should 


MANILA ROPE DRIVES 24-49 


Table 13.—Standard Hub Lengths for Cast-iron Silent Chain Sprockets 
Table shows hub length on each side of sprocket 
(Morse Chain Co., Ithaca, N. ay) 


Outside é : : 

oe Chain Width, in. 

in. 11/4 11/o 2 3 4 5 6 7 8 

SS Me: Care i Wee § ee eee | | | : | 
as eee ADE ee eee 

gth to ht of d 

UC 6 111 ol ie ala ITER Pa |S eee | WS Sea Ia line, 1/2 in. odes ea tad 
PIONS AA EN Rg ie em Ec) Pa Fee ee os es (ir oa [A 

25.5 EE ee 4 (ee ale Aen op Oe ae EY © 
COG oe EAE OC RRs eck moa ry igi Wn Ue LN a aT oa el Mgt 8 
31.5 SS Ea Meh + | 2 Pe ee ee 
34.5 Sia |. ae OE Eh ok Sl Leese med 
37.5 BS a5 2 FG ae I Mien «ties I ot 
40.5 11/4 Gian | etm B ere dete |.) cade dd ee 
43.5 La) | BCE s Le OB Rebe tet gee Wed oc ee oe ae teehee 
46.5 1 3/4 11/4 TT Was Ae te tc pe anes eae ep 
49.5 Teal hed che sac Ee et 
S200) 21/4 13/4 11/4 SVE A Ae eats otal Or anea eae (Eteraepe| [eae 
55.5 21/q |.2 11/9 (eed Boot as 

58.5 23/4 | 21/4 | 18/g | 11/4 

61.5 21/2 1g] 1 

64.5 31/4 | 28/4 | 21/4 | 13/4 | 11/4 

67.5 31/2 21/2 11/2 

70.5 38/4 | 31/4 | 23/4 | 21/4 | 13/4 | 11/4 

73.5 31/2 21/g | 2 11/2 

76.5 41/4 | 38/4 | 31/4 | 23/4 | 21/4 | 18/4 

79.5 4l/o | 4 31/2 | 3 21/2 | 2 

82.5 43/4 | 41/4 | 33/4 | 31/4 | 23/4 | 21/4 

85.5 41/o | 4 31/q | 3 21/2 


be taken up on the slack side of the drive at the driving sheave. See Fig. 1. If this is 
not possible, it may be taken up at the driven sheave. See Fig. 2. The outside groove 
of the driven sheave then should be’a loose 
sheave, and the rope led to it from the tension 
sheave, whence it is returned to the opposite 
outside groove on the driving sheave. The 
weight applied to the tension carriage should 
be just sufficient to prevent any tendency to 
slip in the rope. It can be approximated 
from the value of the tension in the slack 
- side, as calculated by formula [4]. 

The number of grooves and length of rope 
that one tension carriage will serve varies 
with the conditions of the drive. It is ad- 
visable to limit the length of the rope in con- 
tinuous drives of large power, and use two or 
more ropes, each served by a separate tension Ze 
carriage. The American Mfg. Co. recom- eae ee) 
mends that not over 10 or 12 laps of rope az KI 
be allotted to a single tension sheave, and for S~ 
long drives and those requiring heavy ropes 
the number of laps per tension carriage 
should be reduced in proportion to the length f 
and weight of rope between driving and Fia, 2 
driven sheaves. The maximum length of Continuous Rope Drives 
rope served by one tension carriage should 
not’ exceed 3000 ft. under ordinary conditions, and the travel of the carriage should be 
at least 2% of the length of the rope, except for very long or very short ropes. Table 1 
gives data which are useful in the design of rope drives. 

The English Multiple System, using separate parallel ropes, has no tension carriage, 
but depends on the weight of the ropes to provide the necessary tension. The power 
transmitted by a given drive may be increased at any time by the installation of addi- 
tional ropes. An advantage of this system is that the breakage of a single rope does not 
put the drive out of service. Disadvantages are the difficulty of maintaining uniform 
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Table 1.—Data of Manila Transmission Rope 
(American Mfg. Co., Brooklyn, N. Y.) 


Smallest 


Approxi- | Break- |Maximum Length of Splice, ft. 
of Diam- mate ing Allow- Sheave eae 
Rope, eter2 Weight, | Strength, able 3 4 6 Diam., 
in, Ib. per ft. Ib. Tension | Strands | Strands | Strands| jn, Bees 
3/4 0.5625 0.21 3,950 112 6 i ee ore 28 760 
7/8 0.7656 0.27 5,400 153 6 Sp Sin. seas 32 650 
1 be 0.36 7,000 200 7 10 14 36 570 
11/g 1.2656 0.45 8,900 253 7 10 16 40 510 
11/4 1.5625 0.56 10,900 312 7 10 16 46 460 
13/g 1.8906 0.68 13,200 378 8 12 16 50 415 
11/9 225) 0.80 15,700 450 8 12 18 54 380 
15/g 2.6406 0.92 18,500 528 8 12 18 60 344 
13/4 3.0625 1,08 21,400 612 8 12 18 64 330 
2 4. 1.40 28,000 800 9 14 20 72 290 
21/4 5.0625 1.80 35,400 1012 9 14 20 82 255 
21/2 6.25 2.20 43,700 1250 10 16 22 90 230 


0.34 X diam.?. 
7000 X diam.?. 
200 X diam.?. 
36 X diam. 
5400 ft. per min. 


Weight of transmission rope 

Breaking strength 

Maximum allowable tension 

Diameter of smallest practicable sheave 
Velocity of rope (assumed) 


to we ud 


tension on the several ropes, with resultant excessive wear on the more heavily loaded 
ones; the necessity of protecting the drive from the weather; the inability to use it for 
vertical drives; and the requirement that the distance between sheaves must be suffi- 
ciently long to give the necessary tension on the ropes. 

EFFICIENCY OF ROPE DRIVES.—(E. H. Ahara, Trans. A.S.M.E., xxxv, p. 557, 
1913.)—The efficiency of rope drives decreases slightly with increasing speeds. It is not 
affected by variation of center to center distances from 25 to 150 ft. The following 
figures were obtained in tests of both multiple and continuous drives at 3/4 load with a 
constant rope speed of 4500 ft. per min., using l-in. manila rope with a center to center 
distance of pulleys of 100 ft.: 


Nos Of ropes in drlveterierteeracieear rere erent 1 2 3 4 6 8 
Continuous drive efficiency . . cae - ever ant ar ses 33 a Lei 
Multiple drive efficiency..... oy Ever : : : ’ Ee =~ = a pe he 


The continuous drive had 60-deg. grooves, and the multiple drive 45-deg. grooves. 

In the open drive, the ropes ran horizontally between two sheaves. In the up and over 

drive the rope was led upward from the driving sheave, horizontally over two idlers, 

downward and around the driven sheave, upward and horizontally over two idlers, and 
thence downward to the driving sheave. 

HORSEPOWER OF ROPE DRIVES.—Let T = working tension in rope, lb.; 

T; and T; = the total tension in tight and slack sides of rope, respectively; #; and te = 

‘effective tension in tight and slack sides of rope, respectively, lb.; te = tension due to 

centrifugal force; V and v = velocity of rope, ft. per min. and ft. per sec., respectively; 

w = weight of rope per ft., lb.; d = diameter of rope, in.; S = breaking strength of rope, 


lb, Then T= (bs be) MM 
ty = wol/g = weS2.2, SO ee) 
Hp: =27'V (33000 mae <pbeia teh 


Tension t; may be considered as made up of: (1) tension doing useful work; (2) tension 
to balance the tension necessary for adhesion; (3) tension due to centrifugal force. Ten- 
sion t2 may be considered as made up of: (1) tension necessary for adhesion Ta; (2) tension 
due to centrifugal force, é,. ; 

Tension on the tight side is assumed to be double that on the slack side. Th 

2 3 en 
Ta/T = 1/2, and Ta = 1/2 T. Since Ta = te — te, t2 = te + 1/2 T, and 


P= ty tg l/g Ty. i ie eee 

from which P= 2 = i). re [5] 
Substituting the value of 7 from [5] in equation [3], 

Hp. = 2/3(: — t-)V//33,000. . . .. oA. [6] 


According to the American Mfg. Co., t; should be limited to 1/35 S, and S may . ee 
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Table 2.—Horsepower Transmitted by Single Manila Ropes 
(American Mfg. Co., Brooklyn, N. Y.) 


Diameter of Velocity, feet per minute 

Rope, in. 1000 | 1500 | 2000 | 2500 5000 | 5500 | 6000 
3/4 SF NSS | CEN |e || || || ee euler Gao 
7/8 3.0 5 9 SO 389 || 20) OSG | OR Bua) cin 

I 4.0 9 Hi v2 One lle 8) iml2e7 a1 2500(6 1380" |) 12)-7a eT Da0 
11/s 5.0 5 a7 6 PS ATO 6.00 16.3) Wnt6e7 | 16.5an15e 
11/4 6.3 a 0 3 EZ PL8E5) 20808820) 211820. 72/205 189 
13/g 705 .8 4 4 (01/2229) 23.7 1924,5%) 24.6 | 24.0 || 2283 
11/2 9.0 5 4 a7 .0 | 26.3 | 28.7 | 29.0 | 29.5 | 28.6] 26.7 
15/g 10.5 5 it 3 .9 | 30.8 | 32.9 | 34.1 | 34.3 | 33.3] 31.0 
3 .0 6 &2 .7 | 36.4 | 38.5 | 39.4] 40.5 | 38.7] 36.0 

.0 BD 6 8 .5 | 46.7 | 50.0 | 51.7 | 52.8] 50.6 | 47.3 

.0 6 .6 6 .6 | 59.2 | 63.6 | 65.8 | 66.3 | 64.4] 60.3 

.0 6 g 5 .0 | 71.2 | 78.0 | 80.0 | 81.0 | 79.0 | 73.8 


Table 3.—Sag of Ropes in Rope Drives 


Distance Sag on Driv- Sag on Slack Side Distance Sag on Driv- Sag on Slack Side 

Between ing Side, |__———___________} Between | ing Side, = 

Pulleys, | All Speeds, Velocity, feet per minute Pulleys, | All Speeds, Velocity, feet per minute 
ft. ft. 3000) 4000] 4500) 5000/550 ft. ft. 3000] 4000) 4500/5000|5500 
30 0.19 0. 45/0. 39/0. 36/0. 33/0.3 90 avs AO) 355) 352300) 2ik7, 
40 eo4 . 80} .69| .64) .59) .5 100 Zo 50154531) 4-0) 327105 05 
50 See! Te SEE OF 292) 64 120 3.0 7.2) 6,2) 5.7) 5.3'| 4.8 
60 .76 PeSaihera ed Me oa 140 4.1 OF 998.5197), Biz 251) 6.16 
70 1.0 7M) ARO AeA Rel MES 160 5.4 12.9) 11.1)10.2) 9.51 8.6 
80 1.4 3 2u2eoreoe |Z Saeed 


~ as 7000 d?; whence, t; = 200 d?. Substituting the values t, = 200 d®, and t, = wv2/32.2 
in [6], we have 
Hp. = 2/3 V{200 d? — (wv?/32.2)} + 33,000 


= 0.000 0222 V {200 d? — (w2/32.2}. . . . . . [7] 


Table 2 gives the horsepower that will be trans- 
mitted by single ropes at various velocities. It is 
based on a coefficient of friction of 0.31, corresponding 
to a groove angle of 45° and an arc of contact of 
165°. (For theoretical discussion of the effect of arc 
of contact and coefficient of friction on the transmis- 
sion of power by belts, bands, ropes, etc., see Belting, 
p. 24-14.) 

Since the value of 7, increases with the velocity of 
the rope, it is obvious that there is a certain speed at 
which the maximum horsepower will be transmitted. 
For a tension in the tight side of 200 lb. per sq. in. 
this is in the neighborhood of 80 ft. per sec. as shown 
by Fig. 3. ; 

Sag of Rope.—The catenary of the driving side is 
not affected by the speed or by the diameter of the 
rope. The deflection of the rope between the pulleys 
on the slack side varies with each change of load or 
speed. The deflections D and Dy, or sag in the tight 
and slack sides, respectively, for horizontal drives 
may be approximated from equations [8] and [9], 41 
being taken as 200 d?, and Z being distance between sheaves, ft.: 


Deen eae | 8 Di EDS. 6... 18) 


The value of tz is found from equations [4] and [5]. Equations [8] and [9] will closely approxi- 
mate the sag on the driving side for both multiple and continuous systems, and also the 
sag on the slack side in the continuous system. In the multiple system the equation for 
the slack side is true only when the ropes are first spliced on the pulleys, as the stretch in 
new ropes, when they are put in motion, rapidly increases the sag. Table 3 has been 
computed from the foregoing equation. : 

SHEAVES.—The larger the sheaves, the less the internal wear of the rope. Sheaves 
should not be less than 40 times the diameter of the rope for economical wear, and as 


| 
= 
= 
E) 
30 Le. 
& 
5 LS. 
Pa 
2: 
lao Le. 
£ 
5 


Horsepower 4{ransmitted 


giana 


Fig. 


Horsepower Transmitted 
by Manila Rope 


24-52 MECHANICAL POWER TRANSMISSION 


much larger as it is possible to make them. This rule applies also to idler and tension 
sheaves. ; : al 

Fig. 4 and Table 4 show the form and give the dimensions of the grooves in driving 

and driven sheaves, as recommended by The American Mfg. Co., 

eee for the continuous system. The grooves for the multiple rope 

{ aie system are of similar form, but deeper, and the angle of the grooves 

l is 30 deg., instead of 45 deg. Fig. 5 shows the form of grooves 


a 
DA’ recommended for carrier and idler sheaves in the continuous rope 
Y system. Grooves should be well polished to avoid wear on the 
GW; yyy ropes. They also should be free from sand- or blowholes, which 
V Yi tend to cut the rope rapidly. 


COTTON ROPES are used almost exclusively in Great Britain 

— Baile peeere but only to a limited extent in the U. S., where the preference is 
for manila rope. The American Mfg. Co. states that cotton ropes 

are advantageously used as bands or cords on the smaller machine appliances; the fiber, — 
being softer and more flexible than manila hemp, gives good results for small sheaves; 
but for large drives, where power transmitted is in considerable amounts, cotton rope, as 
compared with manila, is hardly to be considered, on account of the following disadvan- 
tages: It is less durable; it is injuriously affected by the weather, so that for exposed 
drives, paper-mill work, or use in waterwheel pits, it is unsatisfactory; it is difficult, if not 
ead 436-51 impossible, to splice uniformly; even the best quality 
L cotton rope is much inferior to manila in strength— 
YA Y the breaking strain of the highest grade being but 
Z Z 4000 X diam.? as against 7000 X diam.? for manila; 


Y while, for the transmission of equal powers, the cost of a 
YUH Yyy, cotton rope varies from one-third to one-half more than 
< 4 manila. 
Fie. 5. EE sae Cee Sheave J. Melville Alison (Jour. Engg. Inst. of Canada, June, 
1920) gives a table for the horsepower transmitted by 
cotton ropes, from which Table 5 is condensed. He recommends a groove angle in the 
sheaves of 40 deg. 

For many valuable data on rope driving, including arrangement of drives, see Blue 

Book of Rope Transmission, American Mfg. Co., Brooklyn, N. Y. 
SHEAVE CENTER DISTANCES.—The distance between the axes of the sheaves 
of rope drives, where the tight strands are on the bottom, depends on the sheave diam- 
eters. The slack strands should clear the tight lower strands by at least 0.1 L, where 


Table 4.—Dimensions of Grooves in Rope Sheaves 


Diameter of Dimensions in Inches. (See Fig. 4) 

Rope, in. A F Radius 
i a 3/ 49 
13/4 1 15/16 3/3 4 ae 
11/2 111/16 3/3 45/16 
13/g 19/16 3/8 4l/g 
11/4 11/2 3/g 4 
1 V/g 13/g 3/s 31s 
y 11/4 3/g 37/3 

7/8 


215 
3/4 /16 


Table 5.—Horsepower Transmitted by 3-Strand Cotton Rope 


Rinmeteman Velocity, feet per minute 
Rope, in. 1000 | 1500 | 2000 | 2500 | 3000 | 3500 | 4000 | 4500 | 5000 | 5500 | 6000 
Vo RIMRIMSES Sloe ee ee. 
B/s 1.6] 2.6] 3.6 | 4.24) eR ag i iolh oe ae tee ee ae 
3/4 2.3 \e3.8'] 5.01 6.04, 27004 1 906) By itle cei ee 
1/3 o |} 3.21 3.2] 6.7) 8.21 9:67] 10.61 11,34 TIeS [ones ee 
1 4.2) 657 | 8.7'| 10.77) 12S 13,6:| 94.61 a5 e6e hepa tela 
1 1/g 5.3) 8.3] 1t.2| 13,7) 15.7, /217.2 |, 18.5.) 495 [eo6.5 | oto ga a 
11/4 6.6 | 10.2} 13.7] 16.9 | 19.3] 21.3 | 22.9 | 24.4] 25.5 | 26.5 | 27.5 
18/3 8.0 | 12.5 | 16.6 | 20.1 | 23.4| 25.7] 27.7 | 29.3 | 30.8 | 32.3 | 33.5 
11/2 9.5 | 15.0] 19.8] 24.1 | 27.9 | 30.8 | 33.0 | 35.0 | 36.7 | 38.2 | 30.6 
15/3 11,2] 17.5 | 23.2] 28.5 | 32.7 | 35.9 | 38.8| 41.0 | 43.0 | 45.0 | 465 
13/4 13.0 | 20.3 | 27.0 | 32.9 | 38.0] 41.9] 45.0 | 47.5 | 50.0] 52.0 | 54.0 
1% 14,9 | 23.5 | 31.0] 37.9] 43.6 | 48.3 | 52.1| 54.4] 57.4 | 59.9 | 61.9 
2 17.0 | 26.5 | 35.2| 42.9| 49.6| 54.7| 58.8 | 62.3 | 65.3 | 67.9 | 70.4 
5 
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L = center to center distance of the sheaves. Where the tight strand is on top, L may 
be as great as 100 ft., provided that shafts and bearings are sufficiently rugged to withstand 
the strain of the extra weight of rope. It is not advisable to make the distance between 
the faces of the sheaves less than 25 ft. 


2. WIRE ROPE TRANSMISSION 


The electrical transmission of energy has largely displaced wire rope as a power trans- 
Mission medium. For the relatively few installations that require rope, Table 6 will 
provide the data necessary to calculate the drive. For data on the 
various types of wire rope available for power transmission, including 
construction and breaking strength, see pp. 6-34 to 6-43. 

WIRE ROPE SHEAVES.—Sheaves used with wire rope for the 
transmission of power are of the form shown in Fig. 6.‘ Dimensions 
are given in Table 7. The bottom of the sheave is filled with blocks 
of rubber or leather. The minimum diameter of sheave that should 
be used with 6 X 7 wire rope is 100 d, where d = diameter of rope. 
With 6 X 19 rope, the minimum sheave diameter should be 66d. 
Sheaves must be set true on the shafts, and at right angles to the line 
of transmission to avoid wear on the rope and loss of power. Guide 
sheaves and supporting sheaves should not be used unless absolutely Fic. 6. Wire Rope 
necessary, for the same reasons. In designing wire rope transmissions Sheave Groove 
to transmit a given horsepower, a choice frequently can be made 
between small sheaves running at high speed and large sheaves running at a lower speed. 
Since the wear on the rope always is greater in bending over small sheaves, economy in life 
of rope will be served by selecting the larger sheaves and lower speeds. 


Table 6.—Horsepower Transmitted by Wire Rope 
American Steel & Wire Co., Cleveland, O. 


eter eter | Revo- 
of of tions 
per 
Fees erent Minate 
5/3 9 140 
11/16 10 100 
11/16 12 80 
5/ 10 126 
3/4 12 60 
11/16 10 120 
5/3 10 140 
11/16 12 100 
11/16 10 140 
3/4 12 100 
iP 120 
1 14 80 
Vg 14 80 
3/4 12 120 
iis 12 120 
1 14 100 
14 100 


Diam, | Diam, Dimensions of Rim, in. (See Fig. 6) 


33 
4 
5 
6 
7 
8 
9 
0 
2 


COUPLINGS AND CLUTCHES 


Couplings are of two general classes: 1. Fast or permanent couplings; 2. Releasing 
couplings, generally known as clutches. Permanent couplings may connect parallel 
shafts, having a common axis, or otherwise; they may connect shafts having intersecting 
axes; or they may connect shafts of inaccurate alignment. The positive clutch consists 
of a part rigidly fastened to the shaft and a second part free to slide along a spline on the 
shaft. The abutting faces of the coupling engage through interlocking jaws, or drive by 
friction. For an excellent discussion on couplings and clutches, see Leutwiler’s Machine 
Design. Also see Trans. A.S.M.E., xxx, p. 39, 1908. 


1. COUPLINGS 


BOX COUPLINGS prevent relative motion of the shafts by means of akey. Unwin 
gives the proportions shown in Fig. 1. 

A FRICTION COUPLING that is both simple and effective for small shafts is shown 
in Fig. 2, which also gives the proportions. 

CLAMP SHAFT COUPLING (Table 1).—Halsey’s Handbook gives the proportions 
for the clamp shaft coupling shown in Fig. 3. These correspond closely with the propor- 
tions of commercial couplings. 
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Fic. 3. Clamp Shaft Coupling 


Table 1.—Dimensions of Clamp Shaft Couplings 


(See Fig. 3. Dimensions in inches) 


Wei 
D A B C 1) BOP re) SGgereeee lew K R Ss eee 

17/16 6 Al/q | 212] | ER EEE |) Aen BR SIE 5/16 16 5 18 
111/16 7 PH) oS) 13/16] 4 SAB | MLS/a: | ec eves 7/16 | 1 vane 7 29.0 
1 15/16 8 SUS | SMa | Sie raya |e alls cre rare Tie | 11/16 3/4 | 42.7 
2 3/16 9 Gls. | PS ARS PS T/o0 | 540s Ua aay an lero 9/16 | 11/16 3/4 | 57.9 
27/16 10 Od /ar SVE Re | UO/g |) Ot /aalie yan ie yon erecta 9/16 | 13/16 Us | 01859 
2 358 1 73/g | 4 MiGs | 5 W/4 | 13/3 | 23/4] 9/16 | 11/16 3/4 | 94.6 
2 : /16} 12 8 41/4 | 2 53/g | 4 | 11/2) 3 Wig | 11/16 3/4 | 125.2 
: 3/16 13 85/g | 41/2 | 21g | 51/2] Ia | 15/g | 31/4 | 1/ig | 11/16 3/4 | 149.5 
i/6 14 9 43/4 | 21/4 | 6 1/4 | 13/4 | 31/2 | 1/36 | 13/16 7/3 | 181.7 
311/jg| 15 93/4 | 5 21/2 | 61/4] Wa | 17/g | 38/4 | Uae | 13/16 7/g | 228.6 
“| Ps 16 101/4 | 51/g | 28/4 | 7 W/4 2 4 13/16 1 5/16 1 277. 9 
i 7s 18 | Il 1/2 | 6 3 73/4 | Wg | 21/4 | 41/2 | 18/16 | 15/16 | 1 389.8 
/16 | 20 125/g | 63/4 | 33/g | 81/2 | Wa | 21/2 | 5 13/16 19/16 | 11/4 | 496.7 
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HYDROELECTRIC UNIT COUPLINGS.—Integrally forged shaft couplings for 


Corner Rad= ZL 


Fie. 4. 
Unit 


Ls 


Corner Rad=L 
Integrally-forged Hydroelectric 


a 
yey 


Coupling 


hydroelectric units have been standardized by the 
A.S.A. as shown in Fig. 4. Dimensions are given 
in Table 2. 

FLANGE COUPLINGS have not been stand- 
ardized. The dimensions of stock couplings made 
by different manufacturers vary considerably. 
Fig. 5 and Table 3 represent good practice. In 
these couplings, the center line of the keyway 
should lie on a diameter through a coupling bolt 
as shown. Couplings for shafts of 10 in. di- 
ameter or over should have two keys 90 deg. 
apart. 


While rules for design are empirical, the resistance of the bolts to the turning movement 
Table 2.—Dimensions of Integrally-forged Shaft Couplings for Hydroelectric Units 


Flange 

Thickness C 
Shaft Shaft | Rab- 
Diam., Shaft | “Not | bet 


D_ |Diam.,| Subject 
B to = 


(A.S.A. B49, 1932) 


All dimensions in inches. See Fig. 4 


to E 


Bending Bending 


31/2] 71/2 7/3 7/g 21/g 
81/g 1 I 2 3/g 
41/2| 9 11/g 11g 23/4 
1O1/g} 1V/4 11/4 3 
51/2} 107/g} 13/g 1 3/g 31/4 
Ve} 11/2 11/9 3 5/g 
61/2} 123/4| 15/8 15/g 37/g 
13V2] 13/4 1 3/4 41/4 
71/9} 14 1 7/g 13/4 41/9 
15 2 17/g 43/4 
B1/g} 152} 21/8 1 7/g 5 1/g 
9 161/g} 21/4 2 5 3/8 
10 18 21/2 21/4 6 
rh 19 3/4] 23/4 21/4 | 61/2 
12 22 3 21/2 71/4 
13 23V2) 31/4 23/4 7 3/4 
14 25 31/2 81/2 
15 27 3 3/4 31/4 9 
16 29 4 31/4 91/2 
17 30 41/4 31/g | 101/4 
18 321/o| 41/2 33/q | 1038/4 
19 34 43/4 4 11 1/2 
20 35 1/4 4 12 
21 37 1/4 51/4 41/4 12 1/9 
22 39 5 1/2 41/2 13 1/4 
23 40 5 3/4 43/4 13 3/4 
24 42 4 3/4 14 1/9 
25 43 1/o 61/4 5 15 
26 45 1/9 61/2 51/4 15 1/g 
27 47 6 3/4 51/2 16 1/4 
‘28 241/29 7 5 3/4 16 3/4 
29 50 I/2 71/4 5 3/4 17 1/2 
30 51 3/4 71/2 6 18 
31 53 1/9 7 3/4 61/4 18 1/9 
32 55 8 61/9 19 1/4 
33 5612} 81/4 63/4 | 19 3/4 
34 581/4| B81/o 7 20 1/2 
35 60 83/4 7 21 
36 61 3/4 9 71/4 21 1/2 
37 63 1/2] 91/4 7 1/2 22 1/4 
38 | 6483/4] 91/o 78/4 | 23 
39 6611/2} 93/4 73/4 | 23 1/9 
40 68 10 8 24 


ubject |Diam., 


Bolts 
Center 
| Retier | Fillet} Sor Bolt | Dis- | gig 
Height!piam.,| R@ | Ra- | No. |Diam. | Circle] tance | ‘o¢ 
F G dius, aiue Diam.,| of Nuts 
H ih i M | Bolts, 
N 

3/16 |--.... 8/16) Vie | 6 | 7/g | 55/g} 2.81} 77/8 
SiS aires 3/16] Wig | 6 7/g | 61/4| 3.12 | 7/g 
BPTGn | eran 3/16) Wie | 6 | 1 67/g| 3.43 |] 
3/16 |-----. 3/16] Yie | 6 | 11/g | 73/4] 3.87 |1 1/q 
WAG Nodasae Ya} Vie | 6 | 11/4 | 838/g] 4.18 | 1 1/4 
3/16 | 65/g| 1/4} Wie | 8] 11/4 | 9 3.44 |I 1/4 
3/16 | 7Y/g} Wa} Wie | 6] 11/2 | 98/4] 4.87 |1 1/2 
1/4 73/4) 3/g | 3/32 | 8 | 11/2 | 101/2} 4.02 |1 1/o 
1/4 81/4] 8/g | 3/32 | 8} Ite | 11 4.21 |1 1/2 
1/4 83/4] 1/2} 3/32 | 8} 13/4 | 12 4.58 |1 Io 
1/4 93/3) Io] 3/32] 8 | 18/4 | 121/2] 4.78 |1 1/2 
/4 97/g} 5/g | 8/32 | 10 | 13/4 | 13/4] 4.10 |I 1/2 
V/4 a} 3/4 | 3/32 | 10 | 2 141/2| 4.47 |1 3/4 
Wg | 121/g] 1 ig | 10} 2 16 1/4] 5.02 |1 3/4 
5/16 | 13 1/4] 1 1/g | 10 | 21/4 | 18 By or|2 
5/ig | 143/g} 11/4] Wg | 12 | 21/4 | 19 1/2] 5.05 2 
5/ig | 1538/g} 11/4} Wg | 12} 23/2 | 2031/2} 5.32 |2 1/4 
5/ig | 1161/2] 11/2] Wg | 12 | 21/2 | 2231/2] 5.83 [2 1/4 
5/1g | 175/g |] 11/2) 3/16 | 12 | 23/4 | 24 6.21 |2 1/5 
5/16 | 18 3/4) 11/2) 3/16 | 12 | 23/4 | 25 6.47 |2 1/2 
5/1g | 19 7/8} 13/4] 8/16 | 12 | 3 27 6.99 |2 3/4 
5/16 | 207/g| 13/4] 3/16 | 14 | 3 28 1/2} 6.33 |2 3/4 
3/g | 22 e/a tf tas 29 3/4} 6.61 |2 3/4 
3/g | 231/g| 2 Wg | 14] 34/4 | 311/4] 6.96 [3 
3/g | 241/g| 2 1/4 | 14 | 31/o | 321/2| 7.23 |3 1/4 
3/g | 2538/g/2 | 1/4 | 14] 31/2 | 33 1/2] 7.45 |3 1/4 
3/g | 263/g| 2 V4 | 14 | 33/4 | 35 7.78 |3 1/2 
3/g | 271/2| 21/2] Wa | 14 | 33/4 | 361/2| 8.10 |3 Ve 
7/16 | 285/g} 21/2} W/4 | 14] 4 38 8.45 |3 3/4 
7/16 | 2938/4} 21/2] Wa | 16] 4 39 1/o| 7.70 |3 3/4 
7/16 | 307/g | 3 4 | 16 | 4 41 8.00 |3 3/4 
7/16 | 317/g|3 Vg | 16 | 41/4 | 421/2| 8.29 |4 
Wi || ee) 3 3/8 16 | 41/4 | 43 1/2] 8.48 |4 
Wo | 34 3 3/g | 16 | 41/2 | 443/4| 8.73 14 1/4 
Wo | 351/4)3 3/g | 16 | 41/2 | 461/4| 9.02 |4 1/4 
We | 36 1/4} 31/2] 3/g | 18 | 41/2 | 4728/4) 8.32 14 I/4 
Wg | 373/g| 31/2] 3/g | 18 | 41/2 | 4911/2) 8.56 |4 1/4 
Wg | 38 1/2} 31/2} 3/g .| 18 | 43/4 | 5038/4) 8.81 |4 1/2 
Wg | 395/g| 31/2] 3/g | 18 | 48/4 | 5231/2] 9.11 14 Ve 
1/2 40 3/4 | 31/2 | 3/g 18} 5 53 3/4] 9.33 |4 3/4 
Wo | 41.8/4| 31/2] 3/g | 18 | 5 55 9.55 14 3/4 
Wo | 43 31/o| 3/g | 18 | 51/4 | 561/4] 9.77 |5 
Wo | 44 31/9 | 3/g | 18 | 51/4 | 5738/4 110.03 [5 


eters of bolts are 


Couplings for shaft diameters 7 in. and larger haye two jack-bolts FR. pemeret Siesta 


as follows: 


*nelusive, 11/4 in.; 39 and 40 in., 1 1/9. 


Shaft diameters, 7 to 12 in., inclusive, 3/4 in.; 13 to 24 in., inclusive, 1 
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of the coupling should exceed the torsional strength of the shaft. The load should be 
evenly distributed among all the bolts, which will be accomplished by accurately fitting 
them. Kimball and Barr (Elements of Machine Design) give the following formulas for 
the diameter and number of bolts: 

b= 0.5 Vd3/n; n=3-+ (d/2) : 
where b = diam. of bolt, in.; d = diam. of shaft, in.; m = number of bolts. 

THE SELLERS COUPLING, Fig. 6, consists of an outer sleeve bored taper from 
each end; a split cone bushing fits each end. Through bolts inserted through openings 
draw the cones toward each other, thus clamping them on the shaft with great force. A 
key also is provided. If the outer sleeve is made in two parts with an interlocking joint, 
the coupling is easily adjusted. Table 4 gives proportions. 

FLEXIBLE COUPLINGS are used to connect shafts that may be subject no more or 
less misalignment. They are of various forms. Several of the principal types are illus- 
trated below. 

The Flexible Shaft Coupling, Fig. 7, is suitable for connecting shafts requiring more 
than ordinary flexibility. The torque, 7, that can be transmitted is limited by the shearing 
strength of the flexible steel plate P to resist ring shear at the radius R. If f, = allowable 
shearing stress of the plate, lb. persq.in., 7 = 27 Rt fs. Usually this value of T will be 
much less than 1/1¢ 7 d’ fz, the strength of the shaft. 

Leather-link Couplings are used to connect generators to engines or motors to cen- 
trifugal pumps, blowers, etc. They then act as insulators between the connected shafts. 
Moisture, oil, grit or dust are detrimental to them. The torque of the driving shaft is 

transmitted to the driven shaft through 
Wit Bolt Head on Driving Side @ combination of flanged cups, links 
a7 FF s and bolts. Flexibility is obtained by 
pate making alternate holes in the flanges 
XS ke -P— large enough to give the bolt sufficient 
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ce eral 1 
Fia. 5. Flange Coupling Fic. 6. Sellers Coupling 
Table 3.—Dimensions of Flange Couplings 
Dimensions, in. See Fig. 5 Bolts 

Shaft Diam. has 
Diam., | Bolt [Num-|_ Diameter 

dP | 2p Bah | Ww Ye Oak Waa! bec 

Cc b 8 Pe 

| 55/g| 21/4| 21/g/11/g | 9/16 | 8/16 [3/30] 2 SU SVS Tie e/a ees 

11/4} 61/2) 21/2] 21/2]13/g | 5/g | 3/16 | 3/39] 25/16) 41/2] 3 | Io)..... 

11/2] 71/2) 27/g| 3 19/16 | 11/16) 7/32 |1/g | 25/g | 53/16) 3 

2 88/4 | 31/2 | 33/4] 1 11/y6) 18/16) 1/4 |1/g | 38/g| 61/4] 4 

3 WW 1/4} 43/4] 538/g)21/g |11/16] 5/16 |5/30] 43/4| 81/4| 4 

4 |13 1/2} 6 7 21/2 {15/16} 3/g |3/16| 6 10V/g} 4 

5 16 71/4} 85/g)215/y6)1 1/2 | 7/16 |1/4 | 71/2 |121/g| 6 

6 {19 81/2 |101/4|33/g 13/4 | 1/2 |1/4 | 83/4 |148/g| 6 

7 {21 1/4) 93/4112 35/g |2 5/3 |5/16]10 1/9 |16 1/4] 6 

B24 im 13 1/9) 48/16 |21/4 | 11/16/8/g |11 1/2 118 3/g| 8 
VO [28 |13-1/g |16 8/4 | 411/1612 3/4 | 7/g | 7/16|141/4|21 7/g| 8 
12 33 1/4/16 20 59/16 |31/o |1 I/g |17 26 8 


Table 4.—Dimensions of Sellers Couplings. (See Fig. 6) 


Sande Oe Le ee ee 3 3 1/2 4 5 6 
A 41/9 5 1/g 6 6 3/4 71/, 81/ 
4 8l/g | 101/g 12 141 18 
= : Ya : M4 61g | 6'/2 | 71/4 | 75/g| 81/2 | 98/4 | 11 12 ia 14 1/2 
Cue v8 : /8 | 73/4 | 8/2 | 91/e | 1031/4 | 118/g | 131/g | 147/g | 1813/4 | 2113/4 
: 2 43/4 | 5 53/4 | 6 63/4 | 73/4 | 83/4 | 1041/4 | 1114/4 


7/16 1/9 5/g 5/g 3/4 3/4 7/3 1 1 1/g 11/4 11/4 


LEATHER-LACED COUPLINGS 24-57 


play to transmit the torque through the leather link. Fi i 
: g. 8 shows such a coupling 
ame a the Bruce-Macbeth Co., Cleveland. Dimensions and capacities are given in 
able 5. 

Leather-laced Couplings consist of two cast-iron flanges, on each of which is bolted a 
steel ring with prongs. An endless belt, laced over the prongs, connects the shafts. 
The machine can be disconnected without unlacing the belt. Fig. 9 shows such a coupling 
as made by the General Electric Co. Table 6 gives dimensions and capacities. 
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Fic. 8. Leather-link Coupling 
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Fie. 9. Leather-laced Coupling 


Table 5.—Dimensions and Capacities of Leather-link Couplings. (See Fig. 8) 


Hp. at. 100 r.p.m..2..: Le 2 6 10 15 30 50 100 200 
BS OUC IG, Ultare forms ieterccelece 3/4 13/y6 | 111/16 | 115/16 | 23/16 | 215/16 | 37/16 | 47/16 | 54/2 
Make ET DAMo. scarier | 2400 2000 1800 1600 1500 1250 1000 850 750 
Wierght, Ibs .sae ces ewe 15 25 65 110 210 335 560 1270 1790 
Dimension, A,in...... 5 6 8 10 13 15 18 26 30 

{BAN cchotorens 5 5/8 7 10 1/2 16 20 24 29 34 40 

o GEADs nthe ot Hy 21/2 4 6 8 10 12 14 16 


Table 6.—Dimensions and Capacities of Leather-laced Couplings 


Max. | Wt., Dimensions in. See Fig. 9 Key 


in. {rpim. [F-P-m-| Ib. B D E 
21 | 16 |1200 | 160 | 151/2| 10 5 41/6 (a 4g) 48/4 ax We 
27.7} 900 | 263 | 181/.| 12 6 513/16 | 511g | 51/16 3/4 X 3/4 
Si. 1- 07.7) 900 | 256 | 181/3.)" “12 EN sisne es ie | 3 Hig 3/4 X 3/4 
4 66 | 750 | 494 | 241/95 | 14 8 Giaigele olla | 6i4 | teal 
AY. | 66 | 750 | 482] 241/2|] 14 8 WIsiote Cline 6l/, | lems 
128 | 600 | 883 | 301/2] 16 | 10 Tisneh eT lagt. 71/4. | Laas dt/a 
51/2 | 128 | 600 | 868] 3031/2] 16 | 10 Fie \ Tie | Tis | Kae is 
222 | 450 | 1329 | 37 182 | ie 818/ig | Sli/ig | 78/3 | 11/2 X 11/2 
Gio ) 222. | 450 |. 1307-| 37 ised 12 813/36 | 811/1g |. 75/3 | 11/2 X 11/2 
352 | 350 | 2076 | 43 20 | 14 913/16 | 911/16 | 83/g | 11/2 X 11/2 
71/2 | 352 | 350 | 2046 | 43 20 | 14 913/16 | 911/36 | 83/3 | 11/2 X 13/2 
526 | 300 | 2767 | 49 24 ole 16 | Uhl8/ig | 11 1t/1g |. 94/g | 1 Me X 18/4 
81/2 | 526 | 300 | 2727 | 49 PA Vee Fe 1 11 /s6e. |e Mia ads X 18/4 
748 | 250 | 3917 | 55 28 | 18 | 1318/16 | 1311/16 | 911/16 | 18/4 X 2 
91/2 | 748 | 250 | 3865 | 55 28 |- 18. | 1313/16 | 1311/16 | 944/16 | 13/4 X 2 
10 1027 | 200 | 5120] 61 32 | 20 | 1513/15 | 1511/1¢ | 105/16 | 13/4 x 2 
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The Westinghouse Flexible Coupling (Fig. 10) consists of two flanged hubs F, with 
rectangular slots cut in the circumference. In each slot is placed a flexible torque-trans- 
mitting element comprising a rectangular steel plate B, with cushioning material C on 
each side of it. Snap rings prevent radial movement of these elements. Steel cover 
plates enclose the assembled coupling. Dimensions and capacities are given in Table 7. 

The Meriam Flexible Coupling, Fig. 11, consists of two hubs connected by hardened 
steel rollers embedded in a mixture of ground cork, hard grease and graphite. Table 8 
gives dimensions and capacities, and Table 9 service factors for different types of appli- 
cations. These factors are based on electric motor drive and should be increased about 
50% for gas or oil engine drive. 


YZ 


Ha] 
, F ' Fie. 11. Meriam Flexible 
Fic. 10. Westinghouse Flexible Coupling Coupling 


apt. | 


Table 7.—Dimensions and Capacities of Westinghouse Flexible Couplings 
(Westinghouse Electric & Mfg. Co., Pittsburgh, Pa.) 


Hp. | Shaft diam., d Dimensions, in. (See Fig. 10.) 
per 
100 |} Min. Slots 
r.p.m. Size 
1.87] 1 1/161 7/16 3/4 X 3/4 
3.64 11/4 3 3/16] 5 3/4| 23/4) 13/16] 1 9/16) 1/16|1 13/16) 5/32 3/4 X 3/4 
7.10} 19/36] 21/4 2 1/362 3/16 | 7/32 3/4 XI 
14,95) 2 7 3/4) 43/gi1 1/4 | 21/2 | 1/g |23/4 | 9/39 11/16 X 11/2 
29.20} 2 1/9 5 Vali 9/16] 3 1/g | 1/g [3 3/g | 11/32 1W/g X1V/e2 
57.30} 3 1/3 6 3/4} 7/g | 37/g | 1/g |4 13/39 1/4 X 13/4 
119.80} 4 13 8/4) 8 5/gi2 5/16] 5 V/g 5 13/39 1W/g X2 
234.0) 5 12 11/6|16 1/9/10 7/g|213/y6| 61/4 | 3/1616 13/39 |I 15/g X2 
456.0} 6 1/4 7 3/4 | 3/166 7/g 13/4 X 21/2 
957.0) 8 17 1/4)3 7/g |10 1/4 |8 1/4 F 21/2 X3 
1870. 0|10 21 3/4/4 12 1/9 | 1/4 |81/g | 21/39|2 21/9 X3 
Table 8.—Dimensions and Capacities of Meriam Flexible Couplings 
(Hill Clutch Co., Cleveland) 
Hp. at 100 Bore, max. Dimensions, in. See Fig. 11 
r.p.m. d, in. dy, in. D H F r L Cc 
1 11/g 1 5/g 4 21/8 31/2 13/4 19/16 3/1 
2 11/2 2 5 \/2 3 4 21/4 1 5/g os 
8 2 21/2 61/2 4 4/4 23/4 21/2 1/4 
15 21/9 3 9 5 6 3 1/2 3 3/g W/4 
25 3 31/2 10 1/g 6 7 4 31/2 3/g 
55 4 41/2 13 8 8 3/4 5 41/4 3/g 
110 5 6 16 10 12 61/9 5 1/ 
SS 


Table 9.—Service Factors for Meriam Couplings 


SS 


Duivon Bren Motive Power Daven toad Motive Power 


Factor Factor 
Blower, fan or centrifugal........ 1.0 Mine hoists, elevators, cranes... . 2.0 
as __ Positive or pressure...... 2.0 Pumps 

Centrifugal pump. .)./........c0% 2.0 Triplex single-acting........... 2.0 
Compressors J.) <c1<.dhevn ts sre reer 320, Duplex double-acting.......... SS 
Conveyors, belt and chain........ 2.0 Pulpygrinders.: ac eee ee 2.0 
Generator (uneven load) sets L5 Pubg sullivan fe a a 2.0 
Tine shaft.) is. oct eet eee 5 Tumbling barrels (foundry)...... 2.0 

Woodworking machinery....:.... 2.0 


SLIP COUPLINGS 24-59 


The Oldham Coupling is used to connect two parallel shafts whose axes are not in the 
same straight line. The elements of the coupling are shown in Fig. 12. The discs A 
are keyed to the shaft ends, and between them the disc B is fitted. Diametral feathers C 
on discs A fit in corresponding slots in dise B. The feathers on the discs A are at right 
angles to each other. Unwin gives proportions as follows (See Fig. 13), k = (d+ 1/gin.): 
D=5k; S=15k; W=0.7k; H=1.75k; T= 0.25k; a=0.25k; b=O04k, 
Table 10 gives dimensions and capacities of one commercial type. 


S13 
Fie. 12. Oldham Flexible Fie. 13. Oldham Flexible 
Coupling Coupling 


Table 10.—Dimensions and Capacities of Oldham Flexible Couplings 
(Dodge Mfg. Co., Mishawaka, Ind.) 


Hp. at Dimensions, in. See Fig. 13 
at a D L M Ww 4 fe e 
eee es es eee ee ese te Min [Mex | Bye 
1/2 I /g 5 213/16 | 37/16 1 1/9 1/g 3/16 2 1 5/16 
1 1 3/g S/g | 3 41/4 11/36 11/16 1/16 1/g 23/8 1 11/16 
11/2 1 5/g 6 3 3/16 51/16 11/g 3/4 1/16 1/g 23/4 27/16 
23/4 2 71/4 | 35/8 6 3/4 11/4 7/8 1/16 3/16 3 3/4 2 13/16 


The Morse Flexible Coupling, Fig. 14, com- 
prises two forged steel hub members mounted 
on the shafts to be connected, between which is 
a floating center to which each hub is separately 
connected through a pair of resilient rubber 
trunnion blocks 90 deg. apart. The trunnion 
blocks are set under pressure in a two-piece 
riveted pressed steel housing, and are perma- 
nently fastened to steel bushings. The steel cores 
in opposite pairs are rigidly bolted to end hub Fic. 14. Morse Flexible Coupling 
~ members of the coupling. Flexibility is provided 
by the resiliency of the rubber cores. Table 11 gives capacities and dimensions. 


Table 11.—Dimensions and Capacities of Morse Flexible Couplings 
(Morse Chain Co., Ithaca, N. Y.) 


Dimensions, in. See Fig. 14 


Hp. at 100 


one Bore, d, max. D A eyes ss ies 
0.06 1/9 21/3 13/4 21/39 7/3 9/16 
a5 1/2 21/8 1 3/4 21/39 7/3 9/16 
.25 3/4 21/2 21/4 13/16 1 1/g 3/4 
38 7/8 3 23/4 31/32 1 3/g 7/8 
60 11/16 31/2 31/8 11/g 19/16 I 
.97 11/4 4 41/8 19/39 21/16 13/16 
1.57 11/2 5 47/8 1 19/39 27/16 17/16 
3.15 1 13/16 6 6 3/8 1 29/39 3 3/16 2 
5.40 21/8 7 75/16 2 5/39 3 21/32 2 3/g 
7.40 21/2 8 81/4 2 15/39 41/g 211/16 
10.00 2 3/4 9 9 3/4 2 25/32 47/g 31/4 
13.80 3 10 1 3 3/39 51/9 3 21/39 
20.00 3 1/2 12 12 1/2 3 11/16 61/4 41/16 


Slip Couplings are used to protect motors against overloads, being designed to slip 
when the load transmitted is excessive. The slip coupling, Fig. 15, is a form of single disc 
friction coupling. The flanged hub, A, keyed to the driving shaft, has a plate B bolted 
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Table 12.—Proportions of Slip Couplings 


D, = 5 A ‘ 
Maxi- sie fee Dimensions, inches. See Fig. 15 7 2 
cre > leas |) sa: b ec | d e fi gia |&k Lae 6 Nate oleae) @ 3B a 
3 6 |.181/2|151/2| 14] 11 | 7 5/s| 7 7/3 3 T/g|3 3/4|3 1/4} 1 5/g]1 oll 1/4] 3/4] = 6 
31/9 8 | 2013/2] 171/2| 16] 12 | 8 1/9] 81/8 4 5/g|4 1/9/3 3/g|1 8/4} 1 1/9/1 3/g| 3/4 6 

5 3/g)5 = |3 19/2 5/31 1/2} 3/4 7 


6 | 
7 1 
10 | 21/2] 181/2| 17 | 13 | 93/3] 8 3/g| 8 I 
15 | 231/2} 2017/2] 19 | 13 | 9 3/g) 8 3/g) 8 |5 3/8/5 1 Y/o} 3/4} 10 
‘ 20 | 233/4| 203/4| 19 | 13 | 9 1/o] 87/s] 8 |51/4)5 | 5/g/2 3/4]1 5/g} 7/3} 8 
25 | 2438/4 | 2138/4} 20 | 13 | 94/2] 87/g| 8 [5 1/4|5 | 3 5/g/2 3/4|1 5/s} 7/g| 10 
30 | 263/4| 233/4| 22 | 15 |10 1/9] 87/g| 9 |6 1/4|5 3/4|3 5/g|2 1/4]1 3/41 5/g| 7/g| 12 
41 35. | 2738/4 | 2438/4] 23 | 15 |10 1/9] 8 7/g} 9 |6 1/4)5 8/4)3 5/g/2 1/4} 3/4}1 5/g) 7/3] 12 
/2 40 | 2838/4 | 2538/4) 24 | 15 |10 1/2} 87/g| 9 |6 1/4)5 3/4)3 5/g]2 1/4) 1 3/4)1 5/3) 7/g) 13 
45 |29 | 26 24 | 15 |10 3/4] 9 7/g} 9 6 [53/44 |21/4]2 | 1 3/4} 1/g]}_~—:10 
50 | 30 27 25 | 16 }11 1/o] 9 7/s| 10 6 3/416 1/4]4 |21/o}2 | 1 3/411 1/g} 10 
5 60 | 32 29 27 | 16 |11 Yo] 9 7/s| 10 |6 3/416 1/4]4 {2 1/ol2 «| 1 8/4)1 1/g] 12 
Me NEE. 30 28 | 17 |11 1/2] 9 7/g| 10 |6 3/4]6 1/4]4 |21/o|2 ‘| 1 3/4]1 1/g} 13 
80 | 341/2 | 31 29 | 17 {11 3/4/11 1/4} 10 |6 1/2]6 1/4]4 1/92 1/o}2 1/4}1 7/g|1 1/g) 12 
51/2 90 | 35 1/2 | 32 30 | 18 }12 1/4/11 3/g| 11 |6 7/g/6 3/4)4 5/g}2 1/9|2 1/4|1 7/g|1 1/s| 13 
6 100 | 361/2 | 33 31 | 19 |13 Y/4}11 7/g} 12 |7 1/2|7 1/2|5 2 1/2|2 1/9|2 bys eels 
Dimensions of Springs 
' | . s 2 1 a q - * . 
al ‘ee Ay Al an rade geet: g vail ne es d d 
FI j > |SOglecls j se = ee Si fuels: ou] ea eal eae 
e2|32| € | e2|22|&2|22| 2 a2 2q| 4 |ag\|34 
aA} 0 | ¢ |aF/ go) a8) $0 | g | ae ZA| # | 8/365 
ise] e) HW Q oy jen) o) J] Q fo} a Qa Ea 
6 | 18/4 | 18/4 | Wa | Ve 40412 13/4 | 5/16 2 13/4 | 3/3 | 916 
8 | 11/2 | 13/4 | Wa | Wo | 35 | 13/g | 13/4 | 5/16 D 13/4 | 3/g | 9/16 
10 | 11/o | 13/4 | Ya | We | 40 | 13/4 | 13/4 | 5/16 2Ve | 21/2 | Tig | 5/s 
15 11/2 | 18/4 | 1/4 1/2 45 2 13/4 | 3/g 21/g | 21/2 | 7/16 | 5/g 
20 | 13/4 | 18/4 | 5/16 | 9/16 | 50 | 2 13/4 | 3/g 21/4 | 21/2 | 7/16 | 5/g 
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to its rim. Between A and B, and separated from them b fiber discs, i 
hub GC: keyed to the driven shaft. The bolts connecting the es B with the nae ae 
springs which create a pressure on both faces of the hub C. Table 12 (Leutwiler’s Machine 
Design) gives the proportions and other data relative to this type of clutch. 

THE UNIVERSAL JOINT, also known as a Hooke joint, is used to connect non- 
parallel shafts which intersect. The joint consists of two U-shaped yokes, fastened to the 
end of the shafts that are to be connected. A cross-shaped piece, located within these 
yokes, has four trunnions fitted into bearings on the yokes, Fig. 16 shows the Bocorselski 
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universal joint, as made by the Baush Machine Tool Co., Springfield Mass. Its general 
dimensions are given in Table 13. 

Another form of universal joint, shown in Fig. 17, is the Weiss high-angle joint made 
by the Weiss Engineering Co., New York. Itis designed to maintain a constant velocity, 
irrespective of the angle of the shafts. In the ordinary universal joint, the angular 
velocity fluctuates widely as the angle increases. In the Weiss joint, 4 to 8 or more steel 
balls are placed in intersecting races cut in the joint members. The races guide the 
balls to precisely half the shaft angle, from zero to its desired maximum, and also compen- 
sate for axial movement of the shaft with changes in angle. This joint was primarily 
developed for automotive use, but has been used in other applications, 


Table 13.—Proportions of Hooke Universal Joints 


Size Dimensions, inches. See Fig. 16 Diameters, inches 
Se Se al ee ee ae ee ee ee T i 
1/4 11/4 5/g 1/4 3/16 5/39 " 9/64 1/g 0.076 0%04655 4 aaee on 
3/g 1 3/4 7/8 3/g 17/64 7/39 7/32 3/16 GErOGS4) OS0595 a0 erect 
1/9 2 1 1/9 11/39 9/39 9/39 1/4 0.167 OSO09G% Nee satecers 
b/g | 21/4 1 1/g 5/g 13/39 11/39 11/39 5/16 7/32 Oko, WBE 56450 
3/4 | 211/36} 111/32 3/4 1/9 13/39 7/16 3/g 1/4 WEY Wee sase 
7/3 | 31/4 15/8 7/3 19/39 15/39 1/9 7/16 9/32 Whe Weosoocd 
1 3 3/g 11l/jg | 1 11/16 9/16 9/16 1/2 5/16 7/32 Vg 
V1/q | 33/4 17/3 11/4 7/3 11/16 11/16 5/g 3/8 W/4 1/g 
V1/o | 41/4 21/8 11/2 27/39 27/39 3/4 1/2 11/39 I/g 
13/4 | 41/2 21/4 1 3/4 1 3/16 15/16 31/39 7/3 9/16 3/g 1/g 
2 57/16 | 223/39 | 2 17/16 1 3/39 1 3/16 11/16 1/ig | 7/16 V/g 
212 | 7 31/2 21g | 13/4 118/39 | 17/16 15/16 3/4 1/9 1/g 
3 9 41/2 3 21/8 121/32 | 15/g 17/16 7/8 5/3 1/4 
4 10 5/g 5 5/16 4 2 3/4 2 3/16 2 1/16 17/3 1 1/16 3/4 1/4 
2. CLUTCHES 


Clutches are used to connect shafts to a driving mechanism as a motor, engine or line 
shaft, and to disconnect them at will. They may be classed as: 1. Jaw clutches, in 
which jaws of opposed members of the clutch interlock; 2. Friction clutches, in which 
the driving force is transmitted 


by the friction of surfaces in Sige 
contact; 3. Magnetic clutches, La block HE 
in which a magnetizing coil on ee \ 


one member pulls the armature, 

carrying a friction lining, on the 
‘ other member into contact with 

a friction ring on the first member, 

and thus transmits the torque. 

JAW CLUTCHES (Fig. 18) Fie. 18. Jaw Clutches 
sed for slow-moving shafts, : : 
Olive sudden starting Ps is not objectionable and when the inertia of the driven 
parts is relatively small. The various forms of such clutches differ only in the shapes 


Table 14.—Dimensions of Square- and Spiral-jaw Clutches 
(Dodge Mfg. Co., Mishawaka, Ind.) 


Bhatt Dimensions, in. See Fig. 18 iy 
Spo ey B C D B F G 7] K M 
Fy 27/3 | 18 
1 43 3 2 1/2 1 5/g 1/2 1/4 1 5/g 3/4 
1 ty 5 3/5 31g | 21/9 5/g | 21/8 1/9 1/4 13/4 I : - 2/8 As 
life | 61/4 | 41/8 3 3/4 | 21/2 9/16 3/3 2 11/g qi us a2 
11/ig | 67/3 | 43/4 | 31/2 7/8 Os ie Fie 7 a ie ; Hi v7 
15 71 53/g | 4 I 4 8 8 4 
Daye aie 6 41/2 11/g 3 5/g 5/8 3/38 2 3/g 134 A fe a 
27/16 | 83/4 | 63/4 5 11/4 | 41/8 5/8 7/16 21/2 17/8 ; /8 a 
21/ig | 93/g | 73/8 | 51/2 13/g | 45/g | 4/16 7/16 | 25/3 | 2 ; a +4) 
215/16 | 10 73/4 | 6 I1/o | 51/8 a 16 Wi 2 ye : Hh : ae us 
13 Sy, 4 2 8 
a hehe oe 3 2 s 6 is | 13/16 5/8 31/4 27/3 81/g | 190 


315/16 | 12/2 | 91/2 | 8 | De ee Oe 
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Table 15.—Application Factors for Dry-plate Friction Ciutches 


Driven Mechanism Factor Driven Mechanism Factor 
Air compressors (depending on cycles) .|2.00 to 2.50!Generator, steady load............... 1.00 
Ammonia compressors......-....-++++ 2.50 Hammer mills; icon oe ee ee eee 2.00 
BIO Wer nates tet tw sleeve. b eleie s ouctord 1.00 Hoists, elevators, cranes, shovels...... 2.00 
Brick making and similar machinery. . 3.00 Line shaft (driven by belt or gears).... 1.50 
Centrifugal pumps: o.% co sos ss csenee 1,00 Printing presses, textile looms, etc...... 1.50 
Crushers, veneers, hogs, ball mills, etc... 2.00 Pulp grinders, screens, etc............ 1.75 
Double-acting pump............+.++.- 1,50 Rock and stone crushers.............. 3.00 
Driers and calenders............---.- 2.00 Single-acting pump. ........... 6000. a-« 2.00 
Generator, fluctuating load.......... 1.50 Woodworking machinery, general..... 75 


Table 16.—Dimensions and Capacities of Single Plate Friction Clutches 
(Twin Dise Clutch Co., Racine, Wis.) 


Wakei Hip °| Bab | Mleeve lic. | ly Ble” Oetker cn Gael oo a namns i hac 
ig |re’ | Bee | Bow Pe ee ae 
Torque,| 100 Max., | Max., U 
in-lb. | rp.m.| dt A B Cc D| £E | F | @| 4H J {Teeth} Ib. 
1,890 | 3 2 21/4 | 71/4 | 61/2) 57/16 7/g | 21/2 | 23/4 | 3/4) 3/4) 43/g] 42 14 
2,205 | 31/2] 27/16] 27/16| 83/4 | 8 | 57/16 | 7/3 |21/2}238/4} 3/4] 3/4) 51s} 51 | 18 


2,835 | 41/2] 27/16) 27/16 | 103/4 | 10 59/16 7/g | 25/g | 23/4 | 3/4} 3/4) 5 1/g) 63 35 
4,095 | 61/2} 27/16] 27/16| 121/4 | 113/g) 518/16] 7/3 | 27/3 | 28/4 | 3/4) 3/4) 51/g) 72 | 45 


6,930 | 11 21g | 3 15 5/39 | 14 79/16 | 11/2 | 4 31/3 3/4) 3/4] 7 1/e}] 59 85 
11,655 | 18 1/2] 31/2 | 31/g | 175/39} 16 9 17/g | 41/4 | 43/16] 7/8} 1 71/4) 67 100 
16,600 | 26 31/g | 31/2 | 195/32 | 18 91/g | 13/4 | 45/g | 43/16] 7/g) I 74) 75 | 130 
22,185 | 35 5 5 22 5/39 | 21 10 13/4 | 51/y6| 4 1 1/g} 1 1/g| 93/4] 87 160 
25,210 | 40 5 5 25 5/39 | 24 127/16 | 13/4 | 57/g | 51/2 | 11/8} 11/8] 93/4) 99 200 


Table 17.—Dimensions and Capacities of Multiple-disc Clutches 
(Morse Chain Co., Ithaca, N. Y.) 


Hp. Dimensions, in. See Fig. 21 
Rating 3 2 
a Shaft Diam. B C D E F G, Single Clutch | H, Double Clutch 
500 r.p.m. d dy Dry In Oil Dry In Oil 
2 7/8 0.812 23/4 115/jg,| 2 21/8 0.750 3.689 3.343 5.316 4.624 
3 11/3 1.062 3 2 3/16 21/g | 25/8 0.750 3.838 3.421 5.611 4.799 
5 1 3/g 1.250 | 31/g | 25/g 3 31/8 1.000 | 4.159 | 4.094 | 5.942 | 5.812 
8 1 5/g 1.500 33/4 | 27/8 31/g | 311/36] 1.000 4.514 4.094 6.652 57812 
15 17/8 1.687 43/4 | 33/4 41/o | 43/4 1.250 5.566 5.146 8.006 7.166 
25 21/4 2.062 51/g | 41/g 51/g | 57/g 1.250 5.946 5.406 8.766 7.686 


Table 18.—Dimensions and Capacities of Radial Contracting Clutches 
(Hill Clutch Co., Cleveland) 


Hp, at aia No. ree Bore, in. Dimensions, in. See Fig. 20 
r.p.m., of Diam., |Stand-] ,, 

rpm | pet’ | Arm |" in" |ea | Ma |4]ou,| 2 | ¢ | >| z | Fr |e 
9 473, | 3 | 18/1¢ | 28/4) Se | 12} 15 3 473 | 5 ail Pel 
12 632 3 115/15 | 3 4 41 | 17 W/o | 31/2 | 48/4 | 51/4 3/4 2 ie 
15 788 | 3 | 23/16 | 31/4] 41/2 | 16 | 20 4 5 5/4 | 3/4 | 21/g | 11/9 
20 1049 | 3 Ste bawals 18 | 221/2| 41/2 | 55/g | 71/4 | 13/36| 25/g | 2 
27 1417 | 3 |21%/y¢] 4 | 51/2 | 20] 2438/4] 5 63/g | 71/2 | 13/16| 23/4 | 21/e 
35 1,833 3 215/16 | 4 6 22 | 271/2| 51/2 | 7g | 8 13/16] 33/g | 21/2 
45 236t V3 | Soy (4S 7 24 | 291/o | 6 71/2 | 81/2 | 18/16| 37/g | 21/5 
60 3139 | 4 | Ste PAl We 27 | 29 1/2 | 6 71/2 | 87/3 | 11/4 | 37/3 | 21/2 
75 3,935 4 | 311/16] 5 7 1/q | 30 | 33 63/4 | 8 83/4 | 13/g | 35/g | 21/4 
90 A724.) AOU SIE/e| 5 a tae 34 | 361/o| 7 81/2 | 95/g | 13/3 | 41/4 | 21/4 
110 5.77%. | & A839, | SVG] 9 38 | 41 71/a | 91/4 | 95/g | 18/g | 4 205 
140 7344 | 4 |411/16/6 ~ {10 42 | 46 8 98/4 |107/g | 13/3 | 53/g | 21/9 
175 9174 | 4 |415/16/6 TI 48 | 50 9 Tr 7 13/g | 51/» 

230 | 12072 | 4 |51/2 | 61/9|12 43157 |10 12 HN 13/ar'[) S 1/5 (ee 


or angles of the engaging surfaces. One-half of the coupling is fitted with a feather key 
permitting it to be engaged with or disengaged from the other half at will. ‘ 

If N = number of teeth; = mean radius of clutch tooth; A = area of engaging 
face of one tooth; A’ = area of the tooth subjected to shear; f, = allowable unit crushing 


stress of the clutch jaw; f, = allowable shearin i 
i g stress of the shaft, then t: 
between strength of the shaft and strength of clutch is ee 


ligfrd*=RNAS,=RNA'F, 


FRICTION CLUTCHES 24-63 


The spiral form, Fig. 18a, is more easily put into gear, but the moti 
always Tust be in the same direction. Low and Bevis give the cae AL 
(See Fig. 18b) for designing cast-iron jaw couplings: B=2d+2; C=1.7d+1:; 
H=05d+05; F=03d+0.3; G=04d + 0.4; clearance between cluteh jaws and 
shaft = 0.1d+ 0.1. These equations give a heavier clutch than most commercial jaw 
clutches. Table 14 gives the proportions used by one maker. 

FRICTION CLUTCHES, which 
transmit power by the friction of 
surfaces in contact may be classed: 
1. Dise or plate clutches, either 
single or multiple; 2. Radial ex- 
panding or contracting band or 
jaw clutches; 3. Conical clutches. 
The equations used for friction 
brakes also are applicable to 
clutches. See p. 15-15. 

All types of friction clutches 
should have torque capacities of 
double the torque delivered to 
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them in order to start the load from rest without excessive slip. That is, the torque 
to be transmitted should be multiplied by a static load factor of 2. If the torque delivered 
~ to the clutch is irregular, as in certain types of internal combustion engines, the static load 
factor should be increased from 2 to possibly 3 or 4. 
Additional factors should be applied depending on the character of the load. Table 
15 gives factors recommended by the Twin Dise Clutch Co. as a guide in the selection of a 
clutch based on the characteristics of the driven mechanism. 

Exampiy.—Required the torque capacity of a friction clutch to drive woodworking machinery, 
_ the prime mover being a 4-cylinder, 40-Hp. Diesel engine running at 1000 r.p.m. Solution.—Engine 
~ torque = {(40 X 33,000)/1000 X 27)} X 12 = 2521in.-lb. Diesel engine factor = 3; wood- 
working machinery factor = 1.75; torque capacity of clutch = 2521 (1.75 + 3.0) = 11,975 in.-lb, 

General dimensions and torque capacities of typical heavy-duty single-disc clutches 
are given in Table 16. Similar information concerning a line of typical multiple-disc 
clutches is given in Table 17, while Table 18 shows the capacities of one type of radial jaw 
clutches. 

Various materials are used for friction surfaces, but in machine tool applications the 
tendency is to use hardened steel or phosphor-bronze friction plates. In radial expansion 
or contraction clutches, the friction surfaces frequently are hard maple and cast iron. 
Single-plate clutches generally operate without lubricant between friction surfaces (dry 
type). Multiple-disc clutches are built of the dry type, and also to operate in a bath or 
spray of oil (wet type). 

Selection of Clutch.—The type of clutch to be used depends on the service, character 
of load, space limitations, character of power input, ability to radiate heat and other 
factors. Single-plate disc clutches generally are used with cranes, gasoline-driven trac- 
tors, shovels and similar heavy duty equipment. They also are used in automobiles, for 
line shaft drives, as are clutches of the radial type, and for various machine applications. 
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Multiple-dise clutches ate used where space is limited, as in machine tool applications, 
since the same amount of power can be transmitted with two friction discs of a given 
diameter, as with one disc of twice the diameter. Makers of clutches should be consulted | 
in selecting a clutch for given conditions of service. 

Mounting of Clutches.—Clutches in industrial work generally are mounted by one of 
the following methods: 1. The driving plate, to which the friction member is attached, is 
bolted to the pulley or fly-wheel delivering power to the clutch. The driven element 
floats on the shaft, either on a splined bushing keyed to the shaft or on splines in the 
shaft itself. 2. The driving plates and friction discs float on the driving element, which 
transmits power to it through driving pins, or through an internal toothed ring meshing 
with gear teeth in the periphery of the driving plate. In some designs a series of projec- 
tions on the driving plate engage corresponding notches on the driving member. The 
driven element is rigidly attached to the shaft. 

Clutch mountings in automotive work are designed for the special conditions under 
which they must work. 

The Conical Friction Clutch consists of the frustum of a cone, so fitted to a shaft by 
means of a feather key that it can be pushed into an opposite engaging surface rigidly 
attached to the 
other shaft. Such 
clutches require 
some force to put. 
them into. gear. 
This force, acting 
parallel tothe shaft, 
produces an unde- 
sirable end thrust. 
Cone clutches may | 
be faced with 
leather, asbestos 
fabric, or equipped 
with cork inserts 
to increase their 
driving capacity. 
The inclination a 
of the slant side is 

Fig. 22. Conical Friction Clutch highly important, 

in order to avoid 

“ sticking ’’ on the one hand, and too sudden seizure on the other. a@ usually ranges from 

71/, to 13 deg. Proportions may be taken as follows (see Fig. 22a): B=2D+ al 

C=15D;F =18D;H =05D;H=04D+04;4=0.3 D+ 0.3; = 02D+ 0.1; 
Vi DVO) 

Formulas for Cone Clutches (Fig. 22)—Let M = moment clutch is capable of trans- 
mitting, in.-lb.; Hp. = horsepower transmitted; N = rev. per min.; 7; = small radius of 
friction cone, in.; rz = large radius of friction cone, in.; 7 = mean radius of friction cone, 
in.; V = velocity of a point at distance r from center, ft. per min.; 7’ = total tangential 
force acting at radius r, lb.; Pp = total normal pressure between cone surfaces, lb.; p= 
allowable pressure per sq. in. of contact surface; Ps = total axial or spring pressure, lb.; 
a = angle of clutch surface with axis of shaft; « = coefficient of friction; then 

r=Ve(n+nm); M=Tr; T=pPp; V='N12(2arN); W = Pp/(2 07D). 
For engagement without slip, 
Hp. = Prur N/63,030; P; = (T/y) (sina + pcosa) = 
Hp. X 63,030{ (sin a + » cosa)/ur N} 

and P, = P,/sina, and P, = (Hp. X 63,030 sin a)/ur N. 
If the cone is to be leather covered (see Fig. 22b), then 

R, = r/sina; Rz = r2/sina; Re — Ri = w; B = sina X 360. 
The allowable normal pressure p, lb. per sq. in., may be taken as 7 or 8 lb. for leather bands, 
according to Machinery’s Handbook; Smith and Marx give values of 30 to 40 lb. for leather 
or cork, and 35 to 45 lb. for maple wood. For values of u, see Table 1, p. 8-24. 

THE RAMSEY-PULVIS CLUTCH is a unique form of clutch designed to start a load 
without shock. The principle is shown in Fig. 23. The rotor A, keyed to the driving shaft, 
has two diametrically opposite blades or paddles B that extend almost to the serrated inner 
circumference of shell C which is attached to the driven shaft. Hardened steel shot is 
introduced into the annular space between the rotor and shell. When rotor A is started, 
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the paddles B lift the shot as shown in Fig. 23 b. As the rotor increases in speed, centrifu- 
gal force throws a portion of the shot outward where it is trapped between the serrations 
in the shell and the ends of the blade causing the shell to start turning. Still further 
increase in speed causes additional shot to be thrown outward, the several layers interlock- 
ing with each other and with the serrations in the shell until they form practically two 
solid masses as shown in Fig. 23 c. The shell and rotor then are in synchronism. The 
action of the shot as the shell comes up to speed is virtually that of conversion from a 
fluid to a solid condition. 

This clutch is made in several forms for attachment to different types of mechanism. 
It may be used as a pulley mounted directly on a motor shaft, the-shell forming the pulley 
face. It also may be used as a coupling between two shafts in the same straight line 
the shell driving through friction members or studs. Dimensions of the pulley type are 
given in Table 19 and horsepower ratings in Table 20. ‘ This clutch is made by the Ramsey 
Chain Co., Albany, N. Y. 
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Table 19.—Dimensions of Ramsey-Pulvis Clutches 
Clutch Size 


Dimensions, in. 


See Fig. 24 3 4 5 6 7 8 9 10 12 14 16 18 
A 39/64 | 315/16 43/4 | 6 7 3/39 | 8 9 10 12 14 16 18 
B 23/4 | 35/32 | 315/16) 43/4 | 51/o | 61/4 | 63/4 | 71/4} 93/4) 11 1/4] 131/4| 14 1/4 
Cc 1 31/39) 2 9/39 | 211/16) 35/16 | 329/39] 413/39) 45/g | 5 7/4} 81/4} 93/4} 101/4 
D 3/g 7/16 | 5/8 23/39! 18/16) 15/16) 11/16 | 11/3} 11/4] 11/2] 18/4] 2 
d, max. 1 1/4 | 1/2 | 17/g |2Y/g | 21/4 | 21/2 | 3 31/o| 4 41/9} 5 
Wt., lb. 6 10 14 20 35 50 65 80 200 320 440 580 

Table 20.—Horsepower Ratings of Ramsey-Pulvis Clutches 
Clutch, Revolutions per Minute 
Size 300 400 500 600 700 800 900 1000 | 1200 | 1400 | 1600] 1800 | 2000 | 2400 
3 IMT By IBS Re |S S| Ie er eae 0.1 0.2 0.3 0.5 0.7 O29") 1:0} 1601270" 2:0 
z NSXE he fict-. eeiiece cb ini (ES) 0.5 0.7 1.0 13 1.6 2.4 3.4 | 4.6] 6.1 | 8.1 114.0 
(insti pee aiicec cee) emis 2 0.1 0.2 0.3 0.4 0.7 0.9 12 Lath 260) 255) 3.6 153.0 

. IES Als pau 4 ee 0.4 0.6 0.8 1h 1.3 1.6 4D) 3.0 4:24 Soon cea O35. 114.5 
Min. Hp. 0.1 0.2 0.3 0.4 0.6 0.8 1.0 1.6 2.0 225i) 320064 204105.0") 5x0 

5 Max. Hp. 0.3 0.5) 0.8 ee 15 Zeid Dei 6 S20) 520 750%) 9LORT 210) 116-0:1/2050 
Min. Hp. 0.2 0.4} 0.6 1.0 We 1.7 2.0 2.9 3.0 4 Onl SOP 72d) (1020) cn oak 

6 Max. Hp. 0.4] 0.8 125 2.4 33 4.2 5.4 6.6 Se 13509116707 12105}26,0)|\.2. 
Min. Hp. 0.2 0.5 0.8 1.0 ied 2.0 2.8 3.8 5.0 F 6-0 920. (12.0 315.0:.5.5. 

7 Max. Hp. 0.6 1.4 2.3 Sein 5.0 7.0 950) | 204] 17, 02232013020! 137 20'150). 0 Il. ee 
Min. Hp. OLS e085. 1.0 1.4 325 0 

PN Maz He. 1.0 131.8 | 13.2] 406 1.0 0 
Min. Hp. 0.4] 0.8 ani e220 510 

Ext Hes | 01-54" 3:0 | °°5.01| 8756 
Min. Hp. 0.7 M5 23 4.0 

10 Max Hp 3.0] 6.0] 10.0 | 17.0 
Min. Hp. 1.5 3.0 5.0 Hh 

12 Max.Hp. | 5.0| 12.0] 19.0 | 31.0 

14 Min. Hp. 2.0 5.0 7.0 | 12.0 
Max. Hp. 10.0 | 20.0 | 36.0] 61.0 

6 Min. Hp 25 6.0 | 10.0 | 15.0 

16 Max.Hp. | 19.0 | 42.0 | 75.0 |128.0 

18 Min. Hp. 4.0 8.0 | 14.0 | 20.0 
Max. Hp. 37.0 | 80.0 |150.0 |225.0 
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Table 21.—Dimensions and Capacities of Magnetic Clutches 
(Cutler-Hammer, Inc., Milwaukee, Wis.) 


TE amen T 


Direct 4 ; : 
Hp. per Torque,| Safe | Current Dimensions, in. 
hie lb.-ft., |r.p.m.,] amperes 
=|) Wiese, | max. |230 | 115}  d, | 
was Volts| Volts} max. | D | ~ | | z | . | sy | a x 
Type L Clutch. See Fig. 26 
0.3 16| 3540 | 0.2 | 0.4] 13/3*| 7 71/4 13/4 3/4 43/4 1 3/4 41/g 1 3/g 
Wes 90 | 2840 .5 | 1.0 | 1 3/g*} 10 87/16 15/g 7/3 315/46] 213/16] 41/4 1 3/g 
3.0 160} 2380 | .5 | 1.0] 1 7/g*| 12 8 5/3 33/4 5/3 4 31/16 | 41/8 17/16 
7.0 365| 2040} .7 | 1.4|27/g | 14 Ze] 3 315/16) 51/8 43/3 5 3/16 | 21/2 
15.0 780| 1790} .8| 1.5|31/9 | 16 13 7/g 39/36} 53/16} 51/8 411/39] 55/g 3 29/29 
17.5 930} 1420) .8| 1.5 |31/2 | 20 13 7/g 39/16} 53/16 | 51/8 411/39} 55/8 3 29/39 
20.0} 1,050) 1190} .8) 1.5|31/9 | 24 13 7/g 39/j6) 53/16 | 51/8 411/39] 55/g 3 29/39 
30.0} 1,575| 1420] .9 | 1.8} 45/16} 20 51/36 | 51/4] 49/16} 51/4 5 3/8 61/39 | 321/39 
33.0] 1,750) 1190] .9 | 1.8 | 45/16] 24 51/i6 | 51/4 | 49/16 | 51/4 5 3/3 61/32 | 321/39 
35.0] 1,950) 1030} .9 | 1.8 | 45/16) 28 Wie | 51/4} 49/16 | 51/4 | 53/g | 61/32 | 321/39 
50.0] 2,620} 1190 | 1.2 | 2.3 |5 1/9 | 24 169/16 | 6 49/i1g | 6 61/29 4/16 
53.5 | 2,800} 1030 | 1.2 | 2.3 |51/g | 28 169/36 | 6 49/16 | 6 6 61/9 41/16 
58.0 | 3,050] 900] 1.2 | 2.3 | 51/9 | 32 169/16 | 6 49/16 | 6 6 62 | 41/16 
90.0 | 4,720} 1030 | 1.4 | 2.8 | 51/2 | 28 16 3/4 6 43/4 6 6 611/16) 41/16 
97.0} 5,100} 900} 1.4 | 2.8| 51/2 | 32 16 3/4 6 43/4 6 6 611/16) 41/16 
105.0 | 5,550) 800] 1.4 | 2.8/51/2 | 36 16 3/4 6 43/4 6 6 611/36) 41/16 
130.0 | 6,800} 900 | 1.8 | 3.6 | 65/g | 32 18 1/2 63/4 | 5 63/4 63/4 611/16) 51/16 
141:0 | 7,400} 800 | 1.8 | 3.6 |65/g | 36 18 1/9 63/4 | 5 63/4 | 63/4 611/16] 51/16 
153.0 | 8,000] 710| 1.8 | 3.6|65/g | 40 18 1/9 63/4] 5 63/4 6 3/4 611/16} 51/16 
Type DL Clutch. See Fig. 27 
View 900| 1420 | 0.8 | 1.5 |31/gF| 19 18 1/4 51/2 | 41/38 i) 3 5/g 77/8 63/4 
21.3] 1,112] 1190} .8 | 1.5 |31/ot| 24 18 1/4 51/2} 41/g 5 3 5/g 77/8 63/4 
24.2 | 1,270} 1030) .8 | 1.5 | 31/ot} 28 18 1/4 51/2 | 41/8 5 35/3 77/8 63/4 
45.0] 2,400] 1190} .9 | 1.8] 41/gt] 24 199/16 | 51/2 | 35/8 53/16 | 41/2 75/3 71/2 
51.0] 2,700) 1030} .9 | 1.8 | 41/gt| 28 199/36 | 51/2 | 35/g 53/16 | 41/2 7 5/g 71/2 
57.0} 3,000) 900) .9 | 1.8 | 41/gt| 32 199/16 | 51/2 | 35/g 53/16 | 41/2 75/g 71/2 
80.0 | 4,200} 1030 | 1.2 | 2.3|51/g | 24 21 25/39} 61/4 | 411/39] 53/4 5 85/16 | 8 
85.0} 4,450) 900} 1.2 | 2.3}51/9 | 32 21 25/39! 61/4 | 411/39] 53/4 5 85/1g | 8 
93.0} 4,900] 800] 1.2 | 2.3} 51/9 | 36 21 25/39} 61/4 | 411/39] 53/4 5 85/16 | 8 
127.0 | 6,700} 900 | 1.4 | 2.8|51/9 | 32 21 25/39) 61/4 | 411/39] 53/4 47/16 | 81/4 8 
138.0} 7,200} 800 | 1.4 | 2.8|51/9 | 36 21 25/39} 61/4 | 411/39] 53/4 47/16 | 81/4 8 
148.0 | 7,800} 710} 1.4 | 2.8}51/2 | 40 21 25/39} 61/4 | 411/39] 53/4 47/16 | 81/4 8 
190.0 | 10,000} 800 | 1.8 | 3.6 | 65/g | 36 237/16 | 63/4 | 5 7 411/16} 87/3 85/16 
198.0 | 10,400} 710 | 1.8 | 3.6 | 65/g | 40 237/16 | 63/4 | 5 7 411/16} 87/g 85/16 
220.0 | 11,600] 650 | 1.8 | 3.6 | 65/g | 4411/4! 237/15 | 63/4] 5 7 411/16| 87/3 85/16 
265.0 | 14,000} 710 | 2.1 | 4.1 | 65/g | 40 239/16 | 63/4 | 5 7 47/8 815/16] 9 3/16 
287.0 | 15,100} 650 | 2.1 | 4.1 | 65/g | 441/4) 239/16 | 63/4 | 5 7 47/8 815/16) 93/16 
300.0 | 16,000) 600 | 2.1 | 4.1 | 65/g | 481/4| 239/16 | 63/4] 5 7 47/3 815/16] 93/16 
369.0 | 19,400) 650 | 2.6 | 5.2 | 65/g | 441/4| 23 9/16 | 63/4] 5 7 43/4 9 3/g 93/16 
391.0 | 20,500] 600 | 2.6 | 5.2] 65/g | 481/4| 239/16 | 63/4] 5 7 43/4 9 3/3 9 3/16 
412.0 | 21,600] 530 | 2.6 | 5.2 |65/g | 52 1/4] 23 9/16 63/4 | 5 y 4 43/4 93/8 93/16 
Type DL Clutch. See Fig. 28 
490.0 | 25,700] 600 | 2.6 | 5.3|7 48 27 5/g_ | 81/9 | 105/g 8 1/9 81/4 | 101/g O1/,g 
515.0 | 27,000} 530 | 2.6 | 5.3]7 52 27 5/g | 81/2 | 105/g 8 1/g 81/4 | 101/g 91/4 
560.0 | 29,500) 480 | 2.6 | 5.3|7 58 27 5/3 81/2 | 105/g 81/o 81/4 | 101/g 91/4 
630.0 | 33,300] 530 | 2.9 | 5.8|7 52 3/4] 28 1/g 81/2 | 11 1/g 81/2 81/4 | 105/g 91/4 
700.0 | 37,000) 480 | 2.9] 5.8}7 58 3/4] 28 1/g 81/2 | 11 1/g 8 1/9 81/4 | 105/g 91/4 
740.0 | 39,000} 425 | 2.9 | 5.8|7 64 3/4] 28 1/g 81/2 | 11 1/g 8 1/9 81/4 | 105/g 91/4 
900.0 | 47,500} 480 | 3.2 | 6.517 60 28 3/4 81/4 | 12 1/8 8 3/3 81/g | 11 3/g 91/4 
1000.0 | 52,500} 425|3.2 | 6.517 66 28 3/4 81/4 | 121/g 8 3/g 81/g | 113/g 91/4 
1070.0 | 56,200} 395 | 3.2 | 6.517 72 28 3/4 81/4 | 12 1/g 8 3/3 81/g | 113/g 91/4 
1250.0 | 65,600] 425 | 3.9 | 7.8 | 81/5 | 65 33 5/16 | 10 1/9 | 125/16 | 1031/2 | 1031/4 | 11 9/16 | 11 1/2 
1265.0 | 66,350) 395 | 3.9 | 7.8] 81/9 | 71 33 5/16 | 10 1/9 | 125/16 | 1101/2 | 1031/4 | 11 9/16 | 11 1/9 
1440.0 | 75,500} 365 | 3.9 | 7.8| 81/9 | 77 33 5/16 | 10 1/2 | 125/16 | 101/2 | 10 W/4 | 119/16 | 11 1/9 
1660.0 | 87,200} 395 | 4.2 | 8.3|91/9 | 72 36 18/16] 11 38/4 | 135/36 | 1138/4 | 11 Wo | 12; 13 5/16 
1730.0 | 90,800} 365 | 4.2 | 8.3 |9 1/9 | 78 36 18/16] 11 38/4 | 135/16 | 1138/4 | 11 VW | 12 13 5/46 
1835.0 | 96,350} 345 | 4.2 | 8.3|91/> | 84 36 18/16] 11 3/4 | 135/36} 1138/4 | 11 Vg | 12 13 5/16 
2155.0 |112,800} 365 | 4.7 | 9.5191/> | 78 397/16 | 1238/4 | 1315/36] 1238/4 | 12 Wa | 1211/16] 14 1/4 
2165.0 |113,500| 345 | 4.7 | 9.5 |91/9 | 84 39 7/16 | 123/4 | 1315/16] 123/4 | 12 Wg | 1211/16] 14 1/4 


* Maximum bore of field hub = 2 in, 7 Maximum bore of field Lub = 43/g in, 
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MAGNETIC CLUTCHES are a form of friction clutch in which the friction surfaces 
‘are brought into contact by an electromagnet instead of by mechanical means. They ma 
be operated at higher rotative speeds than mechanical clutches, and are recommended for 
heavy duty where the latter are impractical, for high-speed drives, and where the motor 
cannot start a heavy load. The principle of the clutch is shown in Fig. 25. A magnet 
coil A, carried by one member of the clutch, attracts to itself the armature B carried by 
a spring plate C, which flexes when the magnet is energized. A friction ring D carried by 
the armature is faced with friction lining F. When the coil A is energized the friction 
lining is drawn into contact with field friction ring EZ. The friction between E and F 
transmits the torque from one clutch member to the other. For heavy duty, two friction 
linings often are used. See Figs. 27 and 28. 

; The clutch is engaged by energizing the magnet coil, and disengaged by de-energizing 
it. The spring plate then pulls the friction lining away from the friction ring until there is 
an idling clearance of about 1/1g in. between them. The current in the magnet coil is 
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varied by a manually-operated controller, which permits the torque to be built up 
gradually. Heavy loads thus can be started without shock. 

Dimensions and capacities of magnetic clutches are given in Table 21. 

SLIP RING STARTER.—A device known as a slip ring starter, developed by the 
Bethlehem Steel Co., Bethlehem, Pa., may be used to start slowly machinery with heavy 
inertia load, driven by constant-speed motors. It also may be used as a flexible coupling. 
The starter depends on the action of centrifugal force to produce pressure between the fric- 
tion surfaces of the driving and driven members. The construction is shown in Fig. 29. 
The driving member A is keyed to the motor shaft. The driven member B is keyed to the 
machine shaft. Pins C project from the driving member A, and transmit motion to the 
interrupted friction rings F through the balls D. Attached to the friction rings F at regu- 
lar intervals are the weights E. Two rings are used in order to balance the drive, and the 
pins C are at opposite edges of a diametral plane. The construction shown in Fig. 29 pro- 
vides for rotation in one direction only. For rotation in both directions, another set of 
pins C would:be provided, which would engage the other ends of the friction rings F’, A 
cover G, held in place by a spring wire retaining ring H, encloses the mechanism, 
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: In operation, the starting of the motor causes 
the friction rings to be rotated by the pinsC. As 
the speed increases, centrifugal force expands the 
friction rings until they are in contact with the 
sleeve B. They slip on the sleeve until the pressure 
4 due to centrifugal force is sufficient to develop the 
rae maximum torque of the friction einen after 
AN WIE which the drive operates without slip. e drive 
oe normally is designed to transmit 125% of the rated 


AD horsepower of the motor, but can be built to trans- 

mit any required torque at a specified speed by 

_ variation in the weights EZ. The drive will slip 

Fia, 29. Slip Ring Starter under an overload greater than that for which it 

is designed, but operates as a positive drive as soon 

as normal conditions are resumed. The torque transmitted at a given speed is not 
affected to any material extent by variation in the coefficient of friction. 

SHIFTING GEAR FOR CLUTCH COUPLINGS.—The usual means of engaging 
or disengaging clutch couplings is a forked lever, whose prongs fit the grooves in the 
sliding part of the coupling. (See Fig. 30.) Table 22, condensed from Machinery’s 
Handbook gives standard dimensions. 
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Table 22.—Dimensions of Clutch-shifting Gear 


Dimensions, in. See Fig. 30 


SPEED CHANGING MECHANISMS 


Speed changing mechanisms are of two general classes: 1. Those in which the ratio 
of speeds of driving and driven members is fixed, generally known as speed reducers; 
2. Those in which the ratio of speeds of driving and driven members can be varied at 
will, generally known as variable speed drives. The belt and cone pulley also is, strictly 
speaking, a speed changing device. See p. 24-12. i 


1. SPEED REDUCERS 


SPEED REDUCERS comprise, generally, either one or more pairs of spur or herring- 
bone gears, enclosed in a suitable case, or a worm and worm wheel. Another type of speed 
reducer consists of two sprockets connected by either roller or silent chain. 

Geared Speed Reducers usually are made with herringbone gears to eliminate all end 
thrust. The single reducers employs one pair of gears, the pinion being on the input or 
driving shaft. The double reduction unit employs two pairs of gears, the pinion on the 
input shaft meshing with a gear on an intermediate shaft. The other end of this shaft 
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Table 1.—Dimensions of Herringbone Gear Speed Reducers 
(Link-Belt Co., Chicago) 


i : F Low-speed | High-speed 
Size Dimensions, in. Shaft Shaft ries Pull ¢ 
tin iat MMT ease cae haTesayoeiotey etc ae Str Tl) are lg hoe he ae (lem. 
Bh EE TES EES eT a a eae 


Single Reduction Gears. (Fig. 1) 

4 5 2 5/g| 31/4] 9 3/16|12 3/g| 41/g | 41/g | 31/16] 7 2; 
6-5 | 5 6 3 41/9}11 5/16/16 1/4) 51/4 | 51/4 | 41/4 | 78/4) 4 2 3 V/g}l 1/4 | 5/g | 1,300 
6 7 3 3/g) 4 5/g)13 5/g |19 5 3/g | 53/g | 45/g | 81/9) 5 21/9] 3.3/4}1 8/g | 3/4 | 1,600 
9-8 | 8 9 37/3) 5 7/3\17 5/g |24 6 61/g | 51/2 |10 6 3 41/3]1 8/4 | 7/g | 2,550 
§-10 |10 | bj 6 21 3/4 |28 1/9] 73/g | 73/g | 65/g |12 1/9] 7 31/9] 43/g/21/4 | 1 4,650 
g-12 }12 13 51/9] 63/4/25 3/4 |33 1/2| 81/g | 83/g | 75/g |13 1/9! 8 4 5 |21/2 | 11/8} 5,200 
~ g-14 |14 15 61/9| 7 7/3/29 7/g |39 87/3 | 95/g |10 15 3/4 41/9) 5 1/g|3 11/4} 6,150 
§-16 |16 18 7 7/g| 7 7/g|35 1/4 145 1/4] 95/g |10 7/g |11 3/g |19 5 5 1/4|3 3/g | 11/4} 6,850 
g-18 |18 19 1/9) 9 9 1/9|38 7/g |50 3/4|10 38/g }121/g |125/g |22 11 5 1/9) 5 3/4)/4 1 1/9} 9,550 
9-20 |20 21 1/9/10 11 1/g}42 7/g |57 3/4}11 38/4 |133/g |14 24 11 1/9] 5 3/4) 61/9)41/9 | 1 1/9}10,000 
§-25 |25 26 1/9|11 13 3/g|52 1/4 |70 7/g|12 1/2 |14 1/2 |15 1/2 |26 1/9) 14 i 6 1/9}4 1/9 | 1 3/4}11,250 
Double Reduction Gears (Tig. 2) 


1/4| 15/g| 27/g| 15/36] 5/g | 650 


Sw 


DV-4| 4 9 10 1/9]...... 145/g | 51/g| 43/g | 83/g | 41/4 |I1 1/4) 3 18/4) 2 11/16] 5/g| 1,000 
DL-6) 6 7 21 1/g| 7 3/4}14 3/g |21 1/2] 75/g | 81/g | 59/1613 1/2] 4 2 3/8] 2 7/g}1 3/4} 1,200 
D-5 | 5 6 |181/4] 6 5/8/12 1/2 |181/2}10 1/g }10 3/4 | 71/4 |17 1/4) 41/4) 21/2] 34/gli 1/3 | 3/4) 1,600 
D-6 | 6 7h \py 8 141/g |22 11.5/g |125/g | 87/g j21 1/4} 51/4) 31/4] 33/4}1 1/2 7/3| 4,600 
D-8 | 8 9 = |28 3/g/10 1/4|18 5/g |28 13.1/4 |141/2 |10 1/g |24 3/g] 5 3/4] 4 41/g]1 3/4 | 1 6,000 


-10}10 = {11 1/9/34 1/9} 12 1/4|23 34 1/9}15 3/4 |17 1/g |12 29 1/2| 51/2] 3.5/g} 43/g/2 1/g | 11/4) 9,500 
as (213 ale a 14 |265/g |40 3/4/17 3/4 |19 13 3/g [33 1/4] 53/4] 41/g| 51/g|23/g | 1 1/2/14,000 
D-14/28 {17 {55 1/4} 93/g/33 1/4 |551/4]16 9/36/18 1/i6\12 (33 9 7 5 1/g|2 5/g | 1 1/2/14,000 
D-18/35.4 |25 |545/g| 5 7/3/49 1/2 |73 3/g|14 7/g |175/g |103/g |31 =| 14 7 5 1/3|3 1 5/g|16,000 
D-20|44 1/4/30 1655/3] 6 [59 1/2 |86 7/gI15 1/2 |18 1/4 |II 33 1/414 71/9] 5 3/4|3 1/2 | 1 8/4}20,000 


* Diameter smaller for the higher ratios; manufacturer should be consulted, 
+ On slow-speed shaft without outboard bearing, 
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and helix angle ranging from ° 


similarly arranged. Gears usually are of 
integral with the shaft. 


n the driven or output shaft. 


(Link-Belt Co., Chicago) 


MECHANICAL POWER TRANSMISSION 


Table 2.—Horsepower Transmitted by Single Gear Speed Reducers 


steel forgings or steel castings and pinions of alloy steel cut 
generally are of involute form, 20-deg. pressure angle, 


carries a pinion which meshes with a gear o 
reduction unit employs three pairs of gears, 
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See ie : Reh Cr mesen generally is used for gears and bearings. Table 1 and 
‘igs. give dimensions of a typical line of herri 
ee ee erringbone gear reducers. Tables 2 and 3 


Table 3.—Horsepower Transmitted by Double Gear Speed Reducers 
(Link-Belt Co., Chicago) 


R.p.m. 
_ High 
1Ze Speed Horsepower 
Shaft 
Ratio|...... 15.00 | 19.77 | 24.46 | 30.00 | 35.64] 40.98] 46.031 55.10|......].....]..... 
SSOL ue eee CP | ed er 
py-4| 690 |...... Boa reRne a oeen laze hes Wee Tate Wad, | cONBt ly. «ec lhe. Cie ee 
8600 | La ae AES eA RT| R25) Tabula) enisd |" 008 |e Ree Neen 
1160 ore. SiG lle tical Seal) CHT Sek Sic Moet yal & 5 Tee yal Me ies Yl I een ellie 
WAio eee TA ee Os AGO Nem AeiIbs tas oe |e Odie 2 Gull medi 9 plies ctl sty eis lle 
Ratio | 10.49 | 15.47 | 19.93 | 24.84 | 29.37 | 36.35 | 42.00] 49.40 | 52.55 | 57.46 164. 34170. 12 
SOON METAS | MS e Te |S LOU ES EON SHOU Zea al 2aIn (UNI Gn |b ac Se| otesull Tost 
eae OO tenho | Gl Gal 25.4 fe 45 | Ses 3a) 2.5 |) 200 | ts | 16 | t.4 | 1.3 
BGOL MOF One 7oSs |G 2 PeSall | eaesiesd ll 2rORle gal ok5: | toro lores let 6 
LLGOM ISPS TONGA ela | yee |mrortn ea om 9482 3.3) shor lit > 64 904 eo 9 
PZSON(MRGRSa eI SeOn| LIZ n1ONS |e Ona e726 656 Need Gl 52018 4.7 4-2" (259 
Ratio | 10.29 | 15.49} 21,41 | 26.00 | 29.33 | 35.44 | 43.50)....../.....-]..... J. fo 
ESOL M2KOn Me zeSa SAO msc IME aOIN MES c4N IN 2a 7e le cclldccclncheniliet ohicaat 
D-5 COOMA RG OLD mG eS Meese om Me SNOW SeSiul ees tee a eee beh bea lee. 
OOM ZA OU Mie 2e| MEO RORTaNMONOG|a e4eOR\| RAN TO inact a eal Voted o Cer ete ao 
GON eD e sel ARTEMIS ETO SOR eS On! G5) | 524i. ce scl ca ciecers|(cack rots cunaiellswones 
PZSULIRO TEAL AOMORI SROMENSHON NG 955) | BOO acca colli ce eaaloen <u lpeael eS 
Ratio | 10.5 | 15.11 | 21.18 | 26.86 | 30.29 | 36.00 | 40.09 | 44.89 | 49.00)......|.....|..... 
ROM MONMIGESE INSTI OSS IN LG 6o0luG.8 | onl li e5.4°) 4.8'|......1. 2.1. oc. 
D-6 SOOM ITCOM INT GeSi MIS earl ttea Wee OMoue 729" | 8 783! 653°} S:62l2.o28 lores. |i. oon 
GON DSTONIEZIMB URGE ni se7. | 1M 4e)) 925°) 9.0) 7.6:| 6.8 loceecclaceecle cae. 
ECON ES CRONE GHRRIED NON A7. 1 |) 1404)| 1201] 11.9.) 9.6.19 8.7) |-ceces|socc-leoaes 
PZSOMIEA Savalas aes ho 7h1h (p22 6-| 1952 |) 16.2 | 16.2 F131 W128 lee edesn sc lornes 
Ratio | 10.71 | 15.59 | 21.48 | 25. 40 | 30.33 | 36.11 | 41.89 | 43.67 | 47.67 | 59.42]. ....)..... 
SSOn es EDU ES TRAN OSNSulm19S5N TOs MiliS.6'| Wiezelel0, 5/009. 5° | FB 1. .0.-(0.0 0s 
a GOOMMSO TOMS GRONE28 23 1822-4) e19e2)| Torte} 14.0 |) 12.2 | 10.9:1--9.0 |. lane. 
SOUNDS MIM leas 10s 1e3) 027558 2322 019589) Vou) | 1465 °| 13.0) (1029 Isc esc linc. 
AiGUn|MGCMIMIES DR MINSSii 1135.9) |30-78| 25.671) 20/2) |-18.2) 1 17.0 | 13:7 [ou bee. 
17500 geen BIRT EAS ESA AB eb ul| 4 20m S3. 40 le 2688 1024.21) 22/01, 1845) |i lances 
Ratio | 10.12 | 15.49 | 20.49 | 24, 54 | 30.29 | 36.09 | 39. 46| 47.21 | 51.56| 59.61).....|..... 
# SSUMGSTURIEA TEIN ESAES IMZSnOnl ees 21925) | Wrest 4e9 (1386 | Tt [ease cleoe. 
Dos} 690 125.01 49.0.) 40.8 | 34.1 | 27.6 | 23.21-21.2 | 17.7 | 16.2 | 13.2}....-]..... 
RUN MOSMON NG Ie 1h e509 1420501034) 4 28-00-2604] 22-0°| 20.2] 16.5 Ira. al... 
TLeGuiTaGaOnlmeze4 nosso | 5702)| 4624-| 39.0) 1 35.6 | 29.89) 27..2,| 2222°)..0..1..8.. 
5 Oule cee Wee. . TOSHOnGomsel a7ONONE5S.7 105357) 145700) 4100! | 33-6.|.. le... 
Ratio| 10.5 | 15.27] 21.17| 25.31 | 30.29 | 36.00 | 40.85] 45.73] 50.40 | 59.61 |71.00]..... 
ERONIOAEON NOSES NIRS TO nn 420On|N352611 050.2) |5 2605) 823, 7>to2tes)| 1764/1406 |... 
p-12 | 690 |112.0 | 77.0 | 61.0 | 51.0 | 42.6 | 35.8 | 31.6 | 28.2 | 25.6 | 20.8 |17.4]..... 
A 860 1139.0 | 96.0 | 76.0] 63.5] 53.1 | 44.7 | 39.4 | 35.2 | 32.0 | 25.8 |21.7 ]..... 
1160 1188.0 |129.0 1102.0 | 85.8 | 71.6 | 60.4 | 53.0 | 47.4 | 43.1 | 34.8 |29.2]..... 
150M ee ne ans ai lice sets 129.0 |108.0 | 91.0 | 80.0 | 71.6 | 65.0 | 52.6 |44.2]..... 
Ratio | 10.11 | 14.94| 19.79 | 25.39 | 30.12| 36.10 | 39.64 | 46.36| 51.01 | 62.29|71.11]..... 
580 (108.0 | 92.0 | 75.6 | 63.0 | 53.0 | 49.0 | 43.6] 38.8 | 34.2 | 28.2 |24.6]..... 
p-14 | 690 1129.0 }107.0 | 89.4 | 75.0 | 64.0 | 58.3 | 52.0 | 45.0] 40.8 | 33.6 |29.4]..... 
860 1143.0 1129.0 |110.0 | 92.5 | 78.5 | 72.5 | 64.6] 56.0 | 50.7 | 41.7 |36.4 
TOO lwoeconers 149.0 |133.0 |114.0 | 97.5 | 86.8 | 79.8 | 69.0 | 62.7 | 51.5 [45.0 ]..... 
Ratio | 11.52| 13.62| 15.87| 19.52| 24.37 | 28.79 | 35.00| 42.87 | 50.00 | 58.79 |70.78)..... 
580 1172.0 1159.0 |146.0 |124.0 |102.0 | 86.0 | 71.0 | 58.0 | 50.0 | 43.0 |36.0]..... 
D-18 | 690 1187.0 |175.0 |161.0 |140.0 |118.0 101.0 | 80.0 | 69.0 | 60.0 | 51.0 |43.0 
860 1206.0 1194.0 1182.0 1161.0 |140.0 |123.0 |103.0 | 86.0 | 73.0 | 63.0 |55.0]..... 
1160 |225.0 |213.0 .|201.0 |183.0 162.0 |144.0 |123.0 |102.0 | 87.0 | 74.0 [64.0 ]..... 
Ratio | 11.52| 13.62| 15.87| 19.52| 24.37| 28.79 | 35.00 | 42.87] 50.00 | 58.79 |70.78)..... 
580 1243.0 1228.0 |212.0 |185.0 |160.0 |141.0 |120.0 | 98.0 | 84.0 | 71.0 {56.0 ]..... 
D-20 | 690 1264.0 1252.0 |235.0 |210.0 |181.0 |161.0 |142.0 }115.0 |100.0 | 86.0 |71.0|..... 
860 1288.0 1276.0 |262.0 240.0 |212.0 |191.0 |165.0 |139.0 [123.0 |106.0 |90.0}..... 
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Table 4.—Dimensions of Worm Gear Speed Reducers 


Dimensions, in. (Fig. 3) 


CES a Oe Dimensions ane ee eee 

a a B C D E F G H K L M a | w | 
a 3/4 

1 71 6 3 41/4| 9 41/g| 5 2 6 31/2} 21/2] 13/16 

Pe || ite 3 I11/g] 6 81/2 | 1173/4] 8 91/e | 23/4 | 121/2| 71/4) 31/2 | 2: 15/16 

3 | 30 20 121/q | 1731/2 | 35 1/o | 15 16 1/2} 33/4 | 201/2|111/2] 6 37/16 | 25/16 

4 | 64 36 27 38 74 29 31 8 34 18 1/2 | 10 65/g | 41/9 


Table 5.—Service Factors for Worm Gear Reducers * 


nnn a eT EU UU UaE I EEENEE ESE EEI ERIE EERE RRS SER 


Drive 


Steam 
. Engine; | I-or 2-cyl. 
Class of Service Motor; pee Gaa or Ost 
i Turbine | Gas or Oil Engine 
Engine 
Steady load, as centrifugal blowers, centrifugal pumps, forced 
Grab Anse Jc alos ae oat ee ia? Sala Dee eeee Lette eee ceeeeeeess 1 135 2 
Slightly fluctuating load, as liquid agitators, induced draft fans, 
rotary pumps and blowers, line-shaft drives, freely starting 
COT VEY. OLB © ea ice ciel toveribis pirayo aior lal env 6 yace, = has aed or dies ya care ae aratare tal ae 1.25 (aay 225 
Widely fluctuating load, as plastic agitators, paper mill beaters, 
bucket elevators, machine tool drives, rubber calenders, con- 


veyors starting under load, stokers.........+..ceccwveeceesces | ees De 255 
Vibrating load, as rotary kilns, rotary dryers, skip hoists, cranes, 

DUNGH: LESSER fs... Heredia hake ca din tas eval ay Srarea a, setae tart ata ie ek at UY fo: 2a25 2075 
Shock loads, as rolling mills, ball and bar mills, crushers, single 

cylinder pumps, air compressors, screw presseS............... Zz 2.25 3 


* Occasional overloads up to 40 and 80% should take service factors one and two classes larger 
than that used for the same service without overloads. For high-starting torque loads, the drives 
should have a capacity of not less than 50% of the starting peak load. 


Worm Gear Reducers 
a ee are made in various 

j forms. In general, they 
comprise an alloy steel 
worm mating with a 
phosphor-bronze worm 
wheel, which may be 
integral, or in larger 
sizes May be mounted 
on an iron or steel cen- 
ter. Splash lubrication 
generally is employed. 
As a rule, the reducer is 
connected to the motor 
and driven mechanism 
by means of flexible 
couplings. Table 4 and 
Fig. 3 give dimensions 
of a typical worm gear 


reducer. Table 6 gives 
capacities. Where the load is other than a steady one, the service factorsin Table 5 
should be applied. 


be Make ——z——-} 


s! 


Se ee 


2. VARIABLE SPEED DRIVES 


The earliest type of variable speed drive consisted of a pair of similar cones, set with 
their axes parallel, the large diameter of one cone being alongside the small diameter of 
the other. A friction ring of flexible material encircled one cone and engaged the surface 
of the other. One cone being the driver, the speed of the other cone could be varied by 
moving the friction ring axially. This principle of driving contact with different diam-~ 
eters on two conical surfaces forms the basis of the more modern variable speed drives, 
some of which are described below. 

THE P.I.V. GEAR uses a positive chain drive to transmit power. The gear is shown 
diagrammatically in Fig. 5. It consists of the two pairs of conical discs A with radial 
teeth cut on the conical face, mounted on the splined shafts B on which they are free to 
slide axially. The bearings C are carried on levers D, which are pivoted at E midway 
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Table 6.—Capacities of Worm Gear Speed Reducers 
Rey. per Min. of Worm 


oO 
S| Ratio too {| 300 || = 600'—Ss[- 750 | 900 | 1200 | 1500] 1600 
| Horsepower 
3.63 0.76 1,6 2.4 207 3.0 3.4 3.8 
4.63 71 1.5 A 2.4 27 3.1 3.4 39 
6.16 43 1h 1.8 Di 2.4 2.8 Bil 3.4 
7.25 7 0.95 ies 1.8 2.0 De 2.6 2.8 
9.25 26 R76 is ie 1.8 De Dag Des 
11.75 22 62 11 ins 1.4 (ay 1.9 2.1 
: 14.5 16 -50 0.90 1.0 1.2 1.4 1.6 1.7 
18.5 <15 “4l 80 0.90 1.0 Tee 1.4 fies 
23.5 ae 33 ~62 il 0.82 0.96 ito im 
29 “09 26 “49 58 67 .76 0.90 1.0 
37 07 “20 -40 47 151 63 71 0.80 
47 05 16 30 37 45 54 62 70 
52 04 “13 26 .29 “40 50 58 62 
Pl. 38 “03 Ait 22 ies 35 42 49 54 
3.63 6.0 11.0 17.0 20.0 22.0 23.0 24.0 25 
4.50 5 9 15 17 19 21 23 24 
5.88 3 8 14 15 17 18 20 21 
7.25 On? 6.5 13 14 16 17 19 20 
9 1.8 5.5 10 12 14 16 17 18 
11.75 186 5.0 9 10 1 13 14 15 
14.50 te 4.0 7.5 9 10 1 12 13 
i725 13 3.8 6.5 7a5 9 9.5 10.5 11.5 
2| 18 jie 3.6 6.0 7.0 8.5 9.0 10.0 11.0 
23.50 1.0 3.0 5.0 5.5 6.0 6.5 7.5 8.0 
28.50 0.80 D7, 4.5 5.0 5.5 6.0 6.3 6.5 
36 65 pee 3.6 4.0 4.5 5.2 Gl) G0 
47 56 1.5 3.0 3.5 3.9 4.3 4.8 5.2 
57 “38 12 eo 2.6 ti B15 4.0 4.4 
69 125 0.85 1.6 2.0 2p DH ay 3.4 
77 -20 65 ier 1.5 1.7 2.1 2.5 2.8 
87 “12 35 0, 64 0.82 0.96 1.5 ier 1.8 
98 “05 12 37 “48 7 0.82 0.89 0.95 
3.63 33 62 82 88 92 99 106 113 
4.38 29 52 70 75 80 85 92 98 
5.50 25 47 65 71 74 80 86 92 
Tos 20 42 60 66 69 75 81 87 
8.75 17 39 57 61 66 70 75 80 
10.75 13 34 52 57 60 65 69 73 
(Se 11.5 28 45 50 53 57 60 63 
14.50 10.0 26 4] 45 49 53 56 58 
17.50 7.5 21 33 37 40 46 48 50 
21.50 6.0 19 30 33 36 39 4] 42 
3| 26.50 5.0 17 28 32 34 37 39 40 
29 4.7 16 26 30 32 34 36 37 
35 4.2 14 23 27 28 30 32 33 
43 Me 10 16 18 20 22 23 24 
53 0) 8.5 12.5 14.5 16 18 19 20 
64 1.6 6.4 9.5 11.5 12.5 15 15.5 16 
73 ie! 5.0 8.5 9.5 11.0 12.5 13.0 14 
87 0.92 3.0 6.0 7.0 8.0 9.0 9.5 10 
100 37 1.0 505 4.0 4.7 5.3 5.6 6 
aml5 765) 10130 253 362 387 400 430 440 450 
igiex || HUE 234 352 375 382 418 432 445 
9.13 73 210 318 345 375 400 415 425, 
11.38 64 193 300 334 357 390 400 410 
14.25 59 176 282 312 333 358 368 376 
18.25 47 162 232 273 300 305 310 315 
22.75 44 151 214 236 253 275 280 287 
4 | 28°50 41 132 191 216 230 238 245 252 
36.50 31 92 143 156 168 181 186 191 
25 
22 
16 
12 
6 
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between the bearings of * 
the two conical: wheels. 
A right- and left-hand 
screw F connects the two 
levers D. Rotation of 
this screw causes the 
discs A on one shaft 
to approach each other 
while those on the other 
shaft recede by a corre- 
sponding amount. The 
two wheels are connected 
by means of the drive 
chain G, details of which 


) 
{ 


TS ASS 
| | 
| 


| : 
| 


PEER SEE 
Detail Showing 
Action of Links 


Fie. 4. P.I.V. Gear 
Drive Chain 


WR SSSSSS 


say Na RYO NF AS SSS 
ra EE ee pea 4 


3 
2 


AN SH 


TK | eiSo 
P=Diameter 2L—Diameter 
of Bolts of Bolts 


Fie. 6. P.I.V. Horizontal Gear Fie. 7. P.I.V. Vertical Gear 


are shown in Fig. 4. The chain is made up of a series of overlapping steel links L with 
hardened steel pin joints. Attached to the wheel side of the links are containers N, 
which hold packs of hardened steel laminations M at right angles to the link, project- 
ing about 1/g in. from either side of the chain. These laminations are free to slide from 
side to side individually, and adjust themselves to engagement with the radial teeth on 
the discs A over the full range of diameter, as shown in detail in Fig. 5. The teeth are 
staggered on the opposing faces of each pair of discs. 

As the distance between the faces of a wheel is increased the links engage with them on 
a smaller working diameter. The working diameter of the mating wheel is correspond- 
ingly increased, thus providing speed variations between the two shafts in any ratio 
desired up to the limiting ratio of the particular drive in use. 

These drives are built both in horizontal and vertical types, 


for driving by roller or 
silent chain on the constant-speed shaft. 


They also are built with a motor integral with. 
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the drive and geared to the constant-speed shaft. Another form that is regularly built 
is provided with gear reducers on either the constant or variable speed shafts, or on both. 
This gear is built by the Link-Belt Co., Chicago. Dimensions and horsepower capacities: 
are shown in Tables 7 and 8 and Figs. 6 and 7. 


Table 7.—Dimensions of P. I. V. Gears 
(Link-Belt Co., Chicago) 
All dimensions in inches. See Figs. 6 and 7 


VARIABLE-SPEED DRIVES 


Sis RPA Biral BIG AG Deten eee Feels Gy lok El a aN Pew ea 
Horizontal Type (Fig. 6) 
1 | 6 Yel 41/2] 97/16 | 1912 | 18 53/g | 41/o] 6 . | 1 83/g | 2 1/a| 1 5/g) Wo] 1 /y¢ 
2 | 7 Wa) 5 W/o} 113/g | 2231/4 | 2011/2] 63/46 | 5 1/2] 7 1/4t 1 1/g| 101/g | 2 3/4] 2 5/3) 1 4/g 
3. Kno > 1/2} 139/16 | 26 3/4 | 2438/4] 79/16 | 7 9 1 8/g} 123/g | 3 1/2} 2 3/4] 8/4} 1 5/46 
4 }12 8 16 11/16} 33 30 3/4 | 815/j6| 9 11 Va} 18/4] 151/g | 4 31/4} 7/8} 1 9/16 
5 |14 9 1/9} 19 11/6} 39 36 1/2 | 103/4 |11 13 1/9} 2 185/g| 4 1/o| 3 3/4|1 13/4 
Vertical Type (Fig. 7) 
BG yates 181g | 11 91/o| 6 4 V/o| 6 l 8 3/g | 21/4] 1 5/g| 1/o] 15/46 
aan ey AUS a 213/g | 1314} 111/o] 7 5 Vol 7 Wa} 1 1/g} 101/g | 2 3/4] 2 5/3} 11/8 
a AW i ee 257/g | 161/2|141/2| 81/g | 7 9 1 3/g) 128/g | 3 1/2) 2 3/4) 3/4) 1 5/16 
Year ae aaa 317/g | 201/4| 18 10 9 {11 1/4] 13/4] 151/g | 4 3 1/4] 7/8| 19/16 
an Le eee 37 11/16| 24 21 1/9 | 12 i 13 1/2] 2 18 5/g |_4 1/o}_ 3 3/4] 1 13/4 
Table 8.—Speed and Horsepower Ratings of P. I. V. Gears 
(Link-Belt Co., Chicago) 
Rating at Normal r.p.m. of Constant-speed Shaft Rating at San Constant- 
‘ ‘ Variable-speed shaft Variable-speed shaft Variable-speed | Variable-speed 
Size | Ratio : : ; rag 
maximums maximums shaft maximums shaft minimums 
R.p.m. | Hp. sala R.p.m.| Hp. se Rpm: |, ip; | konem. |) Elp; 
3-Hp. Motor. Constant-speed shaft r.p.m., 860] 
ZiT 1216 bel f 140 608 1.9 200 141 0.314 71 0.221 
34 1491 DAY | 115 497 1.6 200 173 314 58 . 186 
1 4:1 1720 Fh f 100 430 1.4 200 200 .314 50 . 163 
SM 1925 Zed. 90 385 ava 200 224 314 45 . 140 
Onear 2106 aay 80 351 ted 200 245 ~ 314 4] .128 
5-Hp. Motor. Constant-speed shaft r.p.m., 860 
2 ARS bi 1216 4.5 235 608 See 330 141 0.523 71 0.372) s 
Bist 1491 4.5 190 497 2H0: 330 173 wwe 58 .302 
2 4:1 1720 4.5 165 430 203 330 200 BS 50 . 267 
Lae! 1925 4.5 145 385 2.0 330 224 n25) 45 . 233 
Gol 2106 4.5 135 Bo 1.8 330 245 “pve 4] 210 
7.5-Hp. Motor. Constant-speed shaft r.p.m., 860 
PE a 1216 6.75 350 608 4.8 495 141 0.785 71 0.558 
EDS §| 1491 6.75 285 497 Ey .f) 495 173 .785 58 453 
5 4:1 1720 6.75 250 430 3.4 495 200 785 50 395 
5a 1925 6.75 220 385 3.0 495 224 785 45 349 
6:1 2106 6.75 200 351 2.8 495 245 .785 4] 326 
10-Hp. Motor. Constant-speed shaft r.p.m., 690 
PAs 976 9.0 580 488 6.4 820 141 1.304 7\ 0.928 
EWS | 1194 9.0 475 398 5-2 820 173 1.304 58 .754 
4 4:1 1380 9.0 410 345 4.5 820 200 1.304 50 652 
Sit 1545 9.0 365 309 4.0 820 224 1.304 45 . 580 
6:1 1692 9.0 335 282 Shay 820 245 1.304 4] 536 
15-Hp. Motor. Constant-speed shaft r.p.m., 580 
231 820 1325 1035 410 9.5 1470 141 2.328 7) 1.638 
eho jh 1005 HERE) 845 335 7.8 1470 173 2.328 58 1.345 
5 4 si 1160 13.5 735 290 6.8 1470 200 2.328 50 1.172 
Sisal 1295 13.5 655 259 6.0 1470 224 2.328 45 1.035 
jn Onl 1422 eM) 600 237 336) 1470 245 2.328 41 0.948 


THE REEVES VARIABLE-SPEED TRANSMISSION (Figs. 8 and 10) consists of two 


pairs of cone-shaped discs mounted on spline shafts. 


The discs are carried in bearings 


on the levers V, pivoted at P. The hand wheel W actuates the right- and left-hand 
screw S causing the levers to rotate about P, and thus causing the discs of one pair to 
approach and of the other pair to recede from each other as desired. One shaft is con- 


IlI—32 
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nected to the driving motor, or other prime mover. The other is connected to the driven 
mechanism. A rubber belt, with blocks of hard wood bolted to each face, connects the 
two pairs of discs. See Fig. 9. The ends of the blocks are finished at the same angle 
as that of the discs. The driving force is the friction between the blocks and the disc 


71/2 


Table 9.—Sizes and Capacities of Reeves Variable Speed Transmissions 


SISO eels: cia belie svohavatatecntsietoietel y=. elias pare ears Se bao paec 
R.p.m. constant speed shaft........-- A ge cbacietahec shew 
Max. r.p.m. variable speed shaft..... Waele aio Semeiovers ci aiapetel eee 

Min. r.p.m. variable speed shaft......|.--.|.---|-- Sea ee 


ITO es Se eee eae learo ete oasis!» | siege ore sce ipeostege| pata | eae 
R.p.m. constant speed shaft.......---|-+--}eeee]eeeeferreforee 
Max. r.p.m. variable speed shaft 
Min. r.p.m. variable speed shaft 


RUF oS Hee PROB OR ES nnz bine soac ueade | Cicer) ips Sip 0) oe 
R.p.m. constant speed shaft.......-.-|-++-|e++-|eeee[oee> 
Max. r.p.m. variable speed shaft 
Min. r.p.m. variable speed shaft 


Sizel. Lk oan Doe oe cidtae als tere inboard 
R.p.m. constant speed shaft.......... 

Max. r.p.m. variable speed shaft 
Min. r.p.m. variable speed shaft 


Sit nee Soe eeone car coree ery oame) acs 
R.p.m. constant speed shaft..........|----|---- 
Max. r.p.m. variable speed shaft......|.-.-|---- 
Min. r.p.m. variable speed shaft ......]..--|---- 


Sie ma cian corer reretene Rieee sis ere meee eerell atcrenanetenee 
R.p.m. constant speed shaft..........|+++-|-++- 
Max. r.p.m. variable speed shaft......|-.--|---- 
Min. r.p.m. variable speed shaft......]-..-]---- 


See pene moro Sot Corma ce 

R.p.m. constant speed shaft..........]-.-- 
Max. r.p.m. variable speed shaft......]..- 2. 
Min. r.p.m. variable speed shaft......|..--|---- 


20 


25 


30 


40 


50 


60 


75 


100 


SISO... a aieis ord koe Baca orl» estates, 6] eteus emmete 
R.p.m. constant speed shaft..........].---].+-- 
Max. r.p.m. variable speed shaft......]...-]..-- 
Min. r.p.m. variable speed shaft......]...-|..-- 


Sige; axe ena wet ow oe Wa ee eee nw eee 
R.p.m. constant speed shaft.......... 
Max. r.p.m. variable speed shaft...... 
Min. r.p.m. variable speed shaft...... 
Sizes bcieGi wv cease ene oteiieerabiciee ee 
R.p.m. constant speed shaft.......... 
Max. r.p.m. variable speed shaft...... 
Min. r.p.m. variable speed shaft...... 

[are Tae oat SP AGG icloic,| OOH econ] Ie ce 

R.p.m, constant speed shaft..........fee--|-++-]---<]---- 

Max. r.p.m. variable speed shaft......]..-.|----|----].+-- 

Min. r.p.m. variable speed shaft ......]....|----|-.--|---- 

st Cer Te ee me o Ohh a. Oo) oe hal ee ane 

Ri.p.mi constant) speed SHALG. ccc cre cre al sheep suai Je we il tcueier 

Max. r.p.m. variable speed shaft... .. Sec]. ees]. -.-]s oo 

Min. r.p.m. ‘variable: speed! shaft. sun heerlen ws ailoaks 

BERG. 555, vleikds ole athis Qdudiw Oreagetelese nies ore ep ote rat eects reveal aeatare 

R.p.m, constant speed shaft... 66.6. cf cn efiees |e eo] nee 

Max, I.p.m. variable speed Bhatt.) sc. efiercterei stele >| Neuere aifnsiere 

Min. rp,m. variablejspeed shaft... . 0. ck ences new cies © 

hE ne 2 mea Cent Sine Fae ea es calls soaltmadlls acs 

R.pims, constant speed sharte. « ..ce siete tecete listeria tres rile nclets 

Max. r.p.m. variable speed shaft......]....|..../-...]...- 

Min, r.p.m: variable speed ahaft. <<. cles lisence lees cles. 


Rip, constant speed shait.... oo sciccilece elie =e ae clesciers 
Max. r.p.m. vatlahie speed shaft.o5 Sc oeme [a nn si[eess ollinverere 
Min. r.p.m. variable speed shaft... 
ESLD e sest iris ow ewchabrexadl cat pesveaiereiraey sire vei abueskastotonsl acd even teats | seaneieal tenes 
Ripim. constant aneed shalt. «cc <ccecclftereiell eras lieve otallietente 
Max, r.p.m. variable speed shaft 
Min. r.p.m. variable speed shaft 
BLZE 5. site susac, sas fave spain tormie el erepars aesnateve) | Satere | okeis ccallotatonel Lote eee laren 
R.p:m. constant, speed BHALbiw..c</s/ ercllleierere)| ores llcerorellenereieilienetere 
Max. r.p.m, variable speed shaft 
Min. r.p.m. variable speed shaft 
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faces. When the discs of one pair are widely separated, the diameter of the circle of 
contact with the blocks is small, while it is correspondingly large on the other pair. By 
varying the distance between the discs any desired speed ratio between the driving and 
driven shafts can be obtained, within the range of the transmission. 

These transmissions are built by the Reeves Pulley Co., Columbus, Ind., in both 
horizontal and vertical types, and both , 
open and enclosed. Capacities range up 
to 100 Hp. It should be remembered that 
the horsepower transmitted varies with the 


9. Reeves Variable Speed 


Transmission Belt 


| K—-—— 


i 


Fic. 10. Reeves Variable Speed Transmission 


Fia. 8. 
Vertical Type 


Reeves Variable Speed 
Transmission, Horizontal Type 


speed of the driven shaft. A transmission that will deliver the requisite horsepower at 
the maximum speed, may be unable to deliver it at the lowest speed, and a larger drive is 
indicated. Table 9 gives data for the selection of the proper size of transmission for a 


Table 10.—Dimensions of Open-type Reeves Variable-speed Transmissions 
(Reeves Pulley Co., Columbus, Ind.) 


Dimensions, in. 
| lh | B | ¢ | D | E r | el | J | «x | L | um [Sat Bolts 
Horizontal Type (Fig. 8) 

0000] 13 1/9 | 11 3/4]10 1/9) 41/2 | 4 23/4] 27/g | 51/g | 215/16] 9 93/4] 37/3 | 11/16|5/16 
000) 17 15/16) 14 1/9/14 67/g | 413/36) 33/4) 41/16 | 73/g | 315/16) 12 13 1/4 | 5 1/16 {1 3/16 |8/8 
00) 22 13/16] 15 1/3/14 3/4) 87/g | 6 5 51/16 | 95/g | 53/16 {12 1/o] 161/4 | 61/2 |1 3/16 [3/8 

0} 3031/2 | 22 1/4/21 1/4)111/g | 81/16 | 61/2) 63/4 |121/2 | 6 15/36/18 1/4) 19 1/2 | 7 18/y6|1 7/16 |1/2 
_ 1) 3411/y6) 24 1/9/23 1/2/13 1/4 | 93/16 | 7 1/9) 7 13/1614 9/16 | 7 15/16/20 1/9} 21 1/2 | 8 13/z6)1 7/16 |1/2 
2) 421/4 | 31 1/8/30 1/2/16 3/16 |11 1/4 | 9 9g |181/g |10 26 1/9} 27 5/g |I11 1/16 |I 15/1615/g 
3] 495/g | 32  |31 7/g|19 11/16) 13 Wo 11 4/g 2138/4 fI 7/g |27 7/8) 3241/2 |13 1/4 {1 15/16/5/g 
4] 561/16 | 37 5/3/37 5/3/22 3/4 | 149/16 |12 1/2/12 3/4 |253/g |14 32 3/3) 351/4 |143/g 2 3/16 [8/4 
5] 623/4 | 41 7/g]42 3/g)255/g |163/g |14 |143/g 2811/16/15 7/g  /36 3/3} 38 1/4 |15 7/3 |2 3/16 |7/8 
6} 79 1/4 51 1/3/52 1/g/321/g |201/2 |18 18 36 1/4 |20 45 1/3] 481/9 |201/2 |23/4 |7/g 
61/9} 7911/4 | 51 1/g}/521/g/321/2g |201/g |18 18 36 1/4 |20 45 1/3] 481/9 |201/2 |23/4 |7/g 
7| 981/4 | 59 1/4|59 1/9/39 261/g 23 21 42 1/9 |23 52 61 251/q |3 3/16} 1 
8/11115/16| 821/4/68  |42 233/4 |28 |273/4 |50 29 69 77 10 1/2 [37/16 |7/3 
9} 129 96 3/4|80 1/g|50 29 Bl 33 1/5 a. 33 70 1/g) 87 12 1/9. [3.15/16] 1 
10}151 1/4 {113 1/2/94 1/2/60 34 36 39 5/g 168 38 82 1/9|102 15 Sige vt 
Vertical Type (Fig. 10) 

0000] 13 9/16 | 11. 3/4] 93/4] 41/2 | 41/16 | 23/4] 27/g |........]........ 57/3| 7 417/39] 11/46|5/16 
000 14 1/9| 13 GUS) || SLUAV SA ey ais | Renceced beooodee 8 9 5/g | 6 1 3/16 8/8 
00 fA G'S/atel6lT/g) (5). MS Ute |. cllto.|acbetoo U1 139/16] 61/4 |1 8/16 |3/g 
0 20 1/4}111/g | 99/16 | 61/o| 63/4 |........]...0005- 13 -|-141/2] 91/8 |1 7/16 |1/2 

1 22 1/4)13 1/4 HUES) HEH Ge cobonnd Rocedbse 15 | 17  }101/4 17/16 |1/2 
2 9 ORV CW | Boe sob8 Woccooae 19 21 13.1/4 {1 15/16)5/g 
3 | WU L/S a il tenetetecctivreteries Ae 22 3/4| 25 13 11/161 15/16|5/g 
37 5/3/34 7/g|22 3/4 |165/g 12 1/9}12 3/4 |........]........ 27 1/9) 30 1/2 |16 3/16 |2 3/16 8/4 

5 4} 7/3/39 1/3|25 5/g | 19 I cna HEL NEV onal be nee bares 31 1/2} 34 18 3/16 |2 3/16 |7/g 
6 51 1/g/48 1/g|32 1/2 [Suter leee es: esac. 39 | 42 |229/16 |23/4 | 1 
Beemer | ae tells sess 39 42 22 9/16 |2 38/4 | 


6 1/2 51 1/3 


48 1/g/32 1/2 
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given set of conditions. The table is entered opposite the horsepower that is to be trans- 
mitted. In the column under the desired speed ratio is the size of the drive recommended, 
and also the speed of the constant-speed shaft, and the maximum and minimum speeds 
of the variable speed shaft. The factor M is used to determine the maximum and mini- 
mum speeds of the variable speed shaft, when the constant-speed shaft runs at other than 
the recommended speed. If N = r.p.m. of constant-speed shaft, and nj, nj = respec- 
tively the maximum and minimum speeds of the variable speed shaft, na, = NXM; 
nm = N/M. 

Table 10 gives dimensions of open-type transmissions. 

The Reeves Vari-speed Pulley is designed to replace the 
ordinary flat pulley on motors up to 7 1/2 Hp., to vary the speed 
of the driven mechanism. It operates on the same principle as 
the Reeves variable speed drive (see p. 24-75). The pulley (Fig. 11) 
consists of two discs A and B mounted on a shaft C, dise B being 
free to move axially on the shaft. Its distance from disc A can be 
regulated by the hand nut D. The spring E holds it against the 
. belt with a constant tension. The edges of the belt, which are 
Trchtts EReavea:Varie beveled to the same angle as the discs, bear against the discs. The 

speed Pulley flat side of the belt bears on face of the driven pulley. As the 

distance between the discs is increased the working diameter of 

the belt on the discs is decreased, thus altering the speed ratio. Table 11 gives dimensions 
and capacities. 

THE GRAHAM VARIABLE SPEED TRANSMISSION is based on the principle of 
a ring of fixed diameter 
in contact with conical 
rollers, the speed ratio 
depending on the ratio 
of the diameter of the 
ring to the diameter of 
the rollers at the point 
of contact. Fig.12isa 
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Table 11.—Horsepower and Dimensions of Reeves Vari-speed Pulley 
(Reeves Pulley Co., Columbus, Ind.) 


eee 
Motor r.p.m. 1750 1750 1750 1160 1160 1160 800 


FELD gieversvitiotonecotwerveate Vg) 1/4} 1/3] 3/4) 1 1 1/g | 1 Ie] 2 3 5 71, 
Min. pulley diam. .|5 6 6 8 10 12 8 10 10 12 14 16 
ong So ogres ake art dale ah Sis) | Selhaais 1] 3 sel Ses cteSis Wily 2shae: late wicaeems 
BX OTE), me ih.e-a}. 2 2| 3/4) 3/4} 1 | 1 1 x je 7, 5 
Dise working diam. ss mera\t Fes ue 
Max.,..........|5 5/g!5 5/g!7 1/g|7 1/g} 73/3 | 73/g |10 10 V1 Yall 1/4] 11 3/ 
5 4 | 138/4 
Minbst Stiga te 1 7/8\1_7/3|2 8/3|2 8/g|_2 7/16 | 27/16 | 3 1/4) 3 1/4] 3 3/4] 3 3/4] 41/4 5 


Table 12.—Speeds and Capacities of Graham Variable Speed Transmissions 
(Graham Transmissions, Springfield, Vt.) 


A Output = 1800 r.p.m. Motor : 1200 r.p.m. Motor Max. 
Share I ax. Mean Min. Max. Mean Min. Torque, 
€.. Speed Speed * Speed Speed Speed * Speed in.-lb. 
815 { R.p.m. 680 340 60 t 450 220 40 ft 150 
Hp. U5: Le ps) cette 1 DiGi sites asta rch 150 
81N { R.p.m. 830 500 200 550 340 130 150 
Hp. 2 1.4 Wat 1.5 i 035 150 
838 { R.p.m. 680. 340 60 t 450 220 40 ft 450 
Hp. 4 2 5: SESS eee HAG UR Some aio ate so ec 450 
83N { R.p.m. 830 500 200 550 340 130 450 
Hp. ah 3 Si 325 2 1 450 
851 R.p.m. 680 340 60 t 450 220 40 750 
Hp. 6 4. us hi Racer deeee 4 ZSSE ARSE BOSE 750 
85N { R.p.m. 830 500 200 550 340 130 750 
Hp. aout 5 20300 al 5 3 125 750 


* Mean speed is a single typical speed between maximum and minimum. 


} Indicates the largest size of squirrel-cage ithi i i 
i pean q ge motor within the rating of the unit. 
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are carried in the carrier B, spaced 120 deg. apart. The rollers A bear with fixed pressure 
against the contact ring C which surrounds the carrier. The position of C can be varied 
axially by means of the rack D and the pinion E. The carrier B is attached to the drive or 
input shaft. The rollers A carry, at their small ends, pinions F which mesh with an internal 
gear G, attached to the driven or output shaft. In operation, as the carrier B is rotated, 
it causes the rollers A to revolve around the center-line of the carrier. The friction 
between the rollers and the contact ring C causes the rollers to rotate about their own 
axes, and in turn to drive the output shaft through the pinions and gear F andG. The 
rate of rotation of the rollers, and consequently the speed of the output shaft, depends on 
the position of the contact ring C. The speed of the driven shaft is lowest when the 
ring is in contact with the smallest diameter of the rollers, and highest when it is in contact 
with the largest diameter. Anindicator  , 0) 
on the front of the case shows the posi- ie le oe ie 
tion of the contact ring, and the speed | Z| | Construction 
ratio at which the drive is operating. Laer een ias Motor, 
Table 12 gives the capacity of drives 


up to 7 1/2 Hp. and the maximum and + 
minimum speeds. In the Type EF drive, Ht Sor 
tbr otor 


the speed variation is from maximum 
through zero and into reverse. In the 


type WN drive, the speed variation range F ; : 
is about 4:1. The drive may be Fie. 13. Lb aa Tate Morte Variable Speed 


eo Do Construction 


for Built-in Motor 


operated by a built-in motor, or motor 

coupled to the input shaft. It also is made with a built-in geared head on the output 
end which reduces the speed of the output shaft to 1/7 of the values given in Table 12, 
and increases the torque 7 times. This drive is made by Graham Transmissions, Spring- 
field, Vt. Table 13 and Fig. 13 give dimensions. 


Table 13.—Dimensions of Graham Variable Speed Transmissions 
(Graham Transmissions, Springfield, Vt.) 


Dimensions, in. (Fig. 13.) 


2d (Te ER Soe a. E F Gusto Ka [ok Tae eat GaN P ld 
81 | 9 Va] 9 7/g/4 9 1/2) 18 2 3/g| 12 1/2 | 1/2 | 25/g} 2 4/4} 11 5/46] 5 71/2| 71/4 |1 
83 {10 3/4)11 1/2)/4 1/9/12 23 1/2 | 2 5/g| 167/16) 7/g | 39/16} 2 1/2] 141/4| 5 1/a} 9 1/2 | 8 15/36)1 1/g 
85 {12 1/4|13 5 13 25 1/16| 3 1/4] 17 1/4 | 7/g | 4 2 1/2} 15 3/3 | 6 1/4] 10 1/2 | 91/2 {1 1/4 


3. HYDRAULIC DRIVES 


THE HYDRAULIC COUPLING, built by the Hydraulic Coupling Corporation, 
Detroit, is a development of the Vulcan Sinclair fluid transmission. It is used as a vari- 
- able speed transmission between centrifugal fans and the driving motor. The principle 
of operation is shown in Fig. 14. The vaned impeller A is attached to the driving shaft 
of the motor. The runner B, similarly vaned, surrounded by an inner casing C, is attached 
to the driven shaft, which may be the fan shaft or 
the shaft of any other mechanism. The passages D 
in runner and impeller correspond, and form a con- 
tinuous circuit or vortex ring between the two ele- 
ments. The system is filled with oil, which, under 
the influence of centrifugal force, is discharged from 
the impeller against the runner, which causes the 
runner to rotate. The speed of the runner, when the 
system is filled with oil, is from 1% to 3% less than 
that of the impeller. This slip sets up a vortex in 
the vortex ring, pumping the oil around as shown by 
the arrows, and thus maintains the torque. 

Oil leaking from between the runner and impeller 
flows into the passage between the runner and the 
inner casing, and is discharged through calibrated 
ports EZ into the space between the inner casing and er RL Ey Penile Cf ydraulis 
the outer casing K. This oil is picked up by the Couphne 


scoop tube G and returned through ports into the ; 
vortex ring as shown by the arrows. Speed variation is effected by varying the amount 


of oil in the system. This is accomplished by the pump H, which removes a portion 
of the oil as it passes the pump connection, and stores it in tank K. Maximum speed 
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is obtained with the system full of oil. With all oil removed from the system and stored 
in the tank a minimum of power is transmitted, the active fluid then being air con- 
tained in the vortex ring. To increase the speed of the driven shaft, the pump @Z is 
reversed and oil is restored to the system. Speed may be infinitely varied from maximum 
to minimum by varying the amount of oil in the vortex. Instead of the storage tank 
K, in which the supply and removal of oil is effected by a pump, an elevated tank is 
used for certain types of service. Oil picked up by the scoop tube is led to the elevated 
tank. It is returned to the coupling by gravity through a calibrated weir, which can be 
raised or lowered manually or automatically in accordance with the speed control desired. 

The heat generated inside the coupling under moderate speed, and load conditions 
usually is dissipated by radiation from the surface of the coupling. Under heavy loads at 
high speeds, or when S (V/1000)*> 600, an oil cooler isnecessary. S = slip, and V = per- 
ipheral velocity. 

The efficiency with 3% slip is about 96.5%, which includes windage and heat loss. 
For average conditions of operation, a slip of about 2% usually is most satisfactory. 
Fig. 15 shows the brake horsepower output of various sizes of couplings at various motor 
speeds, and also at various tip speeds based on inside of diameter of coupling. This 
chart is based on a coupling filled with oil. 


R. P. M. of Driving Motor 


an CEE 
a | 
Se 


2% Slip 


8% Slip [RE & 


Brake Horsepower Output 


Fie. 15. Brake Horsepower Output of Hydraulic Couplings 


To select a coupling, enter Fig. 15 with the required horsepower at the assumed slip. 
At the intersection of this ordinate with the abscissa representing motor speed, find the 
size coupling required. The coupling is selected for the maximum rating of the fan. 
For other ratings, the procedure is as follows: Calculate the constants K,, K,; and K 
representing, respectively, cu. ft. per min. delivered by the fan, rev. per min. of the fae 
and resistance pressure at full motor speed. ‘ 

K, = Q/(100—S); K; = N/(100—S); Kp = P/(100—S)?, where Q = cu. ft. per min. 
at full motor speed; S = slip; N = r.p.m. of fan; P = resistance pressure, in. of water. 
Then if a N; and au 3 pee ae the cu. ft. per min. rev. per min., and resistance 
pressure at any speed other than full speed, and n = f 
Pail oad an speed, expressed as a percentage 

Qi= Ke Xn; Ni = Ky Xn; Pi = Kp X v2. 
Motor Hp. = Fan B.Hp. X f, in which f is a factor whose value is as follows: 
Fan speed, % of constant’ 
motor speed = 100-—S 90 680 70 60 50 40 30 
J 20 
fi= 1.045 .885i8 (70.7 2545) £405 8 282 Geese OSN OSS 
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Exampie.—Select a coupling for a fan deliverin i i 
g 140,000 cu. ft. per min. at 14 in. i 
pressure; fan speed 859 r.p.m.; brake horsepower required 478. Determine the fan ee eee 
pressure, and B.Hp. at 90%, 70%, 50% and 30% of maximum fan speed. : 
Solution.—From Fig. 15, a No. 36 coupling will be satisfactory with a slip of 1.2%. Then 


Ke = 140,000/(100 —- 1.2) = 142,500 
Ky = 859/(100- 1.2) = 875 = motor speed 
Kp = 14/(100-1.2)2 = 14.5 
n= 0.90 0.70 0.50 0.30 
f= .885 .545 282 -105 
Q1 = Ke X n = 128,000 100,000 71,400 42,800 
Ni = KyXn= 787 612 437 262 
Pi =KpX nr? = 11.8 tek, 3.6 kas} 
Biltp. = B.Hp.max. X f= 423 261 135 50 


Dimensions of standard hydraulic couplings are’ given in Table 14 and Fig. 16. 
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Fic. 16. Dimensions of Hydraulic Couplings Fria. 17. Thrustor 


Table 14.—Dimensions of Hydraulic Couplings 
(Hydraulic Coupling Corp., Detroit) 
Dimensions, in. See Fig. 16 


Size, 

in. A B rhs D E F G H K L 12 R 

9 | 10 5V/o} 31/2} 31/2] 93/g| 31/9 | 13 7 121/16 | 216 | 15/8 11/2 
12 | 1241/4} 75/g} 43/4] 4 115/g] 51/g| 1613/2} 9 141/j6 | 27/16 | 2 1 15/16 
15 | 17 93/4) 53/4] 41/2] 161/g| 6 201/4] 11 161/36 | 2U/y6 | 25/g | 23/16 
18 | 1813/2] 1011/4] 63/g} 5 175/g | 61/4 | 23 121/2 | 193/36 | 39/16 | 27/8 2 15/16 
24 | 2513/2] 1141/2} 81/2] 61/2 | 245/g} 9 30 17 231/16 | 39/16 | 27/g | 215/16 
30 | 28 1611/4] 10 8 267/g| 91/4 | 373/g} 21 27 9/16 47/16 43/g 3 15/16 
36 | 3811/4] 21 1/2} 121/2| 91/2 | 371/g | 13 44 25 31 7/16 47/16 43/8 3 15/16 
42 | 443/q | 25 14 1/2 | 10 3/4 | 43 1/9 | 15 51 2913/4 | 3618/36 | 513/16 | 415/16 | 4 15/16 


48 | 52 28 3/4 | 16 3/4 | 12 1/4 | 50 3/4 | 1711/4 | 58 33 1/o | 4013/16 | 518/16 | 415/16 | 415/16 


THE THRUSTOR, while not a speed changing device, is a hydraulic mechanism to pro- 
duce thrust in a straight-line direction. The principle of the thrustor is shown in Fig. 17. A 
piston P contained in a cylinder C filled with oil, is connected by two piston rods to the 
yoke Y. A motor M drives the centrifugal pump U at the bottom of the cylinder, setting 
up a pressure on the under side of the piston and causing it to rise. Oil is drawn by the 
pump from the upper part of the cylinder through the tube C. When the motor is stopped, 
the weight of the piston causes it to descend, the oil flowing back through the pump to 
the upper part of the cylinder. 

The thrustor is made by the General Electric Co. It is used to control brakes and 
clutches on punch and drawing presses, to operate arbor presses, to apply pressure to the 
work in spot welders, to operate brakes on various types of equipment, to operate valves, 
to open and close doors on furnaces, elevators, etc. It is used wherever straight line 
motion is required, or pressure is to be applied. In connection with a pawl and ratchet 
it can be used to bar engines or to give practically continuous rotary motion. By means 
of appropriate linkwork, the direction of motion of the thrustor can be changed, trans- 
formed or multiplied as desired. 

Capacities of thrustors range from 50 lb. thrust with a 2-in. stroke to 3200 lb. thrust 
with a 16-in. stroke. The pressure varies as the square of the speed of the motor. The 


speed of movement depends on the load. 


DYNAMOMETERS 


Dynamometers are instruments used for measuring power. They are of several 
classes, as: 1. Traction dynamometers, used for determining the power required to pull 
a@ car or other vehicle, or a plow or harrow. 2. Brake or absorption dynamometers, in 
which the power of a rotating shaft or wheel is absorbed or converted into heat by the 
friction of a brake or into electrical energy, and 3. Transmission dynamometers, in which 
the power in a rotating shaft is measured during its transmission through a belt or other 
connection to another shaft, without being absorbed. ; 

TRACTION DYNAMOMETERS generally contain two principal parts: 1. A spring 
or series of springs, through which the pull is exerted, the extension of the spring measuring 
the pulling force; 2. A paper-covered drum, rotated either at a uniform speed by clockwork, 
or at a speed proportional to the speed of the traction, through gearing, on which the exten- 
sion of the spring is registered by a pencil. The average height of the diagram above the 
zero-line gives the average pulling force in pounds. This multiplied by the distance 
traversed, in feet, gives the work done, in foot-pounds. The product divided by the time 
in minutes and by 33,000 gives the horsepower. 

THE PRONY BRAKE is the typical form of absorption dynamometer. Primarily 
this consists of a lever so connected to a revolving shaft or pulley that the friction induced 
between the surfaces in contact will tend to rotate the arm in the direction in which the 
shaft revolves. This rotation is counterbalanced by a weight-measuring apparatus, as a 
platform scale, one or more spring balances, or simply by weights hung in a pan at the 
end of the lever arm attached to the friction surfaces. See Fig. 1. The friction blocks 
B are of wood, and are confined by the 
strap which can be tightened on them, to © 
increase the friction on the wheel, by means 
of the bolt C. The lever D is bolted to the 
band A and bears on the scale as shown. 
The heat generated by the friction is carried 
off by water introduced inside the rim, and 
HF removed by the outlet pipe which is so 
Fo shaped as to scoop the water from the 
Weter Oude tea <Waurhalet rotating wheel. The downward pressure 

Fria, 1. Prony Brake of the lever arm is balanced by the weights 
W on the platform scale. 

If L = horizontal length of lever arm, ft., N = rev. per min. of wheel, W = weight 
required to balance the downward pressure of the lever arm, lb., w = tare of brake, lb. = 
weight on scales with apparatus at rest, and Hp. = the horsepower of the shaft or mechan- 
ism to which the brake is attached, then 


Hp. = 2rLN(W — w)/33,000 = (W—w)N/K, . . . . [I] 
where K = 33,000/27L. If L = 33/27 = 51/4 ft. (approx.), then Hp. = 1000WN. 

If the rubbing-surface be too small, the resulting friction will show great irregularity, 
probably because of insufficient lubrication, the blocks will seize the pulley and thus 
produce shocks and sudden vibrations of the lever-arm. 

Soft woods, as bass, plane-tree, beech, poplar, or maple, are all to be preferred to the 
harder woods for brake-blocks. The blocks should be spaced at least l/gin. apart. The 
rubbing surface should be well lubricated with a heavy grease. 

Another form of Prony brake is a pair of blocks or jaws, gripping the shaft. The 
blocks should extend around the greater part of the circumference. A pair of bolts 
through the blocks on either side of the shaft serves to tighten the blocks on the shaft. A 
lever-arm of any desired length is attached to the upper block and bears on a platform 
scale or is supported by a spring balance. The horsepower is computed by formula [1]. 

Rope Brake.—For small amounts of power, the Prony brake may consist simply of a 
rope or strap wrapped around the brake wheel, one end being fastened to the floor or 
some other immovable part of the structure, through a spring balance and the other end 
attached to a second spring balance or weighted. See Fig.2. If Wandw are, respectively 
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the net applied weight and the net spring balance reading, and R ZZ 
is the radius of the brake wheel in feet, then 


Hp. = 2rR N(w—W)/33,000 . . . .~ [2] 

Prony brakes are suitable only for the measurement of relatively 

small powers, say up to about 100 Hp. and for speeds of not over 

1000 r.p.m. For greater horsepower and higher speeds a water 
brake or electric dynamometer should be used. 


CAPACITY OF FRICTION-BRAKES.—W. W. Beaumont (Proc. 
Inst. C. E., 1889) has deduced a formula by means of which the 
relative capacity of brakes can be compared, based on the amount 
of horsepower ascertained by their use. 

Let W = width of rubbing-surface on brake-wheel, in.; V = 
velocity of point on circumference of wheel, ft. per min.; K = 
coefficient; then 

ee Wie pa cain $td - Aeenl ald] 


Prof. Flather obtained the values of K given in Table 1. Calcu- 
lations for eleven brakes gave values of K varying from 84.7 to 1385 }f 
for actual horsepowers determined, the average being K = 655. | 
Instead of assuming an average coefficient, Prof. Flather recom- Tic. 2, Rope Brake 
mends the following: 

Water-cooled brake, non-compensating, K = 400; W = 400 Hp. + V. 

Water-cooled brake, compensating, K = 750; W = 750 Hp. + V. 

Non-cooling brake, with or without compensating device, 

K = 900; W = 900 Hp. + V. 

F. A. Halsey (Am. Mach., April 4, 1912), advises a minimum brake-drum surface for 

water-cooled Prony brakes of 0.09 sq. ft. per brake Hp. to avoid the danger of the blocks 
_ taking fire. 

A brake described in Am. Mach., July 27, 1905, had an iron water-cooled drum, 30 in. 
diam., 20 in. face, with brake blocks of maple attached to an iron strap nearly surrounding 
the drum. At 250 r.p.m., or a circumferential speed of 1963 ft. per min., the limit of its 
capacity was about 140 Hp.; above that power the blocks took fire. At 140 Hp. the 
total surface passing under the brake blocks per minute was 3272 sq. ft., or 23.37 per Hp. 
This corresponds to a value of K = 285. 

ABSORPTION DYNAMOMETERS.—tThe two types of absorption dynamometers 
in general use are the water brake, exemplified by the Alden and Froude dynamometers, 
and the electric dynamometer. 

The Alden Absorption-Dynamometer (G. I. Alden, Trans. A.S.M.E., xi, p. 958; also 
xii, p. 700 and xiii, p. 429.) is a friction-brake, capable in moderate sizes of absorbing large 
powers with unusual steadiness and complete regulation. A smooth cast-iron disc is keyed 
on the rotating shaft. This is enclosed in a cast-iron shell, formed of two discs and a ring 

- at their circumference, which is free to revolve on the shaft. To the interior of each of the 
sides of the shell is fitted a copper plate, enclosing between itself and the side a water-tight 
space. Water under pressure is admitted into each of these spaces, forcing the copper 
plates against the central dise. The chamber enclosing the disc is filled with oil. To the 
outer shell is fixed a weighted arm, which resists the tendency of the shell to rotate with the 
shaft, caused by the friction of the plates against the central disc. See T’rans. A.S.M.E., 
xi, p. 958; xii, p. 700; xiii, p. 429. 
Table 1.—Values of K for Various Types of Friction Brakes. 


Brake Pulley Length Walue 
Horse- | Tyrake | ace, | Diam, | of Atm, Designot.Braka of 
power | Pulley | in. ft. in. K 
21 150 7 5 33 Royal Ag. Soc., compensating............ 785 
19 148.5 7 5 33.38 | McLaren, compensating..............+-- 858 
20 146 vf 5 32.19 | McLaren, water-cooled and compensating.| 802 
40 180 10.5 5 32 Garrett, water-cooled and compensating. wall 241 
33 150 1Oe5 5 32 Garrett, water-cooled and compensating...} 749 
150 150 10 QIN, Oo, ssexaie Schoenheyder, water-cooled.............. 282 
24 142 12 6 Oil | ts all epee sete ltcus ay ofave so aloica, Manctioret create. abe 385 
180 100 24 5 126.1 Gately & Kletsch, water-cooled........... 209 
475 [Gee 24 y} 191 Webber, water-cooled. ..........sseeee0. 847 
125 ; 290 ; 24 4 63 Westinghouse, water-cooled.............. 465 
250 250 
40 } 322 ‘ 13 4 27 3/4 | Westinghouse, water-cooled.............. 847 
125 290 


24-84 MECHANICAL POWER TRANSMISSION 


Four brakes of this type, 56 in. diam., were used in testing the experimental locomotive 
at Purdue University. Each was designed for a maximum moment of 10,500 ft.-lb. with a 
water-pressure of 40 lb. persq.in. The area in effective contact with the copper plates on 
either side is represented by an annular surface with an outer radius of 28 in. and an inner 
radius equal to 10in. The apparent coefficient of friction between the plates and the disc 
was 3 1/2%. 

The Froude Dynamometer, made by C. H. Wheeler Mfg. Co., Philadelphia, is a 
water brake, consisting of a rotor keyed to the shaft and rotating in a casing. Both rotor 
and casing have pockets in their faces, separated by vanes. The friction of the water 
tends to cause the casing to rotate simultaneously with the impeller, which tendency is 
resisted by a lever arm fixed to the casing and bearing on a weight-measuring apparatus. 
The horsepower is calculated by formula [1]. These dynamometers are regularly built to 
measure up to 5000 Hp. at 250 r.p.m., and 300 Hp. at 4000 r.p.m. 

In these dynamometers, the water should be supplied under a constant pressure of 
from 10 to 30 lb. per sq in., gage, preferably from an overhead tank in which a float valve 
maintains a constant water level. The quantity of water required depends on the tem- 
perature of the water. With water at 70° F. a minimum supply of about 3 gal. per brake 
Hp.-hour should be maintained, and about 4 gal. per brake Hp.-hour with water at 100° F. 
These figures are based on the water leaving the dynamometer at 180° F. 


The Electric Dynamometer made by the Sprague Works of the General Electric Co. — 


is a device for measuring dynamic torque, which may be used either as an absorption ele- 
ment or as a prime mover. In both cases the power shaft of the apparatus under test is 
coupled to the shaft of the internally revolving rotor of the dynamometer which transmits 
the full torque exerted by or on that shaft to the external floating frame by eiectro-mag- 
netic interaction. The floating field is balanced in anti-friction bearings and is restrained 
from revolving by scales on which the torque is measured directly. The full torque devel- 
oped by the dynamometer (as a motor) or delivered to it by a prime mover (as a brake) is 
recorded on the scales. These dynamometers are made in capacities of from 4 to 1000 Hp., 
with maximum speeds up to 5000 r.p.m. 

The horsepower formula is, as before, Hp. = 2x NWL/33,000 = WN/K. Fora 
15 3/4 in. arm AK = 4000; for a 21 in. arm K = 3000. The adjustment of the torque or 
speed is accomplished by a dual control of current strength in the rotor and stator windings. 
This dual control permits the speed to be adjusted through successive increments of the 
closest reading speed indicator from zero to maximum speed and the torque to any inter- 
mediate value between maximum and a minimum of nearly zero. 

TRANSMISSION DYNAMOMETERS are of various forms, as the Batchelder dyna- 
mometer, in which the power is transmitted through a ‘‘ trained-arm ”’ of bevel gearing, 
with its modifications, as the one described by William Kent in Trans. A.I.M.E., viii, 
p. 177, and the one described by Samuel Webber in Trans. A.S.M.E., x, p. 514; belt 
dynamometers, as the Tatham; the Van Winkle dynamometer, in which the power is 
transmitted from a revolving shaft to another in line with it, the two almost touching, 
through the medium of coiled springs fastened to arms or discs keyed to the shafts; the 
Brackett and the Webb cradle dynamometers, used for measuring the power required to 
run dynamo-electric machines. Descriptions of the four last named are given in Flather 
on Dynamometers. 

The Kenerson transmission dynamometer is described in Trans. A.S.M.E. 1909. It 
has the form of a shaft coupling, one part of which contains a cavity filled with oil and 
covered by a flexible copper diaphragm. The other part, by means of bent levers and a 
thrust ball-bearing brings an axial pressure on the diaphragm and on the oil, and the 
pressure of the oil is measured by a gage. 

Much information on various forms of dynamometers will be found in Trans. A.S.M.E. 
vols. vii to xv inclusive, indexed under Dynamometers. ; 
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ELECTRIC MOTORS AND THEIR CONTROL 


By M. N. Halberg 


DEFINITIONS 


ALTERNATING CURRENT.—An electric current, the direction of which reverses at 
regularly recurring intervals. Unless distinctly otherwise specified, alternating current 
refers to a periodically varying current with successive half waves of the same shape 
and area. Abbreviation, A.C. ‘ 

: APPARENT EFFICIENCY of an alternating-current motor is the product of its effi- 
ciency and its power factor. 

APPARENT POWER OR VOLT-AMPERES in an alternating-current circuit is the 
product (v.m.s. yalue * of voltage across the circuit) X (r.m.s. value * of current in the 
circuit). Apparent power also is expressed in kilo-volt-amperes (1000 volt-amperes). 
Abbreviation, kva. 

ARMATURE.—The part of a dynamo-electric machine which includes the main 
current-carrying winding. In direct-current machines and in alternating-current com- 
mutator machines, the armature winding is connected to the commutator, and the arma- 
ture is the rotating member. In alternating-current machines without commutators 
the armature may be either the rotating member or the stationary member. 

; ASYNCHRCNOUS MACHINE.—A dynamo-electric machine in which the speed of 
operation is not exactly proportional to the frequency of the system to which it is 
connected. 

AUTOMATIC TRIP.—The opening (other than manually) of an oil or air circuit 
breaker as a result of changes in current or voltage, or of other electrical conditions. 

AUTO-TRANSFORMER.—A form of transformer that has one continuous winding, 
part of which is common to both primary and secondary circuits. 

BRANCH CIRCUIT.—That portion of a wiring system extending beyond the final 
automatic overload protective device of the circuit. 

CAPACITOR (Static Condenser).—A device whose primary purpose is to store electric 
charges. It commonly is used in A.C. circuits to change the relative time phase between 
voltage applied and current flowing in the circuit. The usual form consists of two con- 
ducting plates, usually of aluminum foil, separated by a thin layer of insulation (dielectric), 
the combination being hermetically sealed in a steel container. 

CIRCUIT BREAKER.—A device designed to open, under abnormal conditions, a 
current-carrying circuit without injury to itself. The term as used in the National 
Electrical Code applies only to the automatic type designed to trip on a predetermined 
overload of current. 

CIRCULAR MIL.—The area of a circle of 1 mil diameter, or (7/4) X (0.001)? sq. in. 
=0.000 000 7854 sq. in. 

CLASS A INSULATION consists of cotton, silk, paper and similar organic materials 
when impregnated or immersed in oil; also enamel as applied to conductors. 

CLASS B INSULATION consists of inorganic materials, such as mica and asbestos 
in built-up form, combined with binding substances. If Class A material is used in small 
quantities in conjunction with Class B, for structural purposes only, the combined 
material may be considered as Class B, provided the electrical and mechanical properties 
of the insulated winding are not impaired by the application of the temperature permitted 
for Class B material. (The word “impair” is here used in the sense of causing any 
change which could disqualify the insulating material for continuous service.) : 

CLASS C INSULATION consists of inorganic materials such as pure mica, porcelain, 

uartz, etc. : 
5 CLASS O INSULATION consists of cotton, silk, paper and similar organic materials 
when neither impregnated nor oil immersed. ; 

COMMUTATING POLE (Interpole).—An auxiliary pole placed between the main- 
poles of a commutating dynamo-electric machine. Its exciting winding carries a current 


*R.m.s. value (root-mean-square) of a current or voltage is the value read by an ordinary, 
ammeter or voltmeter. It numerically is equal to V mean of (instantaneous values)?. ; 
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proportional to the load current and produces a flux in such a direction and phase as to 
assist the reversal of current in the short-circuited coil. Bee 

COMMUTATOR.—An annular ring or disc assembly of conducting members, indi- 
vidually insulated in a supporting structure, with an exposed surface for contact with 
current collecting brushes, and ready for mounting on an armature spider, shaft, or quill. 

CONDUCTOR.—A metallic structure used to carry electric current. It usually is a 
wire or a combination of wires not insulated from one another, but bars or tubes also are 
used as conductors. 

CONTROLLER.—A device, or group of devices, which governs, in some predeter- 
mined manner, the electric power delivered to the,apparatus to which it is connected. 

CONVENTIONAL EFFICIENCY.—The efficiency as computed by means of the com- 
ponent losses, most of which are accurately determinable, and the remainder of which 
are assigned conventional values; or all of the losses may be determined by conventional 
methods of test. The efficiency so determined is the ratio O/(O + L) or the ratio 
(I — L)/I, where O = output; I = input; ZL = losses. 

COUNTER ELECTROMOTIVE FORCE.—The effective electromotive force, within 
a system, which opposes the passage of current in a specified direction. 

DIRECT CURRENT.—A uni-directional current. As ordinarily used, the term 
designates a practically non-pulsating current. Abbreviation, D.C. 

EFFICIENCY of an apparatus (machine or motor) is the ratio of the useful power 
output to the total power input. 

ELECTRICAL DEGREE.—The 360th part of the angle subtended, at the axis of the 
machine, by two consecutive field poles of like polarity. One mechanical degree is thus 
equal to as many electrical degrees as there are pairs of poles in the machine. 

ELECTROMOTIVE FORCE.—The property of a physical device which tends to 
produce an electric current in a circuit. Abbreviation, e.m.f. 

EXCITER.—An auxiliary generator which supplies electric current to excite the field 
of another electrical machine. 

FREQUENCY, of an Alternating Current.—The number of cycles through which the 
current passes per second; frequency is the reciprocal of the period. 

GENERATOR, Double Current.—A machine which supplies both direct and alter- 
nating currents from the same armature. 

GENERATOR, Electric.—A machine which transforms mechanical energy to elec- 
trical energy. 

GENERATOR, Induction.—An induction machine (see below) driven above syn-~ 
chronous speed by an external source of mechanical power, and returning energy to the 
circuit. 

GENERATOR, Magneto-electric.—An electric generator, the field poles of which 
are permanent magnets. 

GROUND.—A conducting connection, whether intentional or accidental, between an 
electrical circuit and earth or any other conducting or partly conducting structure or 
material. 

INDUCTION MACHINE.—An asynchronous alternating-current machine which 
comprises a magnetic circuit interlinked with two electric circuits, rotating with respect 
to each other and in which power is transferred from one circuit to another by electro- 
magnetic induction. Examples of induction machines are induction motors, induction 
generators, and certain types of frequency converters and phase converters. 

KILOWATT.—A unit of electrical power equal to 1000 watts or 1.34 horsepower. 

KILOWATT-HOUR.—The work performed by one kilowatt acting for one hour. 

LOAD FACTOR.—The ratio of the average load over a designated period to the peak 
load occurring in that period. 

MAGNETIC CONTROLLER.—A controller all of whose basic functions are per- 
formed by electromagnets. 

‘ AANUAL CONTROLLER.—A controller all of whose basic functions are performed 
y hand. 

MOTOR, Adjustable Speed.See pp. 25-12, 25-32, 25-45, 

MOTOR, Capacitor.—See p. 25-19. 

MOTOR, Capacitor-start—See p. 25-19. 

_ MOTOR, Compound-wound.—A direct-current motor with two separate field wind- 
ings connected, a, in parallel with the armature circuit, and, b, in series with the armature 
circuit. Winding a usually is the predominant field. 

MOTOR, Constant-speed.—See p. 25-12. 

Pe ceairork eeeaettger eet a motor of 200 Hp. or less, and 450 r.p.m. or more. 
t tin g, and designed, listed or offered in standard ratings for use 
without restriction to a particular application. 
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MOTOR, Induction.—An induction machine that converts electrical energy delivered 
to the primary circuit into mechanical energy by the electromagnetic interaction between 
the primary and secondary circuits. The secondary circuit is short-circuited or closed 
through a suitable circuit. 

MOTOR, Large Power (Integral Horsepower).—A motor built in a frame having a 
continuous rating of 1 Hp., open type, at 1700-1800 r.p.m., or in a larger frame. 

MOTOR, Non-excited Synchronous.—A synchronous motor without a direct-current 
field winding. 

MOTOR, Reactor-start.—A form of split-phase motor (see below) designed to start 
with a reactor in series with the main winding. The reactor is short-circuited, or other- 
wise made ineffective, and the auxiliary circuit is opened when the motor has attained a 
predetermined speed. 

MOTOR, Repulsion.—A single-phase alternating-current motor with a stator winding 
arranged for connection to the source of supply, and a rotor winding connected to a com- 
mutator. Brushes on the commutator are short-circuited and so set that the line con- 
necting the positive and negative brushes is at an angle to the neutral axis of the stator 
winding. This type of motor has a varying speed characteristic. 

MOTOR, Repulsion Induction.—A form of repulsion motor which has a squirrel-cage 
winding in the rotor, in addition to the repulsion motor winding. This type of motor 
may have constant speed or varying speed characteristics. See p. 25-19. 

MOTOR, Repulsion-start Induction.—A single-phase motor having the same wind- 
ings as a repulsion motor, but in which, at a predetermined speed, the rotor winding is 
short-circuited or otherwise connected to give the equivalent of a squirrel-cage winding. 
This type of motor starts as a repulsion motor, but operates as an induction motor with 
constant speed characteristics. See p. 25-19. 

MOTOR, Resistance-start.—A form of split-phase motor (see below) with a resistance 
connected in series with the auxiliary winding. The auxiliary circuit is opened when the 
motor has attained a predetermined speed. 

MOTOR, Series-wound.—A commutator motor in which the field circuit and arma- 
ture circuit are connected in series. 

MOTOR, Shaded Pole.—See p. 25-19. 

MOTOR, Shunt-wound.—A direct-current motor in which the field circuit and 
armature circuit are connected in parallel. 

MOTOR, Slip-Ring.—See Motor; wound-rotor induction. 

MOTOR, Small Power (Fractional Horsepower).—A motor built in a frame smaller 
than that having a continuous rating of 1 Hp., open type, at 1700-1800 r.p.m. 

MOTOR, Special Purpose.—An industrial power motor specifically designated and 
listed for a particular power application, where load requirements and duty cycle are 
definitely known. 

MOTOR, Split-phase.—A single-phase induction motor equipped with an auxiliary 
winding, which is displaced in magnetic position from, and connected in parallel with, 
the main winding. The auxiliary circuit is opened when the motor has attained a pre- 
determined speed. See p. 25-19. 

Note: The term split-phase motor, used without qualification describes a motor to 
be used without impedance, other than that offered by the motor windings themselves. 

MOTOR, Squirrel-cage Induction.—An induction motor in which the secondary circuit. 
consists of conductors suitably disposed in slots in the secondary core. See p. 25-28. 

MOTOR, Synchronous.—A synchronous machine which transforms A.C. electrical 
power to mechanical power, and which has a speed strictly proportional to the frequency of 
the operating current. See p. 25-20. 

MOTOR, Synchronous Induction.—A wound-rotor induction motor to which direct- 
current excitation is supplied when it approaches rated speed, enabling it to start as an 
. induction motor and operate as a synchronous motor. See p. 25-40. 

MOTOR, Universal.—A series-wound or compensated series-wound motor whick 
may be operated either on direct current or single-phase alternating current (of approxi-- 
mately the same voltage and a frequency not greater than 60 cycles per second) at- 
approximately the same speed and output. See p. 25-20. 

MOTOR, Wound-rotor Induction—An induction motor in which the secondary 
circuit consists of a polyphase winding, or coils whose terminals are short-circuited or 
closed through suitable circuits. (When provided with collector or slip rings a wound- 
rotor induction motor also is known as a slip-ring induction motor). See p. 25-30. 

OPEN MACHINE (or Motor).—A self-ventilated machine having no restriction to 
ventilation, other than that necessitated by mechanical construction. 

POWER.—The rate of transfer of energy. In the case of an alternating-current 
circuit the word power is generally used to denote the average value of the power over a 
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cycle. The power in an electric circuit at any instant is equal to the product of the values 
of the current and voltage at that instant, and generally is called instantaneous power. 

POWER FACTOR.—The ratio of the power to the apparent power, that is, it equals 
kw./kva. The maximum power factor is 1 or unity. It may be lagging or leading, 
depending upon whether the current wave lags or leads the voltage wave. See Kent’s 
Mechanical Engineers’ Handbook—Power, pp. 15-53 to 15-60, forming Volume 2 of this 
series. 

PROOF (as a suffix).—A machine (or apparatus) is designated as splash-proof, 
moisture-proof, explosion-proof, etc., when so constructed, protected or treated that 
‘subjection to the specified material or condition will not interfere with its successful 
operation. 

RATING of a machine, apparatus or device.—A designated limit of operating char- 
acteristics based on definite conditions. Such operating characteristics as load, voltage, 
frequency, etc., may be given in the rating. 

RATING, Continuous.—The rating that defines the load which can be earried for an 
indefinitely long time. 

RATING, Short-time.—The rating that defines the load which can be carried for a 
short and definitely specified time, the machine, apparatus or device being at approxi- 
mately room temperature at the time load is applied. 

RESISTING (as a suffix).—A machine (or apparatus) is designated as moisture- 
resisting, fume-resisting, etc., when so constructed, protected or treated that it will not be 
readily injured when subjected to the specified material. 

SEMI-MAGNETIC CONTROLLER.—A controller having part of its basic functions 
performed by electromagnets and part by other means. 

SINGLE-PHASE CIRCUIT.—A circuit energized by a single alternating electro- 
motive force. (A single-phase circuit usually comprises two wires. The currents in 
these two wires, counted outwards from the source, differ in phase by 180 degrees or a 
half cycle.) 

SLIP (of an induction machine),—The ratio, expressed as a percentage, of the differ- 
ence between operating speed and synchronous speed to the synchronous speed. 

SWITCH, General Use.—A switch intended for use as a switch in general distribution 
and branch circuits. It is rated in amperes and is capable of interrupting its rated current 
at its rated voltage. 

SWITCH, Isolating.—A switch intended for isolating a circuit from its source of power. 
It is to be operated only when the circuit has been opened by some other means. 

SWITCH, Motor-circuit.—A switch intended for use in a motor-branch-cireuit. It is 
rated in horsepower and is capable of interrupting the maximum operating overload 
current of a motor of the same horsepower at the rated voltage. The maximum operating 
overload of A.C. motors is six times the rated current, and of D.C. motors is four times 
the rated current. 

SYNCHRONOUS MACHINE.—A dynamo-electric machine in which the speed of 
normal operation is exactly proportional to the frequency of the current. 

THREE-PHASE CIRCUIT.—A combination of circuits energized by alternating 
electromotive forces which differ in phase by one-third of a eycle, z.e., 120 degrees. 

TIGHT (as a suffix).—A machine is designated as water-tight, dust-tight, etc., when 
80 constructed that the enclosing case will exclude the specified material. 

TORQUE.—See p. 25-14. 

TWO-PHASE CIRCUIT.—A combination of circuits energized by alternating electro- 
motive forces which differ in phase by a quarter of a cycle; 7.e., 90 degrees. 

UNDER-VOLTAGE PROTECTION.—tThe effect of a device, operative on the reduc- 
tion or failure of voltage, to cause and maintain the interruption of power to the main 
circuit. 

UNDER-VOLTAGE PROTECTION, Time Delay.—The effect of a device, operative 
on the reduction or failure of voltage for a definite period of time, to cause and maintain ~ 
the interruption of power to the main circuit. 

UNDER-VOLTAGE RELEASE.—The effect of a device, operative on the reduction 
or failure of voltage, to cause the interruption of power to the main circuit, but not to 
prevent the re-establishment of the main circuit on return of voltage. 


APPLICATION OF MOTORS AND CONTROL 


FACTORS AFFECTING MOTOR SELECTION.—The various factors which may 
require consideration in selecting a motor and controller for a given application are 
summarized and discussed on pp. 25-07 to 25-10. These are broadly classified in accord- 
ance with their relation to: a. The power supply; b. The driven machine; c. The location. 


Power Supply 


Characteristics 
D.C.—voltage 
A.C.—voltage, phases 

and frequency 

Power rates 
Energy charge 
Power-factor clause 
Demand charge 

Voltage regulation 
Starting current limita- 


VOLTAGE REGULATION 


Driven Machine Location 
Mechanical arrangement Ambient temperatures 
Horizontal or vertical Altitude 
shaft Moisture 
Tilting Dirt 
Stationary or portable Corrosive atmosphere 
Method of connecting Explosive dust or gas 
motor — Direct-con- Effect of noise 


nected, built-in, belt, 
chain, or gear drive 
Space available 


Codes and ordinances 
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tions Speed, speed range, regula- 
Allowable current pulsa- tion 
tions Direction of rotation, re- 
Continuity of power versing 
Short-circuit current Horsepower, r.m.s.,- peak 
Voltage surges Torques 
Starting, breakaway, 
pull-in 
Running-torque pulsa- 
tions 
WR? of rotating parts 
Thrust 


Frequency of starting 

Deceleration time 

Operating schedule 

Initiation of operating 
sequence 


Power Supply 


VOLTAGE of a D.C. power supply, and the voltage, number of phases, and frequency 
of an A.C. power supply must be known in order to select a correspondingly rated motor 
and controller. In most cases these conditions are fixed and readily determined. How- 
ever, in some cases a choice is available or a conversion from one set of conditions to 
another is desirable. For example, it often is necessary to convert a high A.C. voltage 
to a lower value by means of transformers for economical use of small motors. Again, in 
some applications, as those involving operation over a wide speed range or severe reversing 
duty, it is desirable to convert A.C. to D.C., by means of a motor-generator set or a recti- 
fier, to allow the use of D.C. motors. 

POWER RATES may affect the choice of motor and controller, since the efficiencies 
of various types of motor differ appreciably, which means a corresponding difference in 
the power used. This is particularly true, in the case of adjustable speed motors where 
wide variations in efficiency occur, which must be balanced against wide differences in 
cost. Many A.C. power-rate schedules incorporate a power-factor clause, by which the 
billing is adjusted in accordance with the power-factor of the current used. This may 
affect the choice of motor. For example, it may justify the use of a synchronous motor 
where an induction motor otherwise would be selected. Finally, most rate schedules 
~ embody a demand charge, that is, the maximum rate at which energy is used for a given 
period of time, as well as the total amount consumed, determines the power bill. This 
makes it desirable to maintain as uniform a load as possible at all times, which in some 
applications will justify the use of an adjustable speed or multi-speed motor instead of a 
constant speed machine. See Purchased Power, pp. 15-03 to 15-20, and Power Factor, 
pp. 15-53 to 15-60, Kent’s Mechanical Engineers’ Handbook—Power, forming Vol. 2 of 
this series. 

VOLTAGE REGULATION of the power supply represents the drop in voltage which 
occurs with a certain increase in the current drawn. This must be considered, first, 
because the torques developed by motors vary with the impressed voltage, so that the 
actual voltage at the motor terminals under the various operating conditions must be. 
known. In the case of A.C. motors, the starting torques vary as the square of the voltage.} 
Since these motors draw a relatively high starting current, the effect of the voltage regu-| 
lation of the power supply is particularly important. Secondly, if lights are supplied 
from the same power circuit, a drop in voltage of about 2% causes a noticeable flicker of 
these lights. Finally, a drop in voltage of 30% or more may cause other motors on the 
system to stall or be disconnected from the line by their under-voltage protective device. 
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Power companies usually establish limits to the starting current which can be drawn from 
the line by motors, in order to prevent excessive drop in line voltage. These factors often 
necessitate the use of reduced-voltage controllers, where full-voltage starting otherwise 
would be acceptable. In some cases, a different type 
of motor must be used, for example, a wound-rotor 
induction motor instead of a squirrel-cage induction 
motor, in order to obtain sufficient starting torque 
while keeping within the allowable starting current. 

Pulsating Current.—Where the load is such that 
the motor draws a pulsating current from the line, 
corresponding variations in line voltage occur. If these 
have a frequency lying in a certain range (see Fig. 1), 
they can be of very small magnitude and yet produce 
a noticeable flickering of lights supplied from the cir- 

cuit. The usual limit established for current pulsation 
ee yas fom eccuad 600 is 66% of motor full-load current. In most cases this 
: er F does not cause light flicker, but in particular installa- 
Fis, owes Ue agerhart tions the regulation of the system may be such as to” 
tures require a much lower limit of pulsation such as 30 

or 40%. 

CONTINUITY OF POWER SUPPLY may affect the choice of motors and control. 
Thus, if momentary interruptions or dips in line voltage are apt to occur, the use of time- 
delay rather than instantaneous under-voltage protection may be justified. See p. 25-52, 
In special cases, control equipment may be required which automatically will transfer the 
motor from one source of power to another, in the event of failure of the first. 

SHORT-CIRCUIT CURRENT of the power system may affect the choice of control 
equipment. If the line switch of the controller is to be called upon to interrupt short- 
circuit current, it may be necessary to use a circuit-breaker of suitable rating, or a high- 
interrupting-capacity contactor, to meet the requirements. 

VOLTAGE SURGES.—When a motor is supplied from high-voltage overhead power 
lines, lightning disturbances in the surrounding area may produce dangerous voltage 
surges at the motor terminals. Special winding insulation and in some cases external 
protective equipment may be justified. 
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Driven Machine 


MECHANICAL ARRANGEMENT of the driven machine is the first consideration. 
Whether it is driven through a horizontal shaft or a vertical shaft determines which of 
these two types of motor should be selected. In some cases the motor normally operates 
in one position, but may, momentarily or for extended periods, be tilted in one or more 
directions. This condition may require special bearing construction to carry the thrust 
and prevent leakage of lubricant. Again, the motor may be required to operate con- 
tinuously in any position. This usually means the use of grease-lubricated ball bearings. 

Whether the driven machine is stationary or portable may affect the choice of motor. 
In the latter case, compactness and light weight are often essential. Operation in more 
than one position usually is involved. 

Method of Connecting Motor to the driven machine must be considered. If the speed 
corresponds to that of an economical motor speed, a direct-connected motor normally 
would be used. Otherwise, speed transformation by belt, chain or gears must be employed. 
Maintenance, efficiency, and space requirements as well as initial cost enter into this 
choice. In some cases a direct-connected motor economically may be built-in. This 
usually involves the use of a special motor, supplied without shaft or bearings, and 
arranged to be mounted on the shaft of the driven machine. In some cases, the motor 
stator also is arranged to be supported from the driven machine. Compactness is one of 
the principal advantages of this construction. Where the motor drives through a flat 
belt, multiple-V belt, or chain, the dimensions of pulleys or sprockets and the center 
distance must be known, in order to determine the side pull on the motor shaft. In some 
cases, the motor must have an extended shaft and outboard bearing to limit bearing 
pressure and shaft deflection. A sliding base, or other means for adjusting the position 
of the motor, to maintain proper tension in the driving member is necessary with belt or 
chain drive. 

Space Available for a motor may affect its choice. If space is limited, a direct- 
connected or built-in motor usually is most suitable. Where the speed of ‘the driven 
machine prohibits this choice, a gear-motor often is the best solution. In some caseé 
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forced ventilation of a motor by an external blower may be used effectively to reduce the 
motor size. Similar results may be obtained by using a motor with Class B insulation, 
operating at a correspondingly higher temperature rise. 

SPEEDS.—The operating speed, speeds, or speed range of the driven machine must be 
known in order to select a corresponding single-speed, multi-speed, or adjustable speed 
motor. If the machine operates at a single speed, any type of motor may be used, the 
choice being made on other factors. Where two, three or four fixed speeds, bearing the 
proper ratio to each other, are acceptable, a multi-speed squirrel-cage induction motor 
may meet the requirements. Where the speed range does not exceed 2:1, and a reason- 
able number of speed points is satisfactory, and where considerable variation in speed 
with load is not detrimental, the wound-rotor induction motor should be considered. 
For more severe requirements a D.C. motor with field or variable-voltage control, or an 
A.C. adjustable-speed, brush-shifting motor may be necessary. 

Speed Regulation—The allowable speed regulation (variation in speed with load) 
may determine the type of motor, particularly where adjustable speed operation is 
involved. For most single-speed applications, the squirrel-cage induction motor or shunt- 
wound D.C. motor is satisfactory, but in a few applications zero speed regulation is 
required. This necessitates the use of a synchronous motor. For adjustable speed 
service, the wound-rotor induction motor, and the D.C. motor with armature resistance 
control, often are eliminated because of their high speed regulation. 

DIRECTION OF ROTATION.—Certain types of motors require adjustment or recon- 
nection of windings to change the direction of rotation, which can be most conveniently 
done in the factory. Hence, the direction of rotation should be specified. Where the 
motor is to run in both directions, a motor suitable for reversing, and a reversing controller, 
must be provided. 

HORSEPOWER required to drive the load determines the motor rating. Where the 
load is not constant but varies with time, the complete duty cycle (Hp. vs. time curve) 
should be obtained. From this curve, the peak horsepower, which determines the maxi- 
mum torque of motor, and the root-mean-square (r.m.s.) horsepower can be calculated. 
The latter is the square root of the mean value (averaged against time) of the square of the 
horsepower needed. It is an approximate indication of the horsepower rating of the 
driving motor required from the standpoint of heating. However, where large variations 
in load occur, or where the motor is shut down, accelerating or decelerating an appreciable 
portion of the time, the r.m.s. horsepower does not necessarily give a true indication of 
the equivalent continuous load, and it is advisable to consult the motor manufacturer. 
If the load continues at a certain value for an extended period of time (15 minutes to 
2 hours, depending on the size of the motor), the horsepower rating of the motor should be 
not less than this value, regardless of any subsequent reduction in load. Where the motor 
operates at more than one speed, the horsepower required at each speed must, of course, 
be known. ; rf 

TORQUES necessary to start and drive a load deserve careful consideration. Of 
‘particular importance is the breakaway torque requirement, since this often is considerably 
higher than the running torque. Furthermore, reduced-voltage starting may be neces- 
sary to meet starting current limitations, which reduces the torque delivered by the motor. 
Where a synchronous motor is being considered, the torque required at full speed under 
starting conditions is equally important, since it determines the pull-in torque. Pull-in 
torque is not necessarily equal to full-load torque, since the machine may be unloaded for 
starting, or may be required to start when the load is temporarily higher than normal. 
It is often desirable or essential to know the load torque at all speeds from standstill to 
full speed (speed-torque curve). This affects the accelerating time and hence the heating 
of the motor and control equipment. In particular, squirrel-cage induction motors, 
synchronous motors, and starting resistors, reactors, and auto-transformers may have to 
be of special design if the accelerating time is unusually long. Where reduced-voltage 
starting is employed, the speed-torque curve of the load determines the speed to which the 
motor will accelerate on reduced voltage, and hence determines the current inrush when 

motor is transferred to full voltage. 
eee accin: Torque.—The horsepower required and the speed of the driven machine 
determine the running torque. Certain driven machines, of which reciprocating com- 
pressors are typical, have a load torque which pulsates periodically. To prevent excessive 
pulsation in the current drawn by the motor proper, fly-wheel effect, Wk’, must be pro- 
vided in the motor or driven machine. In the case of synchronous motor drives, ane 
fly-wheel effect must be such that the natural frequency of the motor is Dees *e t ° 
frequency of any impulses in the load torque. The former can be calculated as ft one: 
Let F = natural frequency of motor, cycles per min.; Wh? = (weight, lb.) x - sus of 
gyration, ft.)? of the rotating parts of motor and load; N. = rev. per min. of motor; 
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. 


f = line frequency; P, = synchronizing power of motor, kilowatts per electrical radian. 
Then F = (35,200/N)V(P, X f)/WR? , 

WR? OF THE ROTATING PARTS of the driven machine affects the accelerating . 
time, and hence affects the heating during the starting period of motors and control 
equipment. Its value is particularly important where the motor is started frequently, 
or where reversing duty is involved. The WR? always should be known if a synchronous 
motor is to be employed, since the pull-in torque of the motor varies approximately as the 
square root of the total WR? of motor and load. If a rotating member of the driven 
machine operates at a different speed from that of the motor, its WR? can be converted 
to an equivalent value at the motor shaft by multiplying by 


{ (r.p.m. of rotating member)/(r.p.m. of motor) }? 


THRUST.—Some driven machines (certain types of pumps and fans are typical) 
impose a thrust on the motor in a direction parallel to the shaft. Horizontal motors with 
thrust bearings may ‘be required. Vertical motors may need an over-size thrust bearing 
if considerable external thrust is imposed. 

FREQUENCY OF STARTING may affect the choice of motor and controller, since 
each start results in additional heating of the motor windings, starting resistors, etc. 
This must be considered in connection with the load torques and load WR?, which 
determine the accelerating time and hence the heating during each start. 

In some applications, rapid deceleration of the motor and load is essential. Where 
induction motors are used, it may be necessary to provide plugging control, and with 
synchronous or D.C. motors, dynamic braking control (see p. 25-58.) 

Plugging consists of reversing two leads of a motor while the motor is running, so as 
to reverse the phase rotation. The control thus is similar to that provided for reversing 
service. A relay, mounted on the motor shaft, usually is included to disconnect the 
motor from the line when it stops, and prevent it from starting in the reverse direction. 

THE OPERATING SCHEDULE, i.e., the total number of hours of operation per 
year, of a machine should be known. Where this figure is high, motors having maximum 
efficiency are more readily justified. Where the load or speed varies, the operating time 
under each condition should be considered to permit proper evaluation of the motor 
characteristics to be made. 

Initiating Operating Sequence.—I{ it is acceptable for the operator to start and stop 
the motor at the controller, the latter may be of the manual type. Where remote control 
or automatic operation in response to temperature, pressure, liquid level, etc., is required, 
a magnetic controller must be used. 


Location 


THE AMBIENT TEMPERATURE, if above 40° C., and the altitude, if greater than 
3300 ft. above sea level may affect the choice of motor. See p. 25-11. If a motor is to 
operate in a very moist atmosphere special insulation or, under severe conditions, totally- 
enclosed or enclosed-separately-ventilated construction may be required. Extreme con- 
ditions of dirt or corrosive atmospheres also require the use of totally-enclosed or enclosed- 
separately-ventilated motors. If located where explosive dust (Class II Group G), or 
gases (Class I, Group D), may be present, a corresponding type of explosion-proof motor 
should be selected. : 

Noise.—Installations in public buildings, as schools, theatres, hospitals, stores, ete., 
and residences, unless isolated from occupied sections, may require quiet operating motors 
to prevent objectionable noise. Suitable resilient mountings to prevent transmission of 
vibration through the building structure are often necessary. Finally, local regulations 
such as codes and ordinances must be considered. Some require special enclosures on 
motors and control equipment to reduce the hazard to operators. 
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1. GENERAL 


POWER SUPPLY.—Practically all public utility power systems distribute alternating- 
current (A.C.) power, although direct-current (D.C.) power is provided in the downtown 
areas of certain large cities. A.C. motors are, in general, less costly, require less main- 
tenance than D.C. machines, and meet the requirements of the large majority of applica- 
tions. However, for certain loads D.C. motors have more suitable characteristics, and 
are used, even though A.C. to D.C. conversion equipment is required. D.C, motors 


must be designed for the proper line voltage, and A.C. motors for th 
phase, and frequency. oy eee 
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Standard Motor Voltages are as follows: Direct-current, 32, 115, 230, 550 volts. 
Alternating-current, 110, 220, 440, 550, 2200, 4000, 6600, 11,000, 13,200 volts. Since 
alternating current can be transformed readily from one voltage to another, a choice of 
motor voltage often is available. In general, the lowest cost and best operating char- 
acteristics are obtained with a voltage increasing with the horsepower rating as indicated 
in Table 1. Certain types of motors are available with a dual voltage feature, 7.e., addi- 
tional terminals are provided so the motors can be connected for either one of two voltages, 
as 110 and 220 volts, or 220 and 440 volts. 

Frequency.—Alternating-current frequencies of 60 and 25 cycles are standard in the 
U.S. The latter, primarily because of the limitations it imposes on the selection of motor 
speeds and its inferiority for lighting, is rapidly (1937) being superseded by the former. 
Frequencies of 50, 40 and 30 cycles also are in use in certain sections of the U. S., but are 
being superseded by 60 cycles. In Europe and European dependencies, 50 cycles is the 
general standard. In Canada, except for parts of Ontario, 60 cycles is standard. 

Phase.—Single-phase, three-phase, and, to a limited extent, two-phase power is dis- 
tributed and used commercially in the U.S. Three-phase energy is most satisfactory for 
power purposes, and is the accepted standard. In general, single-phase motors cost 
more and have less satisfactory operating characteristics than three-phase machines. 
However, single-phase power is used for lighting, and in residential and rural districts 
often is the only power available. Hence, single-phase motors commonly are used on 
household appliances and other small equipment to be installed in such districts. Power 
companies place a limit on the size of motor which may be connected to single-phase 
lines. This limit usually falls between 1/4 and 3/4 Hp. for 110-volt circuits and between 
3 and 10 Hp. for 220-volt circuits. 

HORSEPOWER RATING.—Motors usually are rated in horsepower, the rating 
representing their power output. Very small motors (1/g9 Hp. and below) usually are 
rated in watts output (746 watts = 1 Hp.). Standard ratings have been established for 
the various types of motors. 

~ Most motors are rated on a continuous basis, that is, they will carry rated load con- 
tinuously. However, many types, such as crane and hoist motors, are given short time 
ratings such as 15-min., 1/9-hr., or 1-hr. ratings, indicating that they can carry their rated 
load for the designated period of time, after which they must be allowed to cool to room 
temperature. In some cases a motor is given several different ratings, each for a different 
period of time. Short-time-rated motors are used on intermittent loads, the time rating 
being chosen to give the motor heating equivalent to that produced by the actual duty 
eycle of the load. 

TEMPERATURE RISE.—Motors are designated 40-deg., 50-deg., etc., indicating the 
temperature rise in deg. C. that will not be exceeded when the motor carries rated load 
continuously (or for a specified time in the case of short-time-rated motors). The tem- 
perature rise refers to the windings, core and other parts adjacent to the insulation. 
Some motors are given different temperature guarantees for different parts as armature, 
field, etc. Temperatures usually are determined by thermometer, although temperature 
detectors embedded in the winding are used on large motors. In some cases, the tem- 
perature rise of a winding is determined by measuring the change in its resistance. 

Temperature rise guarantees usually are on the basis of normal conditions of ventila- 
tion, an altitude of not more than 1000 meters (3300 ft.), and an ambient temperature of 
40 deg. C. Less effective dissipation of heat at higher altitudes (a result of reduced 
density of air) causes a higher temperature rise. It is assumed that the temperature 

rise as measured at altitudes below 3300 ft. is 1% less than the temperature rise at a higher 
altitude for each 330 ft. by which this altitude exceeds 3300 ft. Expressed as an equation 
this becomes, 
ip, = iyi Cy EBOCORT o 8 ca fe Looe [1] 
where t;, = temperature rise at altitude h, ts = temperature rise at sea level, h = alti- 
tude, ft. Thus a motor having a temperature rise of 40° C. at sea level, will have at an 
altitude of 9900 ft. a temperature rise of 
ty = 40/{1.1 — (9900/33,000)} = 50° C. 


The type of insulation used has an important bearing on the allowable temperature 


Table 1.—Recommended Voltage Ratings of A.C. Motors 


Motor Horsepower Recommended Voltage Motor Horsepower Recommended Voltage 


3 jamaller. ccjesisss<.- TO) 2204 Re i] DOR ZOO Kya ieyein ny a)0' of 220, 440*, 550, 2200* 
He sie ie Sas Oo a 110, 220*, 440*, 550 | 200-500............. 440*, 550, 2200* 


220*, 440*, 550 —j 500-1000............ 2200*, 4000, 6600 


* Preferred voltage ratings. 
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rise. For Class A insulation (see p. 25-03) the upper temperature limit is placed at 105° C. 
If the insulation is allowed to reach a higher temperature unduly rapid deterioration is © 
expected. For Class B insulation the upper temperature limit is placed at 125° C. 
Class A insulation is standard for most types of motors, although Class B insulation usually ° 
can be obtained at increased cost. Since it is impractical to measure the temperature of a 
motor at the hottest spot, standard practice limits the temperature as measured to a lower 
value. Where the temperature is measured by thermometer, it is assumed that the 
thermometer reading will be 15° C. below the hottest spot temperature. (For totally 
enclosed motors the differential is taken as 10° C.) Where temperature detectors are 
used the differential is taken as 5° C.; with the resistance method of temperature deter- 
mination the differential usually is taken as 10° C. On this basis the temperature limits 
and temperature rises (based on 40° C. ambient) are as indicated in Table 2. Where a 
motor is to operate in an ambient temperature in excess of 40° C. a motor should be chosen 
with a temperature rise correspondingly lower. 

Many types of motors are rated on the basis of a temperature rise less than allowable 
for the type of insulation employed. For example, 40° C. rise by thermometer is a com- 
mon rating for motors with Class A insulation, whereas in a 40° C. ambient temperature, 
a rise of 50° C. is allowable. Such motors are frequently guaranteed to have a certain 
overload capacity, which is not available in motors rated at the maximum allowable 
temperature. Temperatures and temperature rises usually are given in degrees Centi- 
grade. For conversion of Centigrade to Fahrenheit and Fahrenheit to Centigrade, 
see p. 28-50. 

SPEED CHARACTERISTICS.—AIl motors may be classified, according to their 
speed characteristics, as follows: a. Constant speed. b. Varying speed. c. Adjustable 
speed. d. Adjustable varying speed. e. Multi-speed. 

A Constant Speed Motor is one in which the speed is practically constant regardless 
ofload. A change of a few percent in speed between no load and full load is characteristic, 
except with synchronous motors. Induction motors with small slip, and D.C. shunt 
motors are constant speed machines. 

A Varying Speed Motor is one in which speed varies with load, ordinarily decreasing 
as load increases. The series D.C. motor and the high-slip, squirrel-cage induction motor 
are typical. 

An Adjustable Speed Motor is one the speed of which can be varied gradually over a 
considerable range, but when once adjusted, remains practically constant being unaffected 
by load. The D.C. shunt-wound motor with field resistance control, designed for a con- 
siderable range of speed adjustment, is an example of this type of motor. 

An Adjustable Varying Speed Motor is one in which the speed can be varied gradually 
over a considerable range, but in which the speed, when once adjusted to a given load, 
will vary in considerable degree with change in load; for example, a wound-rotor induc- 
tion motor with secondary resistance control. 

A Multi-speed Motor is one which can be operated at any one of several definite speeds, 
each being practically independent of the load; an induction motor with a primary wind- 
ing capable of various pole groupings is an example. 

Operating Speeds.—A characteristic of all constant-speed A.C. motors is that their 
operating speed is equal to or slightly less than one of the synchronous speeds correspond- 
ing to the frequency of the power supply (see Table 3). Multi-speed A.C. motors operate 
at two or more of these speeds. Synchronous motors, as their name implies, operate at 
exact synchronous speed. Induction motors operate at synchronous speed under no load, 
but under load they operate at a slightly lower speed. The difference between synchron- 
ous speed and full-load speed is known as full-load slip; it varies between 1 and 5% of 
synchronous speed for constant speed induction motors. D.C. motors can be designed 


Table 2.—General Temperature Limits for Motors 


Class A Class B 
Insulation Insulation 


Measured by thermometer 
‘Lemperature limit—open motors... cc en eee tec tee SOnGe 110°C. 
a = "==<totally enclosed motorsuus sane tee tele. eee wee O5ciGs LI5SEIC: 
Temperature rise (40° C. ambient)—open motors............+..0..-. 50°C: 70°C. 
e e Uy ‘““_)—totally enclosed motors.......... 5521C. 756: 
Measured by temperature detectors 
Temperature Limit; -.weaats nxt asso a cas OR eee 100°C. 12021@: 
Temperature rise (40° GP ambient) sas scncc. entero nee 60° C. 80° C. 
Measured by resistance method 
Temperatiire Jimitt)' costes ctasietee te iciae cack ee Pe ie el USC 
Jemperature rise (402) Oem bient)isacciee loess eee rere een BSG. DAG 
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for any required speed, subject to mechanical limitations. However, for the purpose of 
standardization, constant-speed D.C. motors usually are designed for full-load speeds 
approximately equal to the full-load speeds of 60-cycle induction motors. 

In some cases, the speed classification of a motor depends entirely upon the control 
used with it. For example, a wound-rotor induction motor may be constant speed, 
varying speed or adjustable varying speed with no structural change in the motor what- 
soever. A constant-speed D.C. motor may become, with no change in the motor itself, 
a wide-range adjustable-speed motor by the provision of means for varying the voltage 
impressed on its armature. 

DIRECTION OF ROTATION.—Facing the end of the machine opposite the drive, 
the standard direction of rotation for all non-reversing motors, with the exception of 
polyphase induction motors, is counter clockwise. .Unless otherwise specified standard 
motors are designed or connected for the standard direction of rotation. In the case of 
polyphase A.C. motors the terminals must be connected to the power lines in accordance 
with their phase rotation marking. This rule does not apply to polyphase induction 
motors whose terminals are not marked for any particular direction of rotation. They 
must be connected to the power lines and if the direction of rotation is wrong, two leads 
are reversed. Most motors can be reversed either by a change in connections or by 
mechanical adjustments. 

EFFICIENCY.—The efficiency of a motor is defined as the ratio of useful power 
output to the total power input. Since power input is usually given in kilowatts, 


Efficiency = (0.746 X Hp. output) /(kilowatts input), 
Kilowatts input = (0.746 X Hp. output) / (efficiency) 

Motors of the same type and rating usually differ but little in efficiency. There may 
be considerable difference in the efficiency of motors of different types; this is particularly 
true of adjustable speed motors operating at reduced speeds. The efficiency of motors 

_ also varies considerably with the load and usually is highest at 3/4 or full load. At light 
loads the efficiency is quite low. 

POWER-FACTOR.—The power-factor of a motor is defined as the ratio of the kilo- 
watts input to the kilovolt-amperes input where 

kva. (volts X amperes) /1000, for single-phase motors, 
(1.73 X volts X amperes) /1000, for 3-phase motors, 
= (2 X volts X amperes) /1000, for 2-phase motors. 


Thus the kva. input to a motor equals (kw. input/power factor). 


Table 3.—Synchronous Speeds Possible at Various Frequencies 
No. of Poles | 60 Cycles | 50 Cycles | 40 Cycles | 25 Cycles] No. of Poles| 60 Cycles | 50 Cycles | 40 Cycles 


2 3600 | 3000 2400 1500 52 158.5 /nlise4 wlsnas2.3 
4 1800 1500 1200 750 54 133.3) | 1let «fee 88.9 

6 1200 1000 800 500 56 128,614) 107,20) 2 85u7 

8 900 750 600 375 58 124.1 | 103.5 | 82.8 
10 720 600 480 300 60 120 100 80 

12 600 500 400 250 62 116.1 96.8 | 77.4 
14 514.2 | 428.6 | 343 214.3 64 {ADS e987 1) 0075 

16 450 375 300 187.5 66 109 90.8 | 72.7 
18 400 333.3 | 266.6 | 166.6 68 105.9 | 88.2 | 70.6 
20 360 300 240 150 70 102.8 | 85.7 

22 Bere e227 ale 218.1 6 |) 136.3 72 100 83.3 

24 300 250 200 125 74 9763 sohay, 81 

26 277 230.8 | 184.5 | 115.4 76 94.7 | 78.9 

28 core) 214,20) (71,5) |", to7el 78 Peto 76.3 

30 240 200 160 100 80 90 75 

32 225 187.5 | 150 93.7 82 6719ui|., 973.2 

34 212 176.5 | 141.1 88. 2 84 BS. Laglix 7 Wed 

36 200 166.6 | 133.3 | 83.3 86 0357 gy) 1582958 

38 189-500 ey 157, 9M)f 6126.3 | 789 88 BITE ui soecaoe 

40 180 150 120 75 90 BO refs cake 

42 Wins ae 42S T1422 | 71.54 92 Fg (ete 

44 ED Oe SE RA) OC a 94 7626) | erin ee 
46 156,60 5h> 13005 ci fin 104.30 J .ace 96 75ab Ula cea arn Ee 
48 150 125 400 ler. 5 oes 98 13 Smet yo tontiaatice 


50 144 120 O's oast | wes tons 100 72 than by design. 
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D.C. motors and certain types of A.C. motors have a power factor of unity (100%); 
that is, kw. input = kva. input. However, the more common types of A.C. motors, 
such as the induction motor, have a lagging power factor of less than unity. For the | 
effect of low power factor, and the means of improving it, see Kent’s Mechanical Engineers’ 
Handbook—Power, p. 15-53, forming Vol. 2 of this series. 

The product of the efficiency and the power factor of a motor is the apparent efficiency. 
Thus 

kva. input = kw./P. F. = (0.746 Hp.)/(E X P. F.) 
= 0.746 Hp./Ea 
where HE = efficiency; EH, = apparent efficiency; P. F. = power factor. 

FULL-LOAD CURRENT.—The full-load current of a motor is the current drawn 
from the line when the motor is carrying full load, with rated voltage and frequency 
(A.C. motors) applied. It may be calculated as follows, Imax. being full-load current: 

D.C. Motors . 

Imax. = (746 X Hp.)/(Efficiency X Voltage) 
Single-phase A.C. Motors 

Imax. = (746 X Hp.)/ (Efficiency X Voltage X Power Factor) 
Three-phase A.C. Motors 

Imax, = (746 X Hp.)/(1.73 X Efficiency X Voltage X Power Factor) 

Two-phase A.C. Motors, 4-wire * 

Imax. = (746 X Hp.)/(2 X Efficiency X Voltage X Power Factor). 

TORQUES.—The full-load torque of a motor is fixed by its horsepower and speed 
rating. 

Full-load torque in lb.-ft. = 5250 X Hp./r.p.m. 
This is the basic torque of a motor. Other torques (see below) are often expressed as a 
percentage of full-load torque. 

Other motor torques which are of importance are: a. Starting torque; b. Pull-up 
torque (A.C. motors); c. Breakdown torque (A.C. motors); d. Pull-in torque (synchro- 
nous motors); e. Pull-out torque (synchronous motors). 

: Starting Torque of a motor is the torque developed at zero speed. In A.C. motors, 
it is the minimum torque for all angular positions of the rotor, with rated voltage and 
frequency applied to the motor. 

Pull-up Torque is the minimum torque developed by a motor during the period of 
acceleration from rest to full speed, with rated voltage and frequency applied to the 
motor. In some applications, the torque developed by a motor at all speed points from 
zero to full speed is of importance. A curve of torque plotted against speed (speed- 
torque curve) then is necessary. 

; Rated Breakdown Torque of an A.C. motor is the maximum torque which the motor 
will carry, with rated voltage and frequency applied to the motor, without an abrupt 
drop in speed. It indicates the peak load which the motor can carry without stalling 
or decelerating to a low speed. 

Pull-in Torque of a synchronous motor is the maximum constant torque under which 
the motor will pull its connected inertia load into synchronism, at rated voltage and 
frequency, when its field excitation is applied. The speed to which a motor will bring its 
load depends on the power required to drive it; and whether or not the motor can pull the 
load into step from this speed, depends on the inertia of the revolving parts. Hence 
pull-in torque cannot be determined unless the WR? of the external load and the tor ue 
of the load are known. 5 

fhe ae we of a synchronous motor is the maximum sustained torque which the 
motor wi evelop continuously at synchronous speed with rated valt 
and normal excitation applied to the motor. tae 
. STARTING CURRENT.—It is characteristic of most motors that if full line voltage 
is impressed on their terminals at start (rotor at standstill) a current considerably in 
excess of the normal running current will be drawn from the line. This current usually 
is designated locked rotor current, and is defined as the current taken from the line with 
ae ae locked and with rated voltage (and frequency in the case of A.C, motors) applied 
uy ess free rotor current sometimes is used; it is defined as 75% of the locked-rotor 

In the case of D.C. motors, starting current must be held t in limi 

’ 0 certain limits 
150 to 300% of full load current), to prevent excessive burning of the motor Laken 


* Where 2-phase motors are supplied f 


‘ hed aut = =< 
1.41 Goer the Cheah Gotha ctteet ce om a 3-wire circuit, the current in the common wire is 
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This prevents starting these motors on full voltage, except in sizes of 1/5 horsepower and 
below. In the larger sizes, the voltage must be reduced until the motor has accelerated. 
This usually is accomplished by means of a resistor temporarily inserted in series with the 
armature winding. 

The full-voltage starting current of A.C. motors varies over a wide range for the dif- 
ferent types of motors and may be as high as 10 times normal full-load current. Hence, 
in some cases reduced-voltage starting is necessary to prevent distortion of the windings 
and resultant failure of the insulation. However, with a few exceptions A.C. motors 
have the windings adequately braced, and full-voltage starting is permissible so far as 
the motor is concerned. But, in any case, reduced-voltage starting frequently is neces- 
sary to prevent undue voltage disturbance on the power lines. The starting current, 
flowing through transformers, transmission lines and feeders may cause a drop in voltage 
of sufficient magnitude to result in dimming of lights: supplied from the circuit or cause 
other motors to stall or trip off the line. 

Most power companies have established regulations governing the starting current 
which may be drawn by motors connected to their distribution systems. These regula- 
tions take a variety of forms, but two general types are common. The first type specifies 
the maximum starting current that may be drawn by any motor of a given horsepower 
rating, supplied with a given class of service. The rules of Table 4 are typical. The 
second type is based on the capacity to serve a given installation which, in general, is 
determined by the total electrical load being supplied. Usually the total current drawn 
by the motor in starting is not limited but if this total exceeds the value specified, it is 
necessary to employ a starter which will build the current up in steps, each step not 
exceeding the specified value, and with a short time interval (usually 1/2 second) between 
steps. Table 5 is typical of the second type of starting current regulation. 


Table 4.—Typical Motor Starting Current Regulations 
Based on Horsepower Rating of Motor 


Maximum Allowable Locked Rotor Current, Amperes 
60-Cycle Alternating Current 


Rating of Motor, . - 
Etp. Hanae Conrent el Three-phase 
230 Volts | 550 Volts | 220 Volts | 220 Volts | 440 Volts | 550 Volts |2200 Volts 

1/g and below *....... 12 5 20 POM Ee Aonieeen| mes. crete om 
BY 4 RTI ig Ae ice, «fete ot 12 5 27 OMY kee | hese #38 
MB trae et eee cover <. tos aaa cnt 18 Vee 30 AO TN trae See hs rk Sted 
As Boece < oe bie pies Syobs 24 10 40 Gud lial Pe brevay | epee SeOe 
2h ac Pagel es Sane eee 36 15 60 eine 
Si Mae eee rise 45 20 100 ete 

71 NOS aOe CRA SAS 38 30 110 10 
ROC em ie ctarcisisie © claire 6s 90 40 147 1333, 

FD Paetare cbs elon wee, sees 135 60 val 20 


Meese toh K af Pele views! 610 Shale 180 


* If starting current does not exceed 30 amperes, these motors may be connected to 110-volt 
single-phase lines. 
Table 5.—Typical Motor Starting Current Regulations 
Based on Total Electrical Load * 


Type of Motor Locked Rotor Starting Kva. Limitation Per Step 
2.2 kva. for motors up to and including 1/4 Hp. 
Single-phase, 110-volt..........-2eceecesceees { BUS Iaval for moterslover 1/4 Hp. ape 
Wingle-ONASe,: 2L0-VOlb.. leis vc seew crevice cess 2.5 kva. plus 0.25 kva. per installed kw. 
eiglae. 220-108 SA0=vOlt fascicles aieidicty oreo ctsicts oles 50 kva. plus 0.5 kva. per installed kw. 
3-phase, ZIOO-volt Or ahove sets \aclatetclicare oversial olbons 30 kva. plus 1.0 kva. per installed kw. 


* NoTEs: : ] - : 
1. The starting current limitations corresponding to the starting kva. limitations given above 


can be derived as follows: Current = (kva. X 1000)/(C X motor voltage); C=a 
constant = 1 for single-phase motors, and 1.73 for 3-phase motors. a 
2. The installed kw. includes the motor under consideration. To convert Hp. to kw., 
tiply Hp. value by 0.746. : : 
3. Pe cation does mle limit the total kva. that may be taken by the motor in starting 
but may require that the total be built up gradually, or in steps which do not excee: 


the value determined from the table. 
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Where no power company regulation exists, the limits of motor starting current areé 
determined by the voltage variation permissible, and the drop in voltage which results § 
from a given increase in current. To avoid any perceptible light flicker it is necessary ' 
to prevent a sudden change in voltage in excess of approximately 2% of normal voltage; ; 
but in many cases a considerably greater voltage change, particularly if occurring at rare : 
intervals, will not be objectionable. So far as motors are concerned, a 10 or 15% momen- » 
tary drop in voltage usually is not serious, although in some special applications the : 
resulting change in motor speed may cause difficulty. The drop in voltage caused by a) 
given increase in current is determined by the rating and characteristics of the generating 
equipment, and by the resistance and reactance of transformers and feeders supplying - 
the motor. 

It is characteristic of most motors that if the starting current is reduced, for example, 
by means of a reduced voltage starter, the starting torque will also be reduced. Hence, 
the starting torque of the motor and the torque required by the load must be considered, 
as well as the starting current. A high ratio of starting torque to starting current (called 
torque efficiency) obviously is desirable, where severe starting current restrictions exist. 
This ratio varies over a wide range for the different types of motors and may vary with 
the type of control equipment employed. 

MECHANICAL FORMS.—In its simplest form a motor may consist simply of the 
stator and rotor windings with their necessary magnetic structures. Certain types of 
small motors often are supplied in this form. The rotor then is mounted on a shaft of 
the driven machine which also is provided with a suitable support for the stator. How- 
ever, a motor usually is furnished with shaft, two bearings, and mounting feet forming 
part of the stator frame. The bearings usually are carried by end shields which bolt to 
each end of the frame. On very large motors pedestal-type bearings often are used. 
In this case, a base may be provided which supports the stator and the bearing pedestals, 
or individual sole plates may be provided for each bearing pedestal and for each side of 
the stator frame. 

Motors sometimes are supplied without mounting feet, being supported from the end 
shield on the drive end. This shield has a machined flange or face for bolting to the 
driven machine. This same construction may be used to wholly or partially support 
the driven machine by the motor. In this case the motor feet are retained. 

Motors used with belt drives, usually are provided with a sliding base which permits 
adjustment of the motor position, in a direction perpendicular to the shaft, for tightening 
the belt. Up to certain sizes the standard, two-bearing motors are suitable for belt 
drive. In the larger sizes, an outboard bearing is provided. 

All motors are available in the standard horizontal shaft construction. Most types 
also are available in the vertical shaft construction. In this case the motor is supported 
by feet or a ring base which forms part of, or is bolted to, the lower end shield. Two types 
of vertical motors are available. The no-thrust type is designed to carry no thrust load in 
addition to the weight of the rotor and the half coupling. The thrust type is designed to 
carry a specified amount of additional thrust load. Certain types of vertical motors can 
be obtained in hollow-shaft construction. These are used primarily for deep-well pumping, 
the hollow shaft allowing the pump shaft to be brought to the top of the motor for con- 
venient coupling to the motor shaft, and for adjustment of its length. 

The combination of a motor with an enclosed speed-reducing gear, built as an integral 
unit and designated gear-motor is offered by several manufacturers. The sizes available 
range from 1/g Hp. to approximately 75 Hp., with output shaft speeds of 13 to 600 r-p.m. 
An 1800 r.p.m. motor usually is employed. Various types of gear reduction units are 
used including the internal planetary with concentric output shaft, the worm and wheel 
type with right-angle shaft, and the straight helical gear reduction with parallel offset 
shaft. The gear-motor has a considerably lower cost than that of a conventional motor of 


Oil-lubricated sleeve-type bearings are standard for most types of horizontal motors. 
These may be waste-packed or oil-ring-lubricated. Ball and roller bearings are standard 
for certain types of motors, and are available for most types at slightly higher cost. 
These usually are grease-lubricated, although oil lubrication often is used on large high- 
speed motors, and for the thrust bearing of the larger vertical motors. 


If there is no restriction to the flow of ventilating air other than that necessitated by 
mechanical construction the motor is designated as open type. Although this type is 
most common and the lowest in cost, a number of other types are available, offering 
various degrees of enclosure. 


A Protected Motor is one in which all ventilating openings in the frame are protected 
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with a wire screen, expanded metal or perforated covers, the openings in which do not 
exceed Ie Sq. in. area, and are of such shape as not to permit the passage of a rod larger 
than 1/9 in. diameter; if the distance of exposed live parts from the guard is more than 
4 in., openings may be 3/4 in. diameter. This construction is designed to prevent acci- 
dental contact with rotating or live parts. Its use is confined largely to D.C. motors. 

A Semi-protected Motor is one in which part of the ventilating openings in the frame, 
usually in the top half, are protected as in the case of a protected machine, the others 
being left open. 

A Drip-proof Motor is one in which the ventilating openings are so constructed that 
drops of liquid, or solid particles, falling on the machine at any angle not greater than 
15 deg. from the vertical, cannot enter the machine either directly, or by striking and 
running along a horizontal or inwardly inclined surface. 

A Splash-proof Motor is one in which the ventilating openings are so constructed that 
drops of liquid or solid particles falling on the machine or coming towards it in a straight 
line at any angle not greater than 100 deg. from the vertical cannot enter the machine 
either directly, or by striking and running. along a surface. 

A Totally-enclosed Motor is one so enclosed as to prevent exchange of air between 
the inside and the outside of the case, but not sufficiently enclosed to be termed air-tight. 
It is used where necessary to protect the motor from dirt, moisture, chemical fumes or 
other harmful ingredients of the surrounding atmosphere. 

A Totally-enclosed, Fan-cooled Motor is a totally-enclosed machine equipped for 
exterior cooling by means of a fan or fans, integral with the machine but external to the 
enclosing parts. It serves the same purpose as the totally-enclosed motor. The fan 
cooling feature is desirable on larger motors to dissipate the heat. 

An Enclosed, Self-ventilated Motor is one having openings for the admission and dis- 
charge of ventilating air, which is circulated by means integral with the machine, the 
machine being otherwise totally enclosed. The openings are so arranged that inlet and 
outlet ducts or pipes may be connected to them. This construction serves the same 
purpose as the totally enclosed type where air free from harmful ingredients can be obtained 
within a reasonable distance. It also is used where it is necessary to prevent heat, result- 
ing from the motor losses, from being discharged into the motor room. 

An Enclosed, Separately-ventilated Motor is one having openings for the admission 
and discharge of the ventilating air, which is circulated by means external to and not a 
part of the machine, which otherwise is totally enclosed. These openings are so arranged 
that inlet and outlet ducts or pipes may be connected to them. This construction, rather 
than the enclosed self-ventilated construction, is employed on low-speed machines whose 
rotor fans do not develop sufficient pressure to circulate the ventilating air through the 
required duct length. 

Both the enclosed self-ventilated and the enclosed separately ventilated type machines may be 
provided with a closed system of ventilation; that is, the hot air discharged from the machine may 
be cooled and then recirculated through the machine. Cooling usually is accomplished by water 
“circulated through surface air coolers. The closed system of ventilation generally is restricted to 
rather large machines. 

An Explosion-proof Motor is one in an enclosing case, which is designed and constructed 
to withstand an explosion of a specified gas or dust which may occur within it, and to 
prevent the ignition of the specified gas or dust surrounding the motor by sparks, flashes 
or explosions which may occur within the machine casing. The National Electrical Code 
(Article 32) classifies locations in which hazardous gas or dust may be present, in accord- 
ance with the degree of hazard involved as follows: 

Cxuass I: Group A, Atmospheres containing acetylene; Group B, Atmospheres con- 
taining hydrogen; Group C, Atmospheres containing ethyl ether vapor; Group D, 
Atmospheres containing gasoline, petroleum, naphtha, alcohols, acetone, lacquer solvent 
vapors, and natural gas. 

Cuass II: Group HZ, Atmospheres containing metal dust; Group F, Atmospheres 
containing carbon black, coal, or coke dust; Group G, Atmospheres containing grain dust. 

Since it is impractical to design a motor which is gas tight, motors for Class I locations 
are so constructed as to permit explosions within the motor without ignition of the sur- 
rounding atmosphere. This is accomplished by: 1. Making the enclosing parts suffi- 
ciently strong to withstand safely the maximum pressure caused by ignition of the most 
flammable mixture of the gas involved; 2. Providing long fits with close clearances at all 
joints, and at the shaft opening, to cool the flame to a point where ignition of the outside 
atmosphere is prevented. Practically no motors are available for the more hazardous 
locations of Groups A, B and C. On the other hand, rather complete lines of motors 
suitable for Class I, Group D conditions are available. It is impractical to build motors 
of this type in the very large sizes, the present (1937) upper limit being about 200 Hp. 
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Motors for Class II locations are built totally-enclosed (or totally-enclosed fan-cooled) 
with all joints, etc. sufficiently tight to exclude the specific dust. Fairly complete lines 
of motors are available for Class II Group G locations. : 

The Underwriters’ Laboratories, Inc. established and maintained by the National} 
Board of Fire Underwriters offer a testing and inspection service available to manufac— 
turers of equipment for hazardous locations. Motors which have been tested and. 
inspected by them are provided with a label so indicating. Since most inspection authori-- 
ties look to the Underwriters’ Laboratories for guidance as to the suitability of equipment 
for hazardous locations, motors provided with this label generally are acceptable for use: 
in the specified atmospheres anywhere in the United States. In general, motors with the: 
Underwriters’ label are available only for Class I, Group D and Class II, Group G locations. . 

Motors for installation in mines come under the jurisdiction of the U. S. Bureau of 
Mines. This body does not issue approvals covering a motor or controls, but approves | 
only a complete power-using assembly consisting of a machine, such as pump, coal cutter, | 
conveyor, etc., combined with the motor which drives it and the complete control equip- 
ment and wiring. However, certain types of motors are available, which have passed the 
inspection and tests of the Bureau of Mines, indicating that they are eligible for ultimate 
approval, without further tests, as part of a complete power-using assembly. 


2. SMALL POWER MOTORS 


Small power or fractional Hp. motors are motors built on frames having a continuous 
rating of less than 1 Hp., open type, at 1700-1800 r.p.m. Standard horsepower and speed 
ratings of small power motors are given in Table 6. The various types in general use are 
as follows: a. Single-phase motors: 1. Shaded-pole; 2. Split-phase; 3. Repulsion-start 
induction (and repulsion-induction); 4. Capacitor start; 5. Capacitor; 6. Series-wound; 
7. Synchronous (non-excited). 

6. Polyphase motors: 1. Squirrel-cage induction; 2. Synchronous (non-excited). 

ce. Direct-current motors: 1. Shunt-wound; 2. Series-wound; 3. Compound-wound. 

d. Universal motors (operate from either A.C. or D.C.): 1. Series-wound; 2. Com- 
pensated-series-wound. 

SINGLE-PHASE MOTORS are available in a variety of types, but practically all 
operate essentially as squirrel-cage induction motors. Since a normal single-phase 


Table 6.—Standard Horsepower and Speed Ratings of Small Power Motors 


Alternating Current 
60 Cycles 


Direct-current 


Hp. Synchro-| Approx. | Synchro- Approx. | Synchro-| Approx. 
Bune eles nous |Full-load} nous |Full-load] nous |F ike 
sates r.p.m. r.p.m. r.p.m. r.p.m. r.p.m. r.p.m. 
1 3450 are cre ris ny 3600 3450 dee Scere 
3/4 3450 1725 wae 3600 3450 1800 1725 cane sae 
1/g 3450 1725 1140 3600 3450 1800 1725 1200 1140 
1/3 3450 1725 1140 3600 3450 1800 1725 1200 1140 
1/4 3450 1725 1140 3600 3450 1800 1725 1200 1140 
1/g 3450 1725 1140 3600 3450 1800 1725 1200 1140 
V/g 3450 1725 1140 3600 3450 1800 1725 1200 1140 
I/y2 3450 1725 1140 3600 3450 1800 1725 1200 1140 
1/99 3450 1725 1140 3600 3450 1800 1725 1200 1140 
1/30 Bren 1725 1140 BAa% meee 1800 1725 1200 1140 
1/49 Wacta 1725 1140 1800 1725 1200 1140 
1/50 sry aue 1725 1140 ; 1800 1725 1200 1140 
50 Cycles 25 Cycles 
1 strat at eer 3000 2875 daft Ce ae 5 
3/4 ars als Breas dank 3000 2875 1500 1425 niles ade 
1/9 an nae Nyccke 3000 2875 1500 1425 1500 1425 
1/3 nies ane Be ute 3000 2875 1500 1425 1500 1425 
1/4 ae. sisibus BCS 3000 2875 1500 1425 1500 1425 
1/6 eat Sere es 3000 2875 1500 1425 1500 1425 
1/g alesid sieea toric: 3000 2875 1500 1425 1500 1425 
1/19 Manas a ghee 3000 2875 1500 1425 1500 1425 
1/20 APS hee hae 3000 2875 1500 1425 1500 1425 
Vso bate eidesd deta. rc 1500 1425 1500 1425 
40 bee Sts io eats aaseed So 1500 1425 1500 1425 
/50 et sisters ee Ae eet 1500 1425 1500 1425 


Smaller sizes usually are rated in watts output (746 watts = 1 Hp.). 
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induction motor does not develop any starting torque, it must be provided with an 
auxiliary starting winding or phase-shifting device. The essential difference between the 
various types of single-phase motors lies in the type of starting winding or phase-shifting 
device employed. 

i Shaded-pole Single-phase Motors have a squirrel-cage rotor winding and a concen- 
trically-wound single-phase stator winding. A portion of each stator pole is ‘‘ shaded ” 
by a single turn of heavy copper wire. Current, which is out of phase with the current in 
the main winding, is induced in the shading coil. This results in a revolving magnetic 
field similar to that of a polyphase induction motor, and hence starting torque is developed. 
Motors of this type are inefficient, and have rather low starting torque. However, in the 
small sizes they are the most economical design. They are used in ratings up to 10 or 
15 watts (1/75 to 1/59 Hp.) for such applications as small fans, timing devices, instruments, 
relays, toys, sign flashers, small motion picture projectors, and miscellaneous control 
devices. They are designed for a particular direction of rotation which cannot be changed 
after the motor is built. 

Split-phase Motors have squirrel-cage rotors and two-phase stators, with one of the 
phases wound for relatively high resistance. Since the ratios of resistance to reactance 
of the two phases are not equal, the currents in the phases are not of the same time phase, 
and approach the relations of a true two-phase motor. Hence, a revolving magnetic 
field is produced and starting torque is developed. As the losses in the high resistance 
winding are high, it must be disconnected when the motor gets up to speed. The dis- 
connecting switch usually is operated by a centrifugal mechanism on the rotor. These 
motors are used in ratings from 1/g9 to 1/3 Hp. on a variety of applications whose power 
requirements fall within this range; typical are advertising devices, fans, blowers, oil 
burners, kitchen appliances, machine tools, mechanical office equipment, pumps, textile 
and laboratory equipment, washing and ironing machines. 

Repulsion-start Induction and Repulsion-induction Motors have a single-phase dis- 
tributed winding on the stator, and a commutated winding, similar to that of a D.C. 
machine, on the rotor. The brushes bearing on the commutator are spaced 180 electrical 
degrees apart and are short circuited. Repulsion-start induction motors also have a 
centrifugal device which short-circuits all of the commutator segments when the motor 
has accelerated to a certain speed, converting the rotor winding to a squirrel-cage winding. 
Thus the motor starts as a repulsion motor, but runs as an induction motor. The centrif- 
ugal device sometimes is arranged to-lift the brushes of the motor as well as to short 
circuit the commutator segments. Repulsion-induction motors, on the other hand, do 
not have any centrifugal device, but instead have a squirrel-cage winding on the rotor in 
addition to the commutated winding. The squirrel-cage winding is placed below the 
commutated winding and is arranged to have a high reactance. At low motor speeds 
(high slip frequency) very little current flows in the squirrel-cage winding, and the motor 
starts essentially as a repulsion motor. When the motor reaches full-speed, the frequency 
of the induced currents is low, so that considerable current flows in the squirrel-cage 


winding and the motor operates essentially as an induction motor. Repulsion-start 


induction or repulsion-induction motors generally are offered by manufacturers in ratings 
of 1/s Hp. and larger. High starting torque, low starting current, and relatively low cost 
are important features. Typical applications are pumps, compressors, machine tools, 
hoists, conveyors, garage and service station equipment, and woodworking machinery. 
The Capacitor-start Motor is provided with a squirrel-cage rotor, and with a main wind- 
ing and an auxiliary winding on the stator. A capacitor (usually mounted on top of the 


_. motor) is connected in series with the auxiliary winding to provide the necessary shift in 
time phase of the current flowing through it. Since the capacitor is intermittently rated 


it must be disconnected for normal operation. This usually is accomplished by a switch 
operated by a centrifugal mechanism on the rotor. Capacitor-start motors generally are 
available in ratings of from 1/g to 1/4 Hp., and are used for such applications as oil burners, 
stokers, pumps, and household appliances. 

The Capacitor Motor is provided with a continuously rated capacitor, and, therefore, 
the auxiliary winding with the capacitor in series may be left in the circuit during running 
as well as starting. The capacitor is selected to give best operation at full speed, 1.€., 
maximum efficiency and minimum noise and vibration. If the same capacitance 18 used 
during the starting and running periods the motor develops only 40 to 607% starting 
torque and is known as the low-torque capacitor motor. The high-torque capacitor motor, 
which develops 275 to 350% starting torque, is obtained by increasing the capacitance in 
series with the auxiliary winding during the starting period. This usually is accomplished 
either by: 1. Providing an additional intermittently-rated capacitor which is connected in 
parallel with the main capacitor during the starting period; 2. Energizing the capacitor 
through an auto-transformer, provided with two taps, which allows the use of a higher 


; 
| 
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voltage ratio during the starting period. The change from starting to running con- 
nections on the capacitor is accomplished by a switch operated by a centrifugal mechan- 
ism on the rotor, or a relay is used, operated by the rise in voltage across the auxiliary) 
winding as the motor comes up to speed. High power-factor and efficiency, and quiet‘ 
operation are important features of capacitor motors. They generally are available in: 
ratings of 1/g Hp. and larger. The low-torque capacitor motor can be used only on such; 
applications as direct-connected fans which require little starting torque. The high-. 
torque capacitor motor is a general purpose machine of increasing popularity. Typical | 
applications include reciprocating compressors, pumps, fans, and blowers. The capacitor | 
motor frequently is used for variable speed operation of fans, the speed change being: 
accomplished by varying the voltage impressed on the motor terminals. | 

The Series-wound Single-phase Motor is similar in construction and principle of | 
operation to the series-wound direct-current motor. It employs a stationary field winding - 
and a commutated rotor (armature winding), the two being connected in series. Like 
the series D.C. motor, it is of the varying speed type, that is, its speed increases as the 
load decreases. Usual full-load speeds range from 1500 to 5000 r.p.m.; no-load speeds 
range from 150 to 200% of full-load speeds. The principal advantages of series motors 
are their extreme compactness and light weight for the power delivered. Hence, they 
are particularly suitable for application to portable devices, such as vacuum cleaners and 
portable tools of all types. Since they usually are “‘ built-in’ the power-using device, 
they frequently are supplied as “‘ motor parts,” that is, the bare stator and rotor, without 
bearings or feet, the bearings and stator support being incorporated in the driven machine. 

Synchronous Motors in the small power sizes usually are built as reluctance motors. 
The stators are similar to those of single-phase induction motors, and may be of the shaded- 
pole, split-phase, or capacitor type. The rotor has a squirrel-cage winding, and the core 
is shaped to provide projections (salient poles) corresponding to the number of poles for 
which the stator is wound. The motor starts as an induction motor, but upon reaching a 
speed near synchronism, it ‘“‘ pulls into step,” due to the effect of the salient poles, and 
operates at exactly synchronous speed. Unlike the large-power synchronous motor, 
which has a field winding on the rotor supplied with D.C. excitation, and which operates 
at unity or leading power-factor with high efficiency, the reluctance motor operates at a 
lagging power-factor and has a rather low efficiency. Hence, it is used only where exact 
synchronous speed is required. Typical applications include electric-clocks, time switches, 
relays, and recording meters. 

Another type of synchronous motor available in the small-power sizes is the hysteresis 
motor. Its construction is similar to that of the reluctance motor except that the rotor is 
perfectly cylindrical and does not have a squirrel-cage winding. Its operation depends on 
the permanent magnetism induced in the rotor by the magnetic field of the stator. It 
develops a constant torque from zero to synchronous speed. It is used principally for 
phonograph turntable drive. 

POLYPHASE MOTORS.—Squirrel-cage Induction Type Motors meet the requirements 
of practically all applications in the small power field. They develop a high starting 
torque with a starting current well within the limits of polyphase systems. Their effi- 
ciencies are slightly higher than those of single-phase motors. Polyphase motors are 
generally available in sizes of 1/, Hp. and larger at 110, 220, 440, and 550 volts. 

Synchronous motors of the reluctance type are employed where exact synchronous 
speed is required. They are similar to the single-phase motors of this type except that 
no starting winding or phase-splitting device is necessary. 

High-frequency Polyphase Motors often are used on portable tools, textile machinery, 
and other high speed motor applications where the number required justifies the installa- 
tion of special generating or conversion equipment to supply the high-frequency power. 
A frequency of 180 cycles usually is employed, giving a synchronous speed (2-pole motors) 
of 10,800 r.p.m. The advantages are a saving in cost, size, and weight over 60-cycle 
induction motors. As compared to the series motor, the high-frequency polyphase motor 
requires less maintenance, since it has no brushes or commutator and has a higher efficiency 
and better speed regulation. 

DIRECT-CURRENT MOTORS of the shunt-wound or compound-wound type are 
used for most applications. In the smaller sizes (approximately 1/99 Hp. and below) 
shunt-wound motors are standard, while in the larger sizes, the standard is compound- 
wound. The series-wound motor is used where its varying speed characteristics and 
high no-load speed is not objectionable. It develops a very high starting torque, but has 
a limited output at the higher speeds. 

UNIVERSAL MOTORS, which operate from either single-phase A.C. or D.C. power, 
are all of the series-wound type; that is, they have a field winding on the stator which is 
connected in series with a commutated winding on the rotor. The straight series-wound 
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motor has a salient pole field winding on the stator, like the ordinary D.C. motor, while 
the compensated-series-wound motor has a distributed winding arranged in slots around 
the periphery of the stator. The latter has the advantages of better speed regulation 
and commutation, and higher starting torque, while the former is simpler in construction 
and more easily ventilated. In general, the straight series-wound motor is used in sizes 
up to approximately 1/3 Hp., while the compensated-series-wound motor is used in the 
larger sizes. It is not feasible to build universal motors for low speed operation, the 
minimum full load speed ranging from 1800 r.p.m. on the larger sizes to 5000 r.p.m. on 
the smaller sizes. Typical full-load speed ratings are 5000, 7500 and 10,000 r.p.m., with 
no-load speeds ranging from 12,000 to 18,000 r.p.m. Universal motors are used on a 
variety of applications including portable tools, office appliances, vacuum cleaners, 
motion picture projectors, kitchen appliances, sewing machines and portable equipment 
in general. ; 


Operating Characteristics 


TEMPERATURE RISE.—The standard temperature rise of small power motors, 
when operating under normal conditions, is 40° C., measured by thermometer, for open 
and drip-proof motors, and 55° C. for totally-enclosed motors. The motors frequently 
are offered in two general types designated ‘‘ For short annual service ’’ and “‘ For long 
annual service.”” Both types can be operated continuously, but the latter type is recom- 
mended for applications where the motor must operate more than 1000 hours annually. 
They are designed especially for good running characteristics, such as high efficiency and 
power-factor. In the short annual service type, these characteristics may be sacrificed 
to some extent to obtain higher torques and lower costs. 

EFFICIENCY.—Minimum efiiciencies, power-factors, and apparent efficiencies of 
single-phase, 60-cycle, induction motors as established by N.E.M.A. are given in Table 7. 
The standard motors offered by the manufacturers have characteristics equaling or 
exceeding these values. In general, the efficiencies of polyphase induction motors are 
somewhat higher than those cf single-phase motors of corresponding ratings, while the 
efficiencies of direct-current motors are slightly lower than those of single-phase motors. 

STARTING CURRENT.—The maximum locked-rotor starting currents of single- 
phase motors as established by N.E.M.A. are givenin Table 8. The locked-rotor currents 


Table 7.—Minimum Efficiencies, Power-factors, and Apparent Efficiencies of 60-cycle, 
Single-phase, Small Power Motors 


Motors operated at rated voltage, frequency, and load 


4 6 D 4 6 8 D 6 8 
1389 oe 3600 | 1800 | 1200 | 900 | 3600 | 1800 | 1200 | 900 } 3600 | 1800 | 1200 | 900 
Efficiency, % Power-factor Apparent Efficiency, % * 
a ee Long Hour Service 
eam Gaia SSIES 38yb57 | 52-243] 36" [P28] 306] 21 15 
1/g 49 58 49 42 62 56 46 38 34 36 25 18 
1/4 53 62 53 45 66 60 49 40 39 42 29 20 
1/3 54 63 54 46 67 61 50 41 4 44 31 22 
1/2 55 65 55 47 69 63 52 43 44 47 33 23 
3/4 57 67 57 49 72 65 53 44 46 49 34 24 
Short Hour Service 
1/g 35 41 35 30 55 50 4] 34 23 24 17 12 
1/6 39 46 39 33 57 52 43 35 25 27 19 13 
1/4 43 51 43 37 62 56 46 38 30 32 22 15 
1/3 46 54 46 39 64 58 48 39 33 35 26 18 
58 49 66 60. 49 39 
61 52 68 62 51 42 


* Apparent efficiency = (efficiency X power-factor)/100. 


Table 8.—Maximum Locked-rotor Starting Currents of Single-phase 
Small Power Motors * 


60 cycles, 900 to 3600 r.p.m. inclusive 


ee mm 

Horsepower. .....-20-.05: 1/g and smaller 1/4 1/3 1/2 3/4 
Current in amperes ; a 

(ite sOlviers cadconccuosedes 20 23 31 4 

220 otta WAR ca A ale vie ssh aus 10 11 1/2 15 1/9 22 1/2 30 1/9 


* Excepting the split-phase motors used on washing and ironing machines. 
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of polyphase squirrel-cage induction motors vary between 400 and 800% of full-loadt 
current. : 

TORQUE.—Minimum torque values for 60-cycle induction motors as established by 
N.E.M.A. are given in Table 9. Typical speed-torque curves are shown in Figs. 1 and 2.; 
D.C. motors, shunt- or compound-wound, develop 500% or more starting torque on fulll 
voltage. 

VOLTAGE VARIATION.—Small power motors should operate successfully at rated 
load (and rated frequency for A.C. motors) at any voltage not more than 10% above ori 
below normal, but not necessarily in accordance with the standards of performances 
established for operation at normal rating. An exception to this rule applies to the series-: 
type universal motors for which the maximum allowable voltage variation is 6%. The 
starting currents of all types are proportional to the applied voltage and the starting,, 
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Table 9.—Minimum Torque Values for 60-cycle Small Power Motors 
In percent of full-load torque 


H Rating, 60 Cycles, 1725 r.p.m. Rating, 60 Cycles, 1140 r.p.m. 
iz Locked-rotor| Pull-up | Breakdown | Locked-rotor | Pull-up __| Breakdown 
Split-phase and Capacitor-start Motors 
1/3 150 150 200 125 125 175 
/g 150 150 200 125 125 175 
V4 90 90 185 75 75 175 
Repulsion-start Induction Motors 
I/g 350 200 200 300 150 185 
W/g 350 200 200 300 150 185 
1/4 350 200 200 300 150 185 
1/3 350 200 200 300 150 185 
1/2 350 200 200 300 150 185 
3/4 350 200 200 
High-torque Capacitor Motors 
1/3 350 200 200 300 185 185 
1/g 350 200 200 300 185 185 
1/4 350 200 200 300 185 185 
1/3 325 200 200 300 185 185 
1/2 300 200 200 300 185 185 
3/4 275 200 200 
Polyphase Induction Motors 

All 150 aR: | 200 | 135 om | 200 
375 
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pe | 
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Fra. 1. Typical Speed-torque Curves of Small 
Power Split-phase, Repulsion Induction, and 
Repulsion-start Induction Motors 
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Fia. 2. Typical Speed-torque Curves of Small 
Power Polyphase erates and Capacitor 
otors 
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Nes and breakdown torques are approximately porportional to the square of the 
voltage. 


Mechanical Features 


: Small power motors may be obtained as bare rotors and stators (with or without feet) 
ior mounting directly on the driven machine. However, the usual construction consists 
of a stator frame provided with mounting feet and end-shield type bearings. Motors 
with the drive end-shield machined for bolting to the driven machine are available. 
Vertical motors, as well as the standard horizontal motors, are available in all types. 

Wool-yarn-packed sleeve bearings are standard, but ball bearings can be obtained at | 
extra cost. Vertical motors usually are provided with ball \bearings, as are horizontal | 
motors which are required to take considerable axial thrust. 

Single-phase induction motors inherently produce a pulsating torque, resulting in 
vibration of the motor frame which, if transmitted to the motor ‘support, may result in 
objectionable noise. Hence, such motors frequently are furnished with a resilient rather 
than a rigid connection between the motor frame and the motor base. This resilient con- 
nection may consist of rubber cushions, or of metal springs of sufficient flexibility to pre- 
vent or greatly reduce the transmission of vibration to the supporting structure. Some 
manufacturers offer motors with a resilient mounting combined with an automatic belt 
tightener base, which maintains a belt tension just sufficient to prevent slippage at all 
loads throughout the operating range. 

Gear-motors of the various electrical types are available in ratings from 1/g to 3/4 Hp. 
with output shaft speeds of 11 to 575 r.p:m. Both concentric and right-angle shaft types 
are available. The latter employ worm-and-wheel reduction units and have lower costs, 
but considerably lower efficiency. The horsepower output rating of a gear-motor may be 
considerably less than the rating of the motor itself, the difference depending on the type 
of gear and the speed ratio. 

Standard motors are of the open or drip-proof construction, but practically all types 
can be obtained in the totally-enclosed construction. Most types also are available in 
’ the explosion-proof construction for Class I, Group D locations. See p. 25-17. 

WEIGHTS AND DIMENSIONS. 
—Approximate net weights and 
overall dimensions of open, horizon- 55 stds Lone Maneeal Servios 
tal motors for long annual service g EE ‘A-C: 60 Cycle-110 Volts-1725 r.p:m. 

5 


hi ' a D-C:'115 Wolts-1725.r:pm, 
are given in Fig. 4 and Table 10. 3 Universal: 110 Volte-7500 r.p.m.. 


The dimensions of totallly-enclosed, le! H} pte ne ae nen 

ee ee eri 

(ae Se eT 
1 rea 2 ve a y 


the same as those of open motors. 92 WY 
Explosion-proof motors’usually have : 
slightly ‘greater overall dimensions. 
Motors for short annual serviceare, & 
* in general, slightly smaller than the “ Drimas 33 

motors for long annual service. The IE 42% Mo Yo Yoo Ya ee UY % 41 
overall dimensions of vertical motors Watt Rei Horsepower Rating 
do not differ greatly from those of ; | 

- - bos t of Small Power Motors 

horizontal machines when shifted Fia. 3. Approximate 1936/Cost 0 


90 deg. - 
COSTS.—Approximate costs (1936) of open, horizontal, sleeve bearing ‘motors are 


given in Fig. 3. The figures shown are for 110-volt A.C., and 115-volt D.C. motors 
having a full-load speed of 1725 r-p:m. ‘(excepting the universal motors). Shaded-pole, 
split-phase, and universal motors ‘for 220 volts are slightly higher in cost, as are 230 volt 
D.C. motors. Polyphase motors are offered for 440 and 550 volts, as well as 110-and 220 
volts, but the former-are slightly higher in cost. : 

In general, 3450 r.p.m. motors are more costly than 1725 r.-p.m. machines, although 
in the larger sizes|the reverse is‘true. All 1140 r:p.m. machines ‘are more costly than ithose 
rated 1725 7.p:m. Universal motors rated 5000 rjp.m. are more costly, and those irated 
10,000 r.p.m. are less costly, than 7500 r.p.m. machines. Ball bearings, enclosed con- 
struction, vertical mounting, and special mechanical features iresult in increased cost. 


3. SINGLE-PHASE LARGE POWER MOTORS ; 
i i - motors are jgiven. 
Standard horsepower and speed ratings of large power, single phase mo a 
in Table 11. The following types are ‘available: a. Repulsion-start induction (and 
repulsion-induction); 6. Capacitor; c. Brush-shifting repulsion; d. Polyphase induction 
with phase-shifting starter. Mid 
For details of construction and principle of operat 
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ion of types a and b, see p. 25-19. 
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Repulsion-start Induction and Repulsion-induction Motors are available in sizes up 
to10 Hp. Their high starting torque, low starting current, and low cost make them the 
most popular of all types. They are used on practically all applications requiring single- 
phase motors. 


Table 10.—Approximate Weights and Dimensions of Small Power Motors 
Open horizontal type, for long annual service; 60 cycles, 110 and 220 volts A.C.; 115 and 230 volts D.C. 


Full- |Approx. : . . Full- | Approx. . . : 
iy load - | Weight, Approx. Dimensions, in. ae load i Weight: Approx. Dimensions, in. 
Rating| r.p.m. lb. A | c | O | P {Rating|r-p.m.| Ib. Aeo |e CPs JOz Ree 


Single-phase: Split-phase 

: Shunt- or Compound-wound 
1/60 1725 7 4 61/2| 4 4 
V/4o | 1140 12 43/4 | 73/4] 5 43/4 
1/39 1725 10 43/4 | 7 5 43/4 


Single-phase: Shaded Pole 
V/o00 | 1550 | 2 3 43/4 | 3 3 
W/y50 | 1550 | 31/2 | 31/2] 51/4 | 31/2] 31/2 
1/60 1550 5 4 51/2 | 4 31/2 


1/39 ~+| 1140 17 53/4] 9 53/4 | 51/2 
Vo | 3450 12 | 43/4 | 73/4] 5 43/4 
1/20 1725 10 43/4 | 7 5 43/4 


1/29 1140 17 53/4 | 9 5 3/4 | 5 1/e 

1/15 3450 12 43/4 | 73/4} 5 43/4 

1/15 1725 17 5 3/4 9 53/4 | 51/2 

1/15 1140 24 61/2 | 101/4} 63/4 | 61/2 

1/10 3450 16 53/4 | 83/4] 53/4 | 51/2 

1/10 1725 17 53/4 | 9 

1/19 1140 24 61/2 | 101/4| 63/4 | 61/2 
1/g 3450 16 53/4 | 83/4| 53/4 | 51/2 

Single-phase: Capacitor * 

Polyphase: Squirrel-cage Induction 

D.C.: Compound-wound 


Single-phase: Split-phase; Capacitor Start * 
Polyphase: Squirrel-cage Induction 
D.C.: Compound-wound 


V/g 1725 23 61/2 
V/g 1140 27 6 \/2 
V6 3450 25 5 3/4 
V/g 1725 27 61/9 
1/g 1140 30 61/2 
1/4 3450 25 5 3/4 
VW/4 1725 30 61/2 


Universal Series-wound 


1/50 5,000 | 2 3 
1/30 7,500 2 ‘| 
1/30 5,000 | 21/2 | 3 
1/29 7,500 21/2 |3 
1/j2 | 10,000 | 31/2 | 31/2 
Wi 7,500 | 41/2 | 31/2 
1/g 5,000 | 61/2 | 4 
1/4 10,000 61/2 | 4 
1/4 7,500 | 8 4 
1/3 10,000 | 8 4 


* Where capacitor is mounted on top of motor the overall height O is increased by 2 1/2 to 4 in. 


Table 11.—Standard Horsepower and Speed Ratings of Single-phase 
Large Power Motors 


Hp. 60 Cycles 50 Cycles 25 Cycles 
Rating Synchronous r.p.m. Synchronous r.p.m. Synchronous r.p.m. 
1/2 Pfc ayes stan 900 seers 750 Pee 
OW Ree 1200 900 1000 750 1500 


ae 1500 1000 750 1500 

3000 1500 1000 750 1500 ware 
3000 1500 1000 750 1500 750 
3000 1500 1000 750 1500 750 
3000 1500 1000 750 1500 750 
3000 1500 1000 750 1500 750 


1 AI 1800 1200 900 
11/2] 3600 1800 1200 900 
2 3600 1800 1200 900 
3 3600 1800 1200 900 
5 3600 1800 1200 900 
71/2} 3600 1800 1200 900 


10 3600 1800 1200 900 3000 1500 1000 750 1500 750 
15 3600 1800 1200 900 3000 1500 1000 750 1500 750 
20 3600 1800 1200 900 3000 1500 1000 750 1500 750 
25 3600 1800 1200 900 3000 1500 1000 750 1500 750 


SINGLE-PHASE LARGE POWER MOTORS 25-25 


Capacitor Motors are more costly than the repulsion-start induction or repulsion- 
induction type, but their simple construction, high efficiency and power-factor, and 
inherently quiet operation are features which frequently justify their use. In addition 
to their general-purpose capacitor motors, which are of the high torque type and are used 
on such applications as pumps, compressors, conveyors and machine tools, manufacturers 
offer special low-torque and high-torque capacitor motors for fan drives. The former 
are for use on direct-connected fans only, while the latter are suitable for belt-driven fans. 
Both types are specially designed for quiet operation, and with a somewhat lower full- 
load speed (higher slip) than the general purpose motors. The latter feature allows 
adjustable speed operation down to approximately 50% speed, by means of suitable 
control which varies the voltage impressed on the motor. Multi-speed capacitor motors 
also can be obtained. 

The Brush-shifting Repulsion Motor is similar in construction to the repulsion- 
induction motor except that no squirrel-cage winding is provided on the rotor. Instead, a 
compensating transformer, connected in series with the stator winding, supplies power to 
brushes located at 90 deg. from the main brushes. By varying the position of the main 
brushes, the speed of the motor can be varied through a range of 2.5 to 1 on a constant 
torque load. The motor has varying speed characteristics, the no-load speed being 
approximately 60% above synchronous speed. Fig. 5 shows typical speed-torque curves 
for various brush settings. Ratings available range from 1/4 to 3 Hp. at 1800/720 r.p.m. 
Typical applications include job printing presses, automobile generator test benches, 
balancing, polishing, and winding machines. 

Single-phase motors are seldom used in sizes above 10 Hp. Hence, none of the types 
described above is available in the higher ratings. Where a larger single-phase motor is 
required, it is usual to use a polyphase induction motor with a split-phase starter of the 
resistance-reactance type. The horsepower output of a polyphase induction motor 
operating single-phase is approximately 1/2 of its normal rating. 


Operating Characteristics 


TEMPERATURE RISE.—The standard temperature rise of large power, single-phase 
motors when operating under normal rated conditions is 40° C., measured by thermometer, 
for the general-purpose open type; for splash-proof motors, it is 50° C.; for totally- 
enclosed motors, it is 55° C. Standard open motors having a temperature rise of 40° C. 
usually are given a service factor of 1.15; that is, the manufacturers guarantee successful 
operation at 1.15 times rated load without injurious heating, although the efficiency and 
power-factor may be slightly different from the rated load values. 

EFFICIENCY.—Typical full-load efficiencies and power-factors of repulsion-induction 
type motors are given in Fig. 6. Capacitor motors will, in general, have slightly higher 
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efficiencies and about the same power-factors, while repulsion-start induction motors 
have the same efficiencies but lower power-factors. : 

TOROQUE.—Typical starting and breakdown torque values for constant-speed single- 
phase motors are given in Table 12. Starting currents range between 300 and 450% 
of full-load current. Brush-shifting repulsion motors have starting torques of 250 to 
300% with the brushes in the high-speed position, reducing to 125% as the brushes are 
shifted to the low speed position. Their breakdown torques are approximately 300% 
of full-load torque. 

VOLTAGE VARIATION.—Large power, single-phase motors should operate success- 
fully at. rated load and frequency at any voltage not more than 10% above or below nor- 
mal but not necessarily in accordance with the standards of performance established for 
operation at normal rating. The starting currents are proportional to the applied voltage, 
and the starting, pull-up, and breakdown torques are proportional to the square of the 
voltage. 


Mechanical Features 


Large power, single-phase motors usually are furnished with feet on the stator frame, 
and with end-shield type bearings. They are also available with the drive end shield 
machined for bolting to the driven machine. Vertical motors, as well as standard hori- 
zontal motors, can be obtained. The former may be obtained with ring, four-leg, or 
tripod base. 

Sleeve bearings, wool-yarn-packed or oil-ring-lubricated, are standard for most 
horizontal machines. Ball bearings are standard on vertical and totally-enclosed motors, 
and can be obtained on other machines at extra cost. All motors can be obtained with 
pulleys and sliding bases for two-bearing belt drive. Gear motors are available in ratings 
from 1 to 5 Hp. with output shaft speeds of 13 to 600 r.p.m. 

Standard motors are of the open type, but splash-proof, totally-enclosed, fan-cooled, 
and explosion-proof (Class I, Group D conditions) motors also are available. 

WEIGHTS AND DIMENSIONS.—The N.E.M.A. has standardized mounting dimen- 
sions for various types of motors, indicating these dimensions by a series of frame numbers. 
These are used by all manufacturers for motors which have the standardized dimensions. 
The frame numbers and weights assigned to the various ratings of open and totally- 
enclosed, fan-cooled, 60- and 50-cycle, 110- and 220-volt single-phase motors are given im 
Table 13. The mounting dimensions corresponding to these frame numbers are giver 


in Table 14 and Fig. 7 for horizontal machines, and Table 15 and Fig. 8 for vertical 
machines. 


Table 12.—Typical Torque Values for Large Power, 60-cycle, Single-phase Motors 


Capacitor Fan Motors 


General-purpose Motors * |, 


reeironene . eee Torque Low Torque 

rp.m. Starting Breakdown Starting Breakdown Starting Breakdown 

Torque Torque Torque Torque Torque Torque 

Percent of Full-load Torque 

3600 300 200 220 125-150 40 125-150 

1800 300 200 220 125-150 40 125-150 

1200 275 190 185 125-150 35 125-150 

900 225 190 150 125-150 30 125-150 


* Repulsion-start-induction, repulsion-induction, or capacitor. 
Table 13.—N.E.M.A. Standardized Frame Sizes of Open and Totally-enclosed 
Fan-cooled, Single-phase Motors 
110 and 220 volts, 50 and 60 cycles 


Rey. per Min. Horsepower 
Poles | 50 Gyates | 60 Cycles |Z bt ab Vt 1 } 2 1 37h 5 Evia 
Frame Number * 
2 3000 3600 sate a3 ae 204 | 224 224 225 || 254 
4 | 1500 1800 sean f coolpie 200204 949957 re gas reese a Ieee 
6 1000 1200 34% 204 224 225° || 254 eee iat 
8 750 900 244) 225 th 258 slgS4 lo geciel ve 10 eee cai 
Approximate Weights in Pounds of Open, Horizontal, Single-phase Motors 

Frame No. | Motor Only Base Pulley | Frame No. | Motor Only Base Pulley 
204 80 20 1 225 135 25 Sh 
224 110 25 3 254 4 205 30 4 


* See Tables 14 and 15 for standard mounting dimensions, 
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Table 15.—Dimensions and Tolerances of N.E.M.A. Standardized Frames for 
* Vertical A.C. and D.C. Motors 


Solid Shaft.* Ring Construction. All dimensions in inches. See Fig. 8. 


Nore 1,—Available length of shaft extension for coupling hub must be at least two times the 
diameter. 


* Dimensions given also apply to hollow shaft motors, with the exception of AH, U, key dimen- 
sions, and Note 1. 


+ The tolerance for the AK dimension shall be: + 0.005 in., —0.000 in. 


COSTS.—Approximate costs of open, horizontal, 60- and 50-cycle, 110- and 220-volt, 
sleeve-bearing motors of the repulsion-induction or repulsion-start induction type are 
given in Fig. 9. Capacitor motors have a somewhat higher cost (increase ranges from 
5 to 75%). Brush shifting repulsion motors (1800/720 r.p.m.) have a cost approximately 
twice that of corresponding ratings of 1800 r.p.m. repulsion-induction motors. Special 
mechanical features increase the cost. 


4. POLYPHASE INDUCTION LARGE POWER MOTORS 


Standard horsepower and speed ratings of large power, polyphase induction motors 
are given in Table 16. Motors rated 200 Hp. or less, having a continuous time rating, 
and for use without restriction to a particular 
application are designated general-purpose 
motors. 

F 240 | 110 or 220 Volts - 3 to 5 Hp / | TYPES of polyphase induction motors in 
é 220 or 440 Volts - 73g and fe 4 general use are as follows: 

10 Hp f a. Squirrel-cage motors: 1. Class <A, 
normal torque, normal starting current; 
2. Class B, normal torque, low starting cur- 
rent; 3. Class C, high torque, low starting 
current; 4. Class D, high slip. 6. Wound- 
rotor motors. c. Multi-speed motors. d. Quiet 
operating motors. e. Crane and hoist motors. 
f. Elevator motors. g. Adjustable-speed 
brush-shifting motors. h. Adjustable vary- 
ing-speed brush-shifting motors. 

Squirrel-cage Motors.—The various types 
of squirrel-cage motors differ principally in 
their starting characteristics. Class A motors 
develop normal starting torque (Table 17) 

and draw a starting current of 6 or 7 times 

& alt: ation cnt Paty Se 30) ralleeed current. They have the highest 

efficiencies and power-factors, and the lowest 

Pee Cpractldsoag he eb Cost A een play e cost of all types, and meet the requirements 

ee de PTnddelicn, Mataea ese on A ets er he majority of applications. Although 

these motors are suitable for starting on full 

voltage, reduced voltage starting sometimes is required for motors rated 7 1/2 Hp. and 
larger to meet local starting current regulations. 


Approximate Cost in Dollars (Motor 
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Table 16.—Standard Horsepower and Speed Ratings of Large Power, 
Polyphase Induction Motors 


H Synchronous, Rey. per Min. 
P. 
60 Cycles 25 Cycles 
LU ee siete Ee ice sake 600 
OF hence ae ares Ae 720 600 jet wise Peake or ates 
Oo eae cite Sahn 900 720 600 rer 4 neu 750 500 
C/E, 1200 900 720 600 514 450 1500 750 500 


1 .... | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
11/| 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 

2 | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 

3 | 3600 | 1800 | 1200 | 900 | 720 | 600.| 514 | 450 | 1500 | 750 | 500 

5 | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
71/2} 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
10 | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
15 | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 730 | 500 
20 | 3600 | 1800 | 1200 | 900 | 720 | ooo | 514 | 450 | 1500 | 750 | 500 
25 |~3600 ] 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 15001 750 | 500 
30 | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
40 | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
50 | 3600 | 1800] 1200 | 900 | 720 | 600 | 514 | 450 [1500] 750 | 500 
60 | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
75 | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
100 | 3600 | 1800 [1200] 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
125 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
150 | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
200 3600 | 1800 | 1200 | 900 | 720 | 600 {514 | 450 | 1500 | 7507] 500 
250 3600 | 1800 | 1200 | 900 | 720.1 600°] 514 | 450 | 1500 | 750 | 500 
300 | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
350 | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
400 | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
500 | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
600 | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | 1500 | 750 | 500 
zoo | 3600 | 1800 | 1200 | 900 | 720 | 600 | 514 | 450 | .... | ... | cee 


800 3600 1800 1200 900 720 600 514 450 esters Jor eee 
900 3600 1800 1200 900 720 600 514 450 Meri SoG aoe 
1000 3600 1800 1200 900 720 600 514 450 Doce OG on 


1250 3600 1800 1200 900 720 600 514 
1500 3600 1800 1200 900 720 600 5oc 
1750 3600 1800 1200 900 720 ates 


2000 3600 1800 1200 900 ok: Be ce as piri 
Nore 1.—The 1500 r.p.m., 25-cycle ratings apply to squirrel-cage motors only. 
Norg 2.—The ratings above the heavy lines, are suitable for belt drive, while those below are 


for direct connection only. 
Nore 3.—Standard 50-cycle horsepower ratings are the same as for 60 cycles, but the speeds are 


5/g those of the 60-cycle speeds. 


Table 17.—Torques and Starting Currents of 60-cycle, Class A, Squirrel-cage 
Induction Motors 


514 


900 720 600 
Percent of Full-load Values 


Rev. per min.........2.2+2- 00% 
Se EEE 


i 110 105 

fin. starting torque. .......... 150 150 135 125 120 115 
nae pee aoea torque........ 200 200 200 200 200 200 200 200 
Typical starting current........ 780 710 | 660 570 520 500 500 500 


Class B motors are built with a high-reactance rotor winding, which limits the starting 
current to about 5 times full-load current. This allows the use of full voltage starting in 
some cases where reduced voltage starting would be necessary if a Class A motor were 
used. The starting torques are the same as for the Class A motors, but the power- 
factors and breakdown torques are slightly lower. ; 3 lg 

Class C motors, usually built with a ‘‘ double squirrel-cage rotor winding, combine 
high starting torque (200% or more) with the low starting current of Class B motors. 
Their power-factor, efficiency, and breakdown torques are all somewhat lower than for 


25-30 ELECTRIC MOTORS 


Class A motors. They are used on such applications, as reciprocating compressors which 
start under load, where high starting torque and good running characteristics are required. 


Class D motors, built with a high-resis- 
ee Tt 


Cay tance rotor winding, develop a high starting 


torque with low starting current, but have 
high slip at running speed and low efficiency. 
They are used principally for drives imposing 
rapidly recurring peak loads, and for drives 
involving a heavy starting duty, but light or 
intermittent. running duty. In the former 
case, a fly-wheel frequently is provided to 


8 


ad orgie 
3 


g equalize the load peaks. This type of motor 
= 150 should not be used to drive a continuous 
by steady load, as its efficiency is quite low. 
a Fig. 10 shows typical speed-torque curves, 
3 100 and Fig. 11 shows typical speed-current 
é curves of each of the four types of squirrel- 
cage induction motors. 
50 The Wound-rotor Induction Motor has 


an insulated 3-phase winding on the rotor, 
whose terminals are connected to three slip 
rings. Stationary brushes bear on the latter, 
Th aed er i A he aly ee. po aise through which the rotor circuit is completed 
= external to the motor. By inserting various 
Migs Seine g eRe ae Abe t es of 2 mounts of resistance in series with the rotor 
winding the torque and current characteristics 
of the motor can be varied as shown in Fig. 12. High starting torque thus can be obtained 
with very low starting current. With all resistance cut out, the characteristics of this 
motor are similar to those of the Class A squirrel-cage motors, but with somewhat lower 
efficiency. With suitable control, wound-rotor motors can operate continuously at reduced 
speeds down to: 50% speed, but the efficieney is reduced im proportion to the speed. At 
reduced speeds the motor has varying speed characteristics, t.e., a change in load results in 
considerable change in speed. Wound-rotor motors are used occasionally where the 
application requires a high ratio of starting torque to starting current (high torque effi- 
ciency), or where severe accelerating duty is involved. However, these motors are used 
principally on applications requiring an adjustable speed drive. They can be used 
economically for driving variable torque loads (centrifugal pumps, fans, etc.) at reduced 
speeds, but are not economical for continuous reduced speed operation of constant torque 
loads. 

Multi-speed Squirrel-cage Motors may be provided with: 1. A single stator winding 
which is connected to give either one of two speeds; 2. Two or more stator windings 
giving a corresponding number of speeds; 3. A combination of [1] and [2]. The single- 
winding motor is lowest in cost, and has the best characteristics, but it gives only two 
speeds having a ratio of 2:1. Two or more windings must be employed where more 
than two speeds, or other speed ratios, are required. 


ae ‘ Multi-speed motors may be elassified 
—— into three general types: a. Variable torque 
600 


motors have horsepower ratings at each speed 
proportional to the square of the speed 
(viz., 20/5 Hp., 1800/900 r.p.m.), and are 
used for driving centrifugal pumps, fans, and 
agitators; b. Constant torque motors have 
horsepower ratings at each speed directly 
proportional to the speed (viz., 30/20/15/10 
Hp., 1800/1200/900/600 r.p.m.), and are used 
for such applications. as. conveyors, stokers, 
i reciprocating compressors, printing presses, 
0 10 20 30 40 60 60 70 80 90 10 Md dough mixers; ec. Constant horsepower 


o , a 
ss 8 


to 
Ss 
Ss 


Percent of Fullsload Current 


Percent of Synchronous Speed . motors have the same horsepower rating at all 
Fia. 11. Typical Speed-current Curves of Squir- speeds (viz., 5 Hp., 1800/600 r.p.m.). Typi- 
rel-cage Induction Motors cal applications are lathes, boring mills, 


planers, radial drills, grinders, milling ma- 
chines, winches, and drag line scrapers. Multi-speed squirrel-cage motors may have 
electrical characteristics corresponding to Classes A, B, ©, or D, but in general the same 
characteristics are obtained at all speeds. 


QUIET-OPERATING MOTORS 


Multi-speed Wound-rotor Motors also are available. 
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Where speed adjustment (by 


varying the secondary resistance) is required on ‘all speeds, only two speeds:can be ‘obtained 


and these must have a ‘ratio of 2: 1. 
In many applications, speed adjust- 
ment is required on-only one ‘speed, 
in which case two-, three-, or four- 
-speed motors, having any synchron- 
ous speeds required, can be obtained. 


Except on the’speed which is to be 550 
‘adjusted, the rotor winding operates 

short-circuited as a squirrel-cage = 
motor. Typical applications of 450 


multi-speed wound-rotor motors 
‘include hoists for dragging and lift- 
ing service, conveyors, elevators, oil 
well pumps, ‘and rotary car dump- 
.ers. 

Quiet-operating Motors may be 
<of the ‘squirrel-cage (Class A, B, C, 
or D) or the wound-rotor type. There 


i7-] 


Ss 
Percent of Full-Load Torque 


Percent of Full-Load Current 


R 
r—) 


Torque 
-—--— Curren 


7 EY fe 


ds no apparent :difference in the con- 200 & 80 

struction of these motors and the \N 
standard motors, but ‘the details 40 60 i SRO TE 
of design, such as slot combination, RAN \| , 
‘uniformity of air.gap, and magnetic re aoe SENN MI 
flux density are given special con- 50-20) SSS 
sideration. Though more costly i fake eames nate PSN 
than standard motors, quiet-operat- 0 Sep IEP Te CET — 50 
ing motors often see used in such Percent of Synchronous Speed 
docations as office buildings, schools, Fic.12. Typical Speed-torque and Speed-current Curves 


cand hospitals, where noise must 
be kept to a minimum. The most 


of Wound-rotor Induction Motors 


common application of the quiet-operating motor is the driving of ventilating fans, 


Table 18.—N.E.M.A. Standardized Frame Sizes for Two- and Three-phase, 
General-purpose, Squirrel-cage Induction Motors 


Open type,* 60 cycles 


Speed, rev. per min. 


Hp. 3600. | 1800 | 1200 | 900 720 6000 [ue514. | 
Frame Number + 
F * 204 224 225 . ie 
a Boa (at) 175 | 254 | 284 | gaa ID 22), 
1 204 225 254 254 284 BPA sen'octta 
1ify | 10, 224 254 254 284 326 
2 228, 225 254 284 i) 
3 440, 254 284 324 404 
5 and 284 324 326 404 405 
7 Yee t>>” 324 326 365 404 405 444 
10 volts 326 404 405 444 445, 
15 404 405 444 445 504 
20 405 444 445 504 505 ee 
25 444t | 445 504 505 tn oe 
30 445¢ | 504 505 %, ae 
40 220, 504t 505 ee oor sue 
50 440, 50st) | fo. a F =i 
60 and Le he re es ¥ 
75 550 ¥ on hive per = ms 
100 volts ; ie <7 or ~, ee cA. 


3 3 j qd 
* The frame numbers given for 3600 r.p.m. motor of 2 to 71/g Hp. inclusive, and lower spee 
motors in frames 365 and smaller, also apply to totally-enclosed, fan-cooled motors. 
+ Standard mounting dimensions for these frame numbers are given in Figs. 7 and 8, and 


Tables 14 and 15. 


+ These frame numbers will apply also for 2200-volt motors. 
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Crane and Hoist Motors are available in both the squirrel-cage and wound-rotor types. 
The squirrel-cage motors are similar to Class D motors, having a high starting torque, 
low starting current and high full-load slip. The open motors are rated 30 min., 50° C. 
temperature rise, and the totally-enclosed motors are rated 15 min., 55° C. temperature 
rise. They are used mainly on the smaller hoists. The open type wound-rotor motors 
are rated 30 min., 50° C. temperature rise in sizes up to 40 Hp., and are rated 1 hour, 
50° C. temperature rise in the larger sizes. The totally-enclosed, wound-rotor motors are 
rated 30 min., 55° C. temperature rise in all sizes. All crane and hoist motors can be 
obtained with a shaft extension on both ends, one for the driving pinion or coupling, the 
other for a brake. In addition to crane and hoist duty, these motors often are used for 
such applications as bascule lift and swing bridges, rotary car dumpers, larry cars, coke 
pushers, and hydraulic gates. 

Single-speed Elevator Motors may be of the squirrel-cage or wound-rotor type. The 
former are similar to the Class D motors, having high starting torque and low starting 
current. They are available in ratings from 1 to 60 Hp. at speeds of 720 to 1800 r.p.m., 
and are intermittently rated, 30 min., 50° C. temperature rise. They are used on low- 
speed freight and passenger elevators, operating at a maximum car speed of about 150 ft. 
per minute. The squirrel-cage motor is most popular, and is used also on other applica- 
tions, such as skip hoists. 'The wound-rotor type is used occasionally, since it is suitable 
for a greater number of starts and stops per hour. 

Two-speed Elevator Motors also are available. They are either squirrel-cage or 
combination squirrel-cage and wound-rotor machines. The former may employ a single 
winding, giving a 2: 1 speed ratio, or separate windings in the same slots giving a speed 
ratio up to 6:1. A high-resistance rotor winding, giving Class D characteristics, is 
employed. These motors are available in ratings from 10 to 60 Hp., with a top speed 
of 1200 or 900 r.p.m., and are rated 1 hour, 50° C. temperature rise on the high speed. 
The combination squirrel-cage and wound rotor motor really consists of two motors, a 
high-speed (900 r.p.m.) wound-rotor motor and a low-speed (225 or 150 r.p.m.) squirrel- 
cage motor, built as a single unit. These motors are available in ratings of 20 to 75 Hp., 
and are rated 2 hours, 50° C. temperature rise on the high speed. Two-speed motors 
are used on elevators having car speeds up to 550 ft. per minute. Higher speed elevators 
usually require D.C. driving motors. The two-speed squirrel-cage motor is most popular, 
but the combination motor is suitable for more severe service (greater number of starts 
and stops per hour). 

Adjustable-speed Brush-shifting Motors are similar in construction to wound-rotor 
motors, except that the primary winding is on the rotor, the secondary winding is on the 
stator, and an additional adjusting winding, connected to a commutator, is provided on 
the rotor. Power is supplied to the primary winding through collector rings, and the 
secondary (stator) winding is connected to brushes which bear on the commutator. 
A means is provided for shifting the brushes around the commutator whereby the speed 


Table 19.—Frame Sizes for Two- and Three-phase, General-purpose 
Wound-rotor Induction Motors 


Open type, 60 cycles 
SS ee ea a a a 


Speed, rev. per min. 


Hp. 1800 [e200] 900 l 720 ] 600 
Frame Number * 

1 225 
11/2 “~ 254 Bee 110, 220, 440, 
2 225 254 324 Ae Le hae 
3 254 284 326 365 
5 284 404 
7/2 324 405 
10 326 444 
4B sa (220) 440,%ad 

504 pe) cone 
25 550 volts 
a 505 
40 ne: 


a = ; z= 5 
ane et 7 and 8 and Tables 14 and 15 for standard mounting dimensions for these frame 


t These frame numbers will also apply for 2200-volt motors. 
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adjustment is obtained. These motors can be obtained with a3:1or4: 
Fe : : 1 speed range, 
the top speed being 135 to 150% of synchronous speed. The motors are limited in patie 


to about 8 Hp. per pole (60-cycle motors) at the to : 
] p speed for 3 : 1 speed 
be obtained only for low voltage A a aa 


(550 volts and below) power supply. 
They are constant torque machines, 


S—= 


t.e., the horsepower output varies a B=2 2Za08 
directly with the speed. For any a eel 


given brush setting, the speed is 
essentially independent of the load. 
Though considerably higher in cost 
than wound-rotor or multi-speed £7s|_| 
squirrel-cage motors, they have the 7 


24 


advantages of a wide speed range T4p 

with an infinite number of speed oe 

points, good efficiency at all speeds, 19152 3 5 7.5 10 15 202530 40506075 100 150200 300400500 
and good speed regulation. Typical Horsepower Rating 


applications are textile machinery Fic. 13. Approximate Full-load Efficiencies of Class A 


(cloth calenders and finishing ma- porch eae. Teteou cami iao 
chines, sanforizing machines and cloth-printing machines), stokers, printing presses, small 
paper machines, and conveyors. 

Adjustable Varying-speed Brush-shifting Motors are similar to the adjustable speed 
machines, except that no adjusting winding is provided; instead, the single rotor winding 
is connected to a commutator. Brushes bearing on the commutator are supplied with 
power from the secondary of a transformer whose primary is connected in series with the 
stator winding. Speed adjustment is obtained by varying the position of the brushes. 
The motor has varying speed characteristics, the no-load speed being approximately 
50% above the full load speed. Capacities up to 15 Hp. per pole at the top speed can be 
obtained, with a speed range up to 3:1. Top speed is about 10% above synchronous 
speed. Either low- or high-voltage motors can be obtained. In some cases the stator 
winding is arranged for re-connection from delta to star, when going from the upper part 
of the speed range to the lower part. Higher efficiency and power-factor thereby are 
obtained in the lower speed range. - These motors have been used largely for driving large 
fans operating over a wide speed range. 


Operating Characteristics 


TEMPERATURE RISE.—The temperature rise of standard squirrel-cage (Class A, 
B, C, or D), wound-rotor, multi-speed, and quiet-operating motors, when operating under 
rated conditions, is 40° C. rise, measured by thermometer for open motors; 50° C. for 
splash-proof motors; 55° C. for 
totally-enclosed motors. Adjustable- 
speed brush-shifting motors usually 
are rated 40° C., when operating 
from maximum full-load speed down 
to 50% speed. They are rated 
50° C. when operating at lower 
speeds. Open motors rated 40° C. 
usually are given a service factor ‘of 
1.15; 7.e., manufacturers guarantee 
successful operation at 1.15 times rae 


rated load without injurious heat- AS fjA-/ 

ing, although the efficiency and 63 /| 

power-factor may be slightly dif- Pl Bes HH 
Ae CoA ie 


7 
ferent from the rated load values. 02523 BTS 10 15 20 25 30 40506075100 150200 300400500 


EFFICIENCY.—Typical full-load Horsepower Rating 
efficiencies and power-factors of fig. 14, Approximate Full-load Power Factors of Class 
‘standard Class A squirrel-cage induc- A Squirrel-cage Induction Motors 


tion motors are given in Figs. 13 and 

14 respectively. The efficiencies of Class B and Class C squirrel-cage motors and wound- 
rotor motors are somewhat lower, and those of Class D squirrel-cage motors considerably 
lower, than those of Class A squirrel-cage motors. The power-factors of Class B and C 
squirrel-cage motors also are somewhat lower than those of Class A motors. Adjustable- 
speed brush-shifting motors have efficiencies at the maximum speed slightly lower than 
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those of wound-rotor motors, but at reduced speeds their efficiencies are considerably 
higher than those of wound-rotor motors operating at reduced speeds. 

TORQUE AND STARTING CURRENT.—Minimum starting and breakdown torques 
and typical starting current of Class A, squirrel-cage motors are given in Table 17. Rela- 
tive values for the other classes of squirrel-cage motors are indicated by the curves of 
Figs. 10 and 11. 

As shown in Fig. 12, the starting torque and starting current of wound-rotor motors 
vary over a wide range, depending on the amount of external resistance in the rotor circuit. 
It is usual to start these motors with sufficient external resistance to give 100%, torque 
and current at standstill, the resistance beg short-circuited in steps as the motor comes 
up to speed. The minimum breakdown torque for wound-rotor motors is 200% of full- 
load torque. 

Adjustable-speed brush-shifting motors usually are started with the brushes: in the 
low-speed position. The starting torque then is 140 to 200% of full-load torque, and the 
starting current is 125 to 175% of top speed full-load current.. Their breakdown. torques 
vary between 140 and 200%, with the brushes in the low-speed position, and are not less 
than 250% with the brushes in the high-speed position. 

VOLTAGE VARIATION.—All polyphase induction motors should operate successfully 
at rated load and frequency at any voltage not more than 10% above or below normal, 
but not necessarily in accordance with the standards of performance established for 
operation at normal rating. The starting currents are approximately proportional to 
the applied voltage, and the starting and breakdown torques are approximately propor- 
tional to the square of the voltage. 


Table 20.—Frame Sizes for Two- and Three-phase, Squirrel-cage Induction Motors 
Totally-enclosed, 60 cycles, 550 volts or less 


i 
Tomepowes c.g aes rte ie ee eens reese DE ee! ee 5 
Frame Number * 
1800 r.p.m..... 204 224 254 284 326 365 405 504 
1200:r'p.mte sc. :| nce i) 204 225 254 324 365 404 444 504 
900 r.p.m.....| 204 224 225 254 284 324 365 404 444 504 


* See Figs. 7 and 8 and Tables 14 and 15 for standard mounting dimensions. 


Table 21.—Frame Sizes for Three-phase,. Two-speed, Single-winding, 
Squirrel-cage Induction Motors 
Open type, 60 cycles, 550 volte or less 


Variable Torque Motors Constant Torque Motors Constant Hp. Motors 


Hp. at Rey. per min. Hp. at Rey. per min. Rey. per min. 

; 3600 | 1800 | 1200] 900| _. 3600 | 1800 | 1200 | 900. 3600 | 1800 | 1200 | 900 
aa nase and | and | and } and High Low and ; and | and | and Hp, and | and | and | and 
peed | Speed | jg99 | 900 | 600 | 450 | SPeed | Speed | jg00 | 900 | 600 | 450 1800| 900 | 600 | 450 

Frame Numbers. (See Tables 14 and 15 for mounting dimensions.) 
PIL corclcaccchocczaloohdc.dcnh Aaa een etn 2 204 IWel.....]-....| 204 | 225 
9 0 eS AS RAS Te AE Poa TOE: I eo aes 
se debaetbigchat shins ch ovs'val obs eengah aA Gana AR Rea estgnee 204 | 224] a/sl.....}.....| 224 | 254 

Mah O:f2 Loca ctess stewie lhe 204 Pe tele ue Litre. Fo nev 224| 225 1/5)... 204 | 225 | 254 

Geb h tele vdtches «: 204.1224 |. S/gl— Be [ccc cel. .ue 224} 254) 3/gl..... 224 | 254 | 284 
1 "25 | 204 | 204 | 204 204 | 225 | 254) 1 | 204 | 225 | 254 | 324 
13/q| .37 | 204 | 224 | 224 224 | 254 | 284 |. 11/9] 224 | 254 | 284 | 326 
2 "50 | 224 | 225 | 225 225.| 254 | 324| 2 | 225 | 254 | 324 | 365 
3 "75 | 224 | 225 | 254 254 | 284 | 326 | 3 | 225 | 284 | 326 | 404 
5 1.2 | 225 | 254 | 284 284 | 326 | 365 | 5 | 254 | 324 | 365 |: 405 
7/_| 1.9 | 254 | 284 | 324 284 | 364 | 404 | 71/9] 284 | 326 | 404 | 444 
10 2.5 | 284 | 324 | 326 324 | 365 | 405 }10 | 324 | 365 | 405 | 445 
15 3.7 | 324.| 326 | 365 364 | 404 | 444 115 | 326 | 404 | 444 | 504 
20 5.0. | 326 | 364 | 404 365. | 405 | 445 |20 | 364 | 405 | 445. | 505 
5 6.2 | 364 | 365 | 405 404 | 444 | 504 }25 | 365 | 444 |, 504 
30 7.5 | 365 | 405 | 444 405 | 445 | 504 ]30 | 405 | 445 | 505 |..... 
40 | 10 | 404\ 444 | 445 444 | 504 | 505 | 40 | 444 | 504 |. ; 
sa} 12~—«| «405 | 445: | 504 445 | 505 |..... 50 | 445 | 505 ).....).... : 
60 15 | 444 | 504 | 505 ce Wa ae? 60 h 508}. sock doce. 
73 «=| 19 | 445:| 505 |..... 505 Pe siimebos cee 73. to| Seah cade, cuneal i 
100 25° | Sebihous. A. seek des HORS hSOE wiSO4 Wrabeehrnok lagu. a 


Cn ee es Ce aay 
ee es foie firs 
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Table 22.—Frame Sizes for Variable Torque Two- and Three-phase, Two-speed, 


Two-winding, Squirrel-cage Induction Motors 


1800-1200 r;p.m. 


Frame 

Hp No.* 
3/4- 0. 33 204 

1 S= 0.5 204 
11/g- 0.7 224 
22 e— 09 225 
Sr 03 254 
Dem e 2.2 784 
71/o- 3.3 324 
10 - 4.4 326 
De = 6.7 364 
20 - 8.9 365 
2a, yell 405 
30-13 444 

40 -18 


Open type, 60 cycles, 550 volts or less 


1800-900 r.p.m. 


Frame 

Hp. No.* 

3/q- 0.19 204 

1 —0,.25 204 
11/g— 0. 37 224 
2 -0.5 225 
3 =- 0.75 254 
Sy 2. 284 
Ji3/z- 1.9 324 
ee 326 
Wo Ps) yf 364 
20 -5 365 
25 = 6.2 405 
30 - 7.5 444 
40 -10 445 
: 504 


505 


1800-600 r.p.m. 
Frame 
Hp. No.* 
3/4-0..08 204 
1 -O.0 204 
1 1/g-0.17 224 
2 -0.22 225 
3 ‘-0.33 254 
5 |.-0.56 284 
7 1/2-0. 83 324 
10 -1.4 326 
iS 157 364 
20) 7 =2'52 365 
25 -2.8 405 
30 -3.3 444 
40 -4.4 445 
: .6 504 
/ 505 


1200-900 r.p.m. 

Frame 

Hp No.* 
1/o- 0.3 204 
3/4—- 0.4 224 

1 = 0.6 225 
11/o- 0.8 254 
2) ale 254 
3 om ALT 284 
oe ay Ay | 324 
71g- 4.2 326 
10 - 5.6 365 
15 - 8.4 404 
20 -11.3 405 
25 -14 444 
30 —-I7 445 
40 -22 504 
50 -28 505 


900-720 r.p.m. 


1200-720 r.p.m. 1200-600 r.p:m. 1200-400 r.p.m. 
Frame Frame | Frame 
Hp No.* Hp No.* Hp. No.* Hp port 
AMC ck Capen mee eatena Pisieter tee yee muete ait ecocene is res 1/3—- 0.22 | 224 
V/e- 0.2 204 Ve 0.12 ZO4 EW ortit ot sotaee noid I/o—- 0.32 | 224 
3/4—- 0.3 224 3/4- 0.19 LEA Ba trast Hate ae 3/4- 0. 48 225 
1 -0.4 225 1 -— 0.25 9 Ay Aa | (Pane Se rar ais 1 - 0.64 254 
11/g- 0.5 254 1 1/g—- 0.37 254 1 1/2-0. 17 254 1 1/e- 0.96 254 
oe Od. 254 5 Ji 254 2 -0.22 254 DR Wee Vee) 284 
ae | 284 3 0575. 284 3 -0.33 284 3° — 1.9 324 
5.) - 1.8 324 De al aed, 324 5 -0.55 324 3) ose 326 
7 1V/o- 2.7 326 7Ve- 1.9 326 7 1/o-0.83 326 7 1VWo- 4.8 365 
10 — 3.6 365 TO." 2:5 365 10 -1.1 365 10 - 6.4 404 
| ae ee 404 | Laff 404 | See) yf 404 1596 405 
20 — 752 405 20 -5 405 20 -2.2 405 20 -13 444 
235 -9 444 25, = 652 444 25 ~=2.8 444 25 -16 445 
30 -l1 445 30 —-75 445 30 3.3 445 30 «=-19 504 
40 -I5 504 40 —-10 504 40 -4.4 504 40 -26 505 
50-18 505 50 -12 505 50 -5.6 DOSE eekceie tare sieve Beans 
900-600 r.p.m. 900-450 r.p.m. 720-600 r.p.m. 720-400 r.p.m. 
Frame Frame Frame 
Hp. eo Hp No.* Hp. No.* Hp. No.* 
ee oe cet wo IGG ee ee * VW/s—- 0.17 224 S bisvedosateieve a 
1/z— 0.15 224 1/z— 0.08 224 1/3— 0.23 224) 7 talhema det at 
1/g— 0.22 224 I/o— 0.12 224 W/o- 0.35 D254 ll. CeRcrarsssincerst Re. 
3/4- 0.33 225 3/4—- 0.19 225 3/4- 0.52 254 8/4-0. 23 254 
Y .= 0.5 254 1 - 0.25 254 1 = 1057 254 1 -0.31 254 
1 1/g- 0.7 254 1 1/g- 0.37 254 1 1/o- 1 284 1 1/9-0. 46 284 
2 0.9 284 2 -0.5 284 2° = 104 324 2 -0.62 324 
5 eh 324 3 - 0.75 324 Si 2 ae) 326 3 -0.93 326 
Sse 22 326 5 -1.2 326 5 — 325 365 5 =185 365 
71g- 3.3 365 71/o- 1.9 365 7Vo- 5.2 404 7 1/2-2.3 404 
10 - 4.4 404 Opa 25 404 10 -7 405 10 -3.1 405 
15. -— 6.7 405 EP) nie Jae hk 405 15 —-10 444 15 -4.6 444 
20 - 8.9 444 20 -5 444 20 -14 445 20 -6.2 445 
Ee Al 445 Zope — One 445 25 -I7 504 25) = 7257 504 
300-13 504 DOM el 5 504 30-21 505 30 -9.2 505 


-10 


* See Tables 14 and 15 for standard mounting dimensions. 


base, may be-used in sizes above 1 Hp. per 
with a machined face on the drive end end 


Mechanical Features 


Large power polyphase induction motors usually are furnished with ifeet on the stator 
frame, and .end-shield type bearings, although pedestal type bearings, with or without 


r.p.m. The smaller motors also can be obtained 
-shield, or provided with a flange for bolting to 


the driven machine. Vertical motors, as well as the standard horizontal motors, can be 
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obtained. The former usually have a rin 
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obtained in the small sizes. 


Sleeve bearings, oil-ring 
bearings are standard on totally-en 


larger vertical motors. 


Table 23.—Frame Sizes of Constant Torque and Con 
Three-phase, Two-speed, Two-winding Squirrel- 


1800-1200 r.p.m. 


They can 


Open Type, 60 cycles, 550 volts or less 


Constant Torque Motors 


1800-900 r.p.m. 


1200-900 r.p.m. 


-lubricated, are standard for most horizontal machines. 

closed, and splash-proof motors, and on all but 

be obtained at increased cost on all motors. 
(Continued on page 25-38). 


g base, although a four-leg or tripod base can be 


Ball 
the 
Ball 


stant Horsepower, Two- and 
cage Induction Motors 


1200-720 r.p.m. 


Frame Frame Frame 
Hp. No.* Hp. No.* a No.* 
ee See Nesom) ie racecar c 1/3—, 1/5 224 
Wile cidctaide-e ates eT ree Re Fie 1/o- 3/10 224 
3/4- 1/2 204 3/4- 3/8 204 3/4- V2 225 
l= 2/3 224 SE: 224 iy = Use 254 
p= 224 1Yo- 3/4 224 11/2- 9/10 254 
Age) 225 2-1 225 2. - 1s 284 
3 -2 254 3 - 11/2 254 a 7 14l5 324 
Se sil/3 284 5 = 24/5 284 32 =43 326 
71\/e- 5 324 7 \/o- 33/4 324 71/2- 41/2 365 
10 — 62/3 326 10 —5 326 10 -6 404 
15 -10 365 15 -71/2 365 15 -9 405 
20 -13 404 20 -10 404 20 -12 444 
25 -I7 405 25 —-12 405 25 15 444 
30 -20 444 30 -I5 444 30 «~-18 445 
40 -27 445 40 -20 445 40 -24 504 
50 -33 504 50 -25 504 50 -30 505 
60 -—40 505 60 -30 BOS hl tne eared Nee stscaea ll genta tatvene 
Constant Torque Motors 
1200-600 r.p.m. 1200—400 r.p.m. 900-600 r.p.m. 
Frame Frame Fram 
Hp. No.* Hp. No.* Hp. No* 
Ee ne 2 eet) cp omrserc c I/e- l/g 204 
ates draista'a 3 cance erate Wa- Wg 224 
1/3- We 224. ||| BPRS Gena 1/3— 2/9 224 
VWo- 1/4 224. hee coments VWe- 1/3 225 
3/4- 3/8 225. "|! Ree couse oe: 3/4- V2 254 
1 - I 254 t = —/s 254 1 - 2/3 284 
11/o- 3/4 254 11/e- Ye 284 11e- 1 284 
Ye ag | 284 2 - 2/3 324 2 - 11/3 324 
3/8 324 30 — 326 te comp 326 
5 - 21/2 326 5 —- 12/3 365 5. = 3 Ys 365 
71/g- 33/4 365 71g- 21/2 404 7Yo- 404 
10 —5 404 10 — 31/3 405 10 — 62/3 405 
15 - 71/2 405 5-95 444 15 -10 444 
20 -10 444 20 — 62/3 445 20 -13 445 
25. -12 444 25 - 81/3 504 25 -I7 504 
30-15 445 30 -10 504 30 -20 505 
40 -20 504 40 —-13 5054 | Mitechaoetak 
50 -25 505) (|) Seeccmmeeirere DB Tie aeretereots 
Constant Horsepower Motors 
* 1800—600,| 1800-450, 1800-600,| 1800-450, 
1800-1200 br ie sont 1200-600, 900-450, 1800-1200 Sar asl 1200-600, poole! 
up. | mpm. | 1200200 900-600 | 600-450) pp. | F.P.m. 0-900) 900-600| 600-450 
Ee r.p.m. r.p.m. SEE r.p.m, Ep. rte 
Frame Number * Frame Number * 
1/6 224 224 5 324 326 404 444 
1/4 ane 224 225 7 V2 326 365 405 445 
1/3 sane 204 225 254 10 365 404 444 504 
1/9 204 224 254 284 15 404 405 445 505 
8/4 224 225 284 324 20 405 444 504 
1 225 254 284 326 25 444 445, 505 Hs 
1 1/2 254 254 324 365 30 445 504 sist 
2 254 284 326 404 40 504 505 
3 284 324 365 405 50 505 


* See Tables 14 and 15 for standard mounting dimensions, 
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bearings usually are grease lubricated, although oil lubrication. may be used on large 
high-speed motors and for the thrust bearing of large vertical machines. 

Motors which may be belted (flat belt) with two bearings are indicated in Table 16. 
Sliding bases and pulleys are available.. Larger ratings require an extended: base and 
shaft with an outboard bearing. Slide rails usually are: supplied for belt adjustment. 
With multiple V-belt drive, two-bearing construction.is suitable for ratings about 25 to 50% 
larger than with flat belt drive. One manufacturer 
offers a line of ‘‘ sound isolating ” bases for use with 
quiet-operating motors arranged for V-belt drive. These 
prevent or greatly reduce the transmission. of motor 
vibration through the: base to the building structure, 
where it. might. otherwise be amplified and’ become 
exceedingly objectionable. Their use is justified in 
locations where noise must be kept to. a minimum. 
Fie. 15. Approximate Dimensions Gear-motors are available in ratings up to about 
and Weights of General Purpose 75 Hp, with output shaft speeds of 13 to 600 r.p.m. 
eel oes eautecyaets be High-speed (1860 r:p.m. at 60 cycles), motorsiof either 

the squirrel-cage or wound-rotor type are employed. 

In addition to. the standard open type motors,. drip-proof, splash-proof,, totally- 
enclosed, totally-enclosed fan-cooled, andi explosion-proof (Class: I, Group. D or Class I, 
Group G conditions) motors are available. Totally-enclosed motors are available in 
sizes up to 5 Hp., and totally-enclosed fan-cooled in sizes. up to 400 Hp. (at 1800 r.p.m.). 
In the larger sizes, enclosed, self-ventilated, or enclosed, separately-ventilated motors 
must be used: where enclosed motors are necessary. 

WEIGHTS AND DIMENSIONS.—Frame numbers assigned to the various: types of 
continuously rated squirrel-eage and wound-rotor motors are given in Tables 18 to 24 
inclusive. Standardized mounting, dimensions corresponding to the various: frame 
numbers are given in Tables} 14 and 15 and Figs. 7 and 8.. Approximate net weights are 
given in Table 26. 

Approximate weights and overall dimensions of squirrel-cage motors built in larger 
frames than those having standardized dimensions are given in Table 24 and Fig. 15. 

COSTS.—Approximate 1936 costs of open, horizontal, sleeve-bearing, 60-cycle, 
squirrel-cage induction motors: (Class A) are given in Fig. 16. Other types are more 
costly, the approximate percentage increase over the cost of Class A motors beimg as 
follows: Squirrel-cage, Class B, 0 to 10%; squirrel-cage, Class C, 5 to 15%; squirrel- 
cage, Class D, 30 to 50%; wound-rotor, 30 to 150%; quiet-operating squirrel-cage, 15%; 
quiet-operating wound-rotor, 25%.. 

Special mechanical features increase the cost approximately as follows: Ball bearings, 
5%; sliding base, 5 to 15%; pulley, 2 to.5%; splash-proof motors. (ball bearing), 7 1/9 
to 15% over ball-bearing motor; totally-enclosed fan-cooled (ball bearing), 40 to 80% 
over ball-bearing motor; explosion proof (Class I, Group D conditions), 50 to 100% over 
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Fie. 16. Approximate 1936 Costs of Open Horizontal Sleeve-bearing 60-cycle Squi 
cage Induction Motors, Class A - ey pleural 
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ball-bearing: motor; enclosed, separately-ventilated, 20%; enclosed, self-ventilated, 
40%; vertical, solid shaft, no thrust, 20 to 40%. 


5. POLYPHASE SYNCHRONOUS LARGE POWER MOTORS 


Standard horsepower and speed ratings of large power, polyphase, synchronous motors 
are given in Table 27. 

TYPES in general use are as follows: a. High-speed motors; 1. General purpose; 
2. Large high-speed. 6. Low-speed motors; c. Special high-torque motors. 

High Speed Motors are those operating at speeds of 500 r.p.m. or higher. The general 
purpose group includes those rated 200 Hp. or less with speed ratings of 500 to 1800, r.p.m. 
inclusive. The large high-speed group includes motors rated 250 Hp. or more, and all 
2.pole ratings. The former have somewhat higher torques (see Table 28), but) otherwise 
both groups have similar characteristics. High-speed’ synchronous motors have somewhat 
the same field of application as general purpose squirrel-cage induction motors; but their 
use is: confined largely to. ratings of 50 Hp. or above. Except in the large sizes,, the 
synchronous motors are more costly than the induction; motors, but their high efficiency 
and unity or leading power-factor frequently justify their use: Typical applications 
include: Pumps; motor-generator sets; fans; blowers; reciprocating and centrifugal 
compressors; rubber mills; line shafts. 

Low-speed Motors are those operating at speeds of 450-r.p:m: or below. In general, 
these have lower costs than corresponding ratings, of, induction motors, as. well as higher 
efficiencies and unity, or leading, power-factor. Typical applications:include: Recipro- 


Table 26.—Approximate Weights of Polyphase Induction Motors 
5 Built in N.E.M.A. Standardized Frames 


Approximate Weight, lb. Approximate Weight, lb. 


Squirrel-Cage- Squirrel-Cage 
Frame Totally | Wound- Frame Totally | Wound- ; 
No. Enclosed,| rotor, | Base | Pulley No. Enclosed, | rotor, | Base | Pulley 
Open |" Fan- Open Open |" Fan- Open 
cooled cooled 
204 70 rs 20 11/4 450 675 525 90 21 
224 100 140 120 25 2.3/4 550 800 700 100 28 
225 110 150 135 25 23/4 625: 875 750 105 28 
254 150 200 170 30 31/2 800 1100 900 125 40 
284 200 275 235 35 5 875 1200 1000 130 40 
324 300 350 310 45 8 1/2 1050 1400 1225 160 47 
326 350 425 370 50 15 1225 1600 1400 170 84 
364 425 600 500 75 SE, dey taconerdlt ol petra Well he oh recueal Gilleceevid syed Flor b oarere dha rtee 


Table 27.._Standard Horsepower and Speed Ratings of Large Power 
Polyphase Synchronous Motors 


Horsepower Ratings, High- and Low-speed Motors 


20 40 75 150 225* 350 500 800 1250 2000 3000 4500 
25 50 100 175* 250 400 600 900 1500 2250 3500 5000 
30 60 125 200 300 450 700 1000 1750 2500 4000) acer 


Speed Ratings 
Low-speed Motors 
No. Cycles Nos Cycles 
of 60y 5025, of 60 | 50 25 
Poles} Rey. per Min. Poles} Rey. per Min. 


BP Rinetekeitieheie.e is 375°} 226. | 277°) 234 | 115 
USS dice fooran 300 | 28 | 257 | 214 | 107 
TZ sm Ped veraysil avose rere 250 |: 30, | 240 | 200 | 100 
Le orcad 428 | 214-]| 32 | 225 | 188 94 
16 1.450))|) 375) || 188) [36 |, Z00) | 167 83 
18 | 400 | 333 | 166 | 40 | 180) 150 75 
20 | 360 | 300 | 150 | 44 | 164] 136]..... 
22 -\0 3275 /273s\t 136) |W 48,. ? 15021925. 20. 
SONGS BA USO. Sorel tis 


* Tow xpeed motor only. 


High-speed Motors 
No, Cycles 
of: |,.60 | 50 |, 25 

Poles |" Rey. per Min. 


2 | 3600| 3000] 1500} 
4 | 1800}]1500} 750 
6 | 1200} 1000) 500 


ple asic sere e Ped © eres 6) es 
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cating compressors; reciprocating, centrifugal and screw type pumps; Jordan engines; 
ball mills; metal rolling mills; electroplating generators; line shafts. ‘ ‘ 

High-torque Motors.—Synchronous motors can be obtained with sufficient starting 
torque for any application and with moderate starting current. To meet the require- 
ments of high starting torque with very low starting current several special types of 
synchronous motors are available. 


The super-synchronous motor offered by one manufacturer is of conventional con- 
struction except that the stator as well 


as the rotor is mounted on bearings 
and a brake is provided which can be 
applied to prevent the stator from 
rotating. In starting the motor the 
brake is released, and the stator comes 
up to speed in reverse rotation while 
the rotor and connected load remain 
stationary. After the motor has been 
synchronized the brake is applied, 
gradually bringing the stator to rest, 
the rotor simultaneously accelerating 
the load up to speed. Thus the full 
synchronous pull-out torque of the 
motor is available for starting the 
load, and the current drawn from the 
line, in percent of full-load current, 
is essentially no greater than the 
percent starting torque required. Accurate control of the rate of acceleration of the 
load also is obtained. 

The synchronous induction motor is essentially a wound-rotor induction motor which 
starts in the normal manner, but after it is up to speed direct-current excitation is applied 
to the rotor winding. This causes the motor to pull into step and operate as a synchro- 
nous motor. Thus the high starting torque with low starting current of the wound-rotor 
induction motor is obtained. Disadvantages of this type of motor are that its efficiency 
is somewhat lower than for other types of synchronous motors, and a high-current, low- 
voltage exciter is required for excitation. 

Synchronous motors with phase-wound amortisseur windings are also available. 
These have the usual salient-pole field, but the amortisseur or starting winding, instead of 
being of the squirrel-cage type, is insulated, phase-wound and brought out to collector 
rings through which the circuit may be completed external to the motor. In some cases 
these motors are built with a revolving armature and a stationary field, eliminating the 
necessity for collector rings for the field or amortisseur winding, but requiring collector 
rings for the A.C. armature winding. In either case the motor is started with a high 
resistance in the amortisseur winding circuit, which is short circuited in steps as the motor 
comes up to speed. Thus high starting torque with relatively low starting current is 
obtained. 

All of these special types of synchronous motors are considerably more costly than the 
conventional type, and are justified only in particular applications involving severe 
starting duty and low starting current. 


[_ [Note:- For machines furnished with shaft and i 
bearings the full-load efficiency will be il 

| approximately 0.5 percent lower. 

| Dotted curves represent 2200 volt | 
motorg In lower Hp range- 


MMOL 
Vie Za CT 
A Via CCT 


bay 30 405060 80100 150200 300400 600 1000 2000 3000 6000 
Horsepower Rating 


Fic. 17. Approximate Full-load Efficiency of Low-speed 
Synchronous Motors 


Operating Characteristics 


POWER-FACTOR.—Standard power-factor ratings of synchronous motors are unity 
and 0.8 leading, but motors rated at leading power-factors down to 0.2 are available. 
The unity-power-factor machines are least costly and have the highest efficiency, but the 
leading power-factor machines often are justified where additional leading kva. is required. 

TEMPERATURE RISE.—The temperature rise of standard open-type, unity power- 
factor, high-speed synchronous motors is 40° C., measured by thermometer, for the 
armature winding, and 50° C., measured by resistance, for the field winding; for leading 
power-factor, high-speed motors it is 40° C., by thermometer, for the armature winding 
and 60° C. by resistance, for the field winding. Splash-proof motors are rated 50° C. 
rise by thermometer, for the armature winding, and 60° C. rise, by resistance, for the 
field winding. The temperature rise of standard open-type unity- and 0.8-power-factor 
low-speed synchronous motors is 50° C., by thermometer, for the armature winding and 
60° C., by resistance, for the field winding. 

Like general purpose induction motors, high-speed synchronous motors rated 40° C. 
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usually are given a service factor of 15% i. e., they may be operated at 1.15 times rated 
lcad without injurious heating. 

EFFICIENCY.—Typical full-load efficiencies of unity-power-factor high-speed motors 
are given in Table 28 and of low- “05 


speed synchronous motors in Fig. a oe ee a | a 

17. Efficiencies for machines sup- my 0 Mal 

plied without bearings do not «4% 0 LY aj 
include windage or friction losses. £ 3 60 ie 
Motors rated 0.8 power-factor {= 50 HAH, mea ine 
have efficiencies ranging from 0.5% BS 40 Fa 

to 4% lower than for unity power- 34 bad Pit - | 

factor machines. ~ ee Zon 

A synchronous motor operat- ie 


0 
0 10 20 30 40 50 60 70 80 90 100 


ing at full-load with rated exci- Parser tioh steal Weseroper ted 


tation delivers leading reactive 


kva. to the power system. The 
value is determined by Fig. 18. Power Factor Relations of Synchronous Motors 


0.746 Hp. rati 
Seve ee: TOE on er Pow? 


~ Efficiency X Power-factor 


Hp.Rating 
Full-load Ba, x P-f. Rating 


* Rated Kv-a = 0.746% 


When operating at partial loads, with rated excitation maintained, the power-factor 
becomes more leading, and more leading kva. is supplied to the system. See Fig. 18. 

TORQUE.—Minimum values of starting, pull-in, and pull-out torques for general- 
purpose, large high-speed, and low-speed synchronous motors are given in Table 29. 
The pull-in torque of a synchronous motor varies with the fly-wheel effect (WR?) of its 
connected load; the higher the WR?, the lower the load which the motor is capable of 
pulling into synchronism. The values of pull-in torque given in Table 29 are based on 
loads having a normal WR*. However, motors with considerably higher starting, pull-in, 
and pull-out torques can be obtained, though usually at increased cost. 


Table 28.— Approximate Full-load Efficiencies of General Purpose and Large High- 
speed Synchronous Motors 


Unity Power-factor, 3-Phase, 60 Cycles 


Revolutions per Minute 


Hp. Voltage 54a | 00 eee |e 7 20d | a 00 unl 1200 ul Ege S00 
Approximate Full-load Efficiency 

20 220, 440, 550 88.3 89.0 89.4 

2200 86.5 87.5 87.8 

25 220, 440, 550 86.5 25} 88.9 89.6 89.8 

2200 85.4 ai 87.7 88.4 88.8 

30 220, 440, 550 87.2 a9) 89.4 90 90.3 

2200 86.5 88.5 89.1 89.4 

40 220, 440, 550 88.2 .8 90.1 90.6 90.9 

2200 87.8 oe 89.6 90.1 90.4 

50 220, 440, 550 88.9 .6 3 90.6 91.2 91.4 
2200 88.8 7) .8 90.3 90.8 91 

60 220, 440, 550 89.5 al .6 De 91.5 CN 2/ 

2200 89.4 .8 Be 90.8 O13 91.4 

75 220, 440, 550 90.2 .8 nil 91.5 92 92.1 

2200 7) a} al 91.4 91.8 91.9 

100 220, 440, 550 91.4 O18 92.1 92.5 92.6 

2200 4 91.8 92.1 925 9255 

125 92.2 92.5 92.9 92.9 

150 92.6 92.9 93.1 9322 

200 93.1 93.4 93.6 93.6 

250 93.6 93.7 93.9 93.9 

300 .8 94 94.1 94.2 

350 ait 94.2 94.3 94.3 

400 “3 94.4 94.5 94.5 

450 ae) 94.6 94.6 94.6 

500 .6 94.7 94.8 94.8 
600 wy 95 95 95 

700 all Ib}, 92 95.1 95.1 

800 5 9553 95.3 3 

900 4 95.4 95.4 .4 

ap) 95.6 9500 5 


1000 
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Table 29.—Minimum Starting, Pull-in, and Pull-out Torques 
of Standard Synchronous Motors 


Unity Power-factor 0.8 Power-factor 


i netg Range, Torque, % of Full-load Torque Torque, % of Full-load Torque 
Shae Starting | Pull-in* | Pull-out | Starting | Pull-in* | Pull-out 


General Purpose Motors 


STFAIZOO Myo Sey es 110 110 175 125 125 | 250 
110 150 125 125 200 


Large High-speed Motors 


514-1800 200-500 ahs ‘= 125 125 200 
514-1800 250-500 110 110 
514-1800 600 and over 85 


Low-speed Motors 
Te iiictte ee) ||| “die oaiays-ote ele 30 | 140 


* Based on normal load WR?. 


STARTING CURRENT.— -voltage starting currents range from 500 to 800% for 
high-speed motors, and from 250 to 500% for low-speed motors. 

VOLTAGE VARIATION.—AII synchronous motors should operate successfully at 
rated load and frequency at any voltage not more than 10% above or below normal, but 
not necessarily in accordance with the standards of performance established for operation 


Fre. 19. Dimensions of High-speed Synchronous 
Motors. See Table 30 


Table 30.—Approximate Weights and Dimensions of High-speed Synchronous Motors 
Unity Power-factor, Open Type, 60 Cycles. Dimensions in inches. See Fig. 19 


Approx. Approx. | Approx. ; 
Bee | We tt |) Son ie: pee ee ge SO |? we a elles | ° | x 
1800 r.pm. 1200 r,p.m. 900 r.p-m. 
50 6 oP.ed] S108. | .. | W600 | 464560] 255125 | 1800 [oe8s] 63 | 29.1 99 
60 wees Qh eed] oo foe. |). [ reoo! | 46 }s60 | 25%) a5 | | 2108 }o50 Pes | g9 eas 
75 1750 | 48'| 60 | 29} 29| 1700 | 48] 61 | 29] 29] 2100 | 50:1 65 | 201 29 
100 1750 | 48 | 60 | 29 | 29| 2000 | 50] .65| 29] 29} 2400 | 52 | 67 | 32] 31 
125 2000 | 52] 63 | 29 | 29} 2400 | 52,|.67 | 321 31 | 2900 | 571 72| 32] 31 
150 2200 | 52) 63 | 29| 29] 2000 | 50] 65 | 29| 29| 2900 | 57 | 72] 32 | 31 
200 2000 | 50} 65 | 29| 29] 3200 | 61'| 77] 32] 34 | 3200 |.61-| 77 | 32 | 31 
250 3600 | 60] 71 | 33 | 31] 3000 | 55) 70 | 32) 31 | 5800 | 701 .84| 45 | 44 
300 4500 | 60'| 75 | 40| 39] 4500 | 60|.75| 40) 39| 5800 | 70:| 84| 45 | 44 
350 5000 | 62| 77| 40| 39] 4500 | 60 |75| 40| 39| 6700 | 71 | 87 | 45 | 44 
400 5000 | 62| 77| 40| 39] 5000 | 62} 77| 40) 39| 6700 | 71 | 87| 45 | 44 
S450 5500 | 80 | 65| 40 | 39} 5500 | 80| 65 | 40| 39] 7300 | 73189 | 45 | 44 
500 5500 | 80 | 65 | 40 | 39} 5500 | 80/65 | 40| 39] 7300 | 73:1 89 | 45 | 44 
720 r.p.m. 600 r.p.m. 514 r.p.m. 
50 2100 | 80| 65] 29] .29| 2,400 | 52] 67) 32) 31 
60 2400 | 52| 67 | 32| 31] 2,400 | 52] 67] 32) 31: 
75 b4og | 1152'| 67592 | BT P Zeno! By heg2 | 32s ald |) eee 
100 2900 | 57 | 72) 32} 31 | 3,200 | 61 | 77 | 32) 31| 3,200 | 61 | 77 | 32) 31 
125 2900 | 57 | 72] 32] 31 | 3,200 | 61 | 77 | 32] 31] 4,800 | 621 78 | 51| 50 
150 4500 | 62] 78| 46] 45) 4,800 | 62| 78] 51| 50] 5\800 | 57/75 | 56 | 54 
200 4800 | 62 | 78 | 51 | 50| 6,300 | 67 | 83| 51) 50] 5,800 | 57,1 75 | 561 $4 
250 6300 | 67 | 83 | 51 | 50] 6,300 | 67 | 83| 51| 50| 7,500 | 62| 82 | 56 | 34 
300 6300. | 67 | 83 | 51 | 50| 7,500 | 62| 82| 56| 54] vi000 | 68| 83 | 56 | 94 
350 7000. | 68 | 82| 51 | 50] 7,500 | 62| 82] 56] 54] p000 | 68| 88 | 561 34 
400 7000 | 68 | 82] 51 | 50| 9,000 | 68 | 88 | 56) 54] 9.000 | 681 a8 | 56 | 34 
450 8300 | 67 | 86) 51 | 50} 9,000 | 68 | 88 | 56) 54] 10,200 | 701 90 | 56| 34 


500 8300 67.| 86 | 51 | 50 | 10,200 70 | 90 | 56 | 54 | 10,200 70 | 90 | 56 | 54 
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at normal rating. Their starting currents and pull-out torques are approximately pro- 
portional to the applied voltage, while their starting and pull-in torques are approxi- 
mately proportional to the square of the voltage. Their pull-out torques also are 
approximately proportional to the excitation current. 


Mechanical Features 


High-speed synchronous motors usually are furnished with feet on the stator frame 
and end-shield-type bearings. Pedestal-type bearings, with or without, base, may be 
used im sizes above 1 Hp. perr.p.m. A direct-connected exciter often is supplied. This 
is overhung on an extension of the motor shaft on the collector ring end’ (opposite the drive 
end). The exciter frame is bolted to the corresponding end-shield,, or is supported from 
the base of pedestal bearing machines. i 

Low-speed synchronous motors commonly are supplied without base, shaft or bearings, 
the rotor being mounted directly on the shaft of the driven machine. In this, case, a 
completely split rotor spider, or split hub spider, may be supplied to facilitate assembly 
at the installation. Foundation caps usually are provided for support of the stator frame. 
A shaft, pedestal-type bearings, and base or sole plates are provided where a self-contained 
unit is required. 

Direct-connected exciters seldom are used with low-speed synchronous motors, since 
higher speed belt- or motor-driven exciters are more economical. 

Sleeve bearings, oil-ring-lubricated are standard for most horizontal synchronous 
motors, although grease-lubricated ball bearings can be obtained at increased cost. 
Vertical motors usually are furnished with ball bearings in the smaller sizes, and oil- 
lubricated plate-type bearings in the larger sizes. 

The horsepower limits for two-bearing belt: drive are essentially the same as for 
induction motors (Table 16). Pulleys and sliding bases are available. Vertical syn- 
chronous motors, as well as the standard horizontal machines, can be obtained. 

In addition to the open motors, drip-proof, splash-proof, totally-enclosed fan-cooled, 
enclosed self-ventilated, and enclosed separately-ventilated motors are available. 

WEIGHTS AND DIMENSIONS.—Approximate overall dimensions and net weights 
of high-speed synchronous motors are given in Table 30 and Fig. 19. Low-speed syn- 
chronous motors generally are specially designed for the particular application, with 
resultant wide variation in weights and dimensions for each rating. 


is ase shel Vreletr Ts bocke wlesehteler blind 
bductt Heed Unity Power-Factor, 220, 440, 550, & 2200 Volt. Lope bod 


roo[ [sete FT 
12000 
Sa 009s era ene can 
: Fete lat 


= 


OO 30 4065060 75 100 150200 300 400500 700 1000 1500 2000:3000 4000 
Horsepower Rating 


Fie, 20. Approximate 1986 Costs of High-speed Synchronous Motors 


COSTS.—Approximate costs of open, horizontal, unity-power-factor high-speed syn- 
chronous motors, furnished with shaft and two. bearings are given in Fig, 20. Special 
features increase the cost approximately as follows: 0.8 power-factor, 17%; 4000-yolt 
(75 Hp. and larger), 7 1/2 %; 6600-volt (400 Hp. and larger), 17 to 30%; ball bearings, 
10%; drip-proof covers, 57%; enclosed self-ventilated construction, 40%; enclosed 
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separately ventilated 
construction, 10%; 
splash proof  con- 
struction, 15%; to- 
tally-enclosed  fan- 
cooled construction, 
125 to 150%; ver- 
tical construction, 40 
to 65%. 
Approximate costs 
of open, horizontal, 
unity-power-factor 
low-speed synchro- 
nous motors fur- 
nished without base, 


Unity Power Factor, 220, 440, 550, & 2200 volt. 
3-phase, 60 cycle, Open Horizontal Machines, 
Furnished Without Base, Shaft or Bearings. 


10000 


Approximate Cost in D. 
a 
s 
= el 
csi 
Peet haa 
ERRREEM 


\\ 


Bee =a8 y shaft, or bearings, 

3000 patsile ay ll Se but with foundation 
pier hab Ph caps are given in Fig. 
See S22 ae 21. Special features 


Senin 
pap weed ary pile Foren fried tang ee increase the cost as 


20 30 40 506075 100 150 200 300 400500 700 1000 15002000 3000 5000 follows: 0.8 power- 


Horsepower Rating factor, 20%; 4000- 
Fig. 21. Approximate Costs of Open, Horizontal, Unity-power-factor, volt (75 Hp. and 
Low-speed Synchronous Motors larger), 5 to 10%; 


6600-volt (400 Hp. 
and larger), 17 to 30%; split rotor, 2 to 5%; split stator, 7 1/2 to 15%; shaft and two 
bearings, 30%; base, shaft, and two bearings, 35%; ball bearings, 10%; splash-proof 
construction, 15%; vertical construction, 70%. 


6. DIRECT-CURRENT LARGE POWER MOTORS 


The following types of large power, direct-current motors are in general use: 

a. General purpose constant speed motors; 6. Adjustable speed motor; c. Large 
direct-current motors; d. Fan motors; e. Crane and hoist motors; f. Mill-type motors; 
g- Metal rolling mill motors; A. Elevator motors; 7. Low-speed, engine-type motors. 

General Purpose Motors.—Standard horsepower and speed ratings for general pur- 
pose constant speed motors are givenin Table 31. These motors are available with shunt, 
series, or compound-wound field windings. The shunt-wound motors have the lowest 
speed regulation (change in speed with change in load), are lowest in cost and have the 


Table 31.—Standard Horsepower and Speed Ratings for General Purpose 
Constant Speed D.C. Motors 


Ratings above the horizontal lines are suitable for two-bearing belt drive 


Hp. Full-load Speed in R.p.m. 
iY Dinamaeel ie See 850 | 690 | 575 | 500 | 450 | 400 | 350} 300} 250 | 200 | 150] 100 


3/4] .... | .... | 1150 | 850 | 690 | 575 | 500 | 450 | 400 | 350 | 300 
1 .... | 1750 | 1150 | 850 | 690 | 575 | 500 | 450} 400 | 350 | 300 
11/2} 3500 | 1750 | 1150 | 850 | 690 | 575 | 500 | 450 | 400 | 350 | 300 
2 3500 | 1750} 1150 | 850 | 690 | 575 | 500 | 450 | 400 | 350 | 300 
3 3500 | 1750 | 1150} 850 | 690 | 575 | 500 | 450 | 400 | 350 | 300 
5 3500 | 1750 | 1150 | 850 | 690 | 575 | 500 | 450 | 400 | 350 | 300 
71/2 | 3500 | 1750 | 1150 | 850 | 690 | 575 | 500 | 450 | 400 | 350 | 300 
10 3500 | 1750 | 1150 | 850 | 690 |} 575 | 500 | 450 | 400 | 350 | 300 
15 3500 | 1750 | 1150 | 850 | 690 | 575 | 500 | 450 | 400 | 350 | 300 


250 | 200 | 150 | 100 
250 | 200 | 150 | 100 
250 | 200 | 150 | 100 
250 | 200 | 150 | 100 
250 | 200 | 150 | 100 
250 | 200 | 150 | 100 
250 | 200 | 150 | 100 
250 | 200 | 150 | 100 
250 | 200 | 150 | 100 


20 1150 | 850 | 690 | 575 | 500 | 450 | 400 | 350 | 300 | 250 | 200] 150} 100 

25 1150 | 850 | 690 | 575 | 500 | 450 | 400 | 350 | 300 | 250 | 200 | 150] 100 

30 1150 | 850 | 690 | 575 | 500 | 450 | 400 | 350 | 300 | 250 | 200] 150 

40 1150 | 850 | 690 | 575 | 500 | 450 | 400 | 350 | 300] 250} 200} 150 

50 1150 | 850 | 690 | 575 | 500 | 450 | 400 | 350 | 300 | 250] 200 100 

60 1150 | 850 | 690 | 575 | 500 | 450 | 400 | 350 | 300} 250 100 

75 850 | 690 | 575 | 500} 450 | 400 250 100 
100 850 | 690 | 575 | 500 | 450 | 400 100 
125 850 | 690 | 575 | 500 | 450 | 400 100 
150 690 500 | 450 100 
200 690 
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widest application. The compound-wound motors have somewhat higher speed regula- 
tion, and are used on loads requiring high starting torque, and on those subject to torque 
pulsation. Series-wound motors have very high speed regulation, and should not be 
used with belt drive or on any load in which the torque might drop below 15% of full- 
load torque, since a dangerously high speed would be developed. Series motors are used 
on loads requiring a very high starting torque or severe accelerating duty, and where 
high speed regulation is advantageous or of no consequence. 

Shunt-wound constant speed motors, having a full load speed of 1750 r.p.m. or below, 
usually can be operated at some increase in speed, without increase in horsepower, by 
inserting a resistance in series with the field winding. ‘The maximum increase in speed 
permissible varies from about 10% for the higher speed ratings to 100% for the lower 
speed ratings. Speed variation by shunt field control generally is not advisable on com- 
pound-wound motors, since, with a weakened field, the motor characteristics approach 
those of a series motor and high speed regulation results. ‘ 

Adjustable Speed Motors are shunt-wound machines, designed particularly for 
adjustable speed operation by varying the strength of the shunt field. Standard horse- 
power and basic (minimum) speed ratings are the same as for the constant speed motors 

(Table 31). Speed ranges (ratio of maximum speed to basic speed) of 3:1 and 4:1 are 
standard, although motors having a speed range of 6 : 1 can be obtained at increased cost. 
In any case, the maximum speed usually is limited to the values shown in Table 32. 
Three different horsepower ratings may be given to adjustable speed motors: 1. A stand- 
ard continuous horsepower rating over entire speed range, with a temperature rise of 
50° C. from basic speed to 150% of basic speed, and a temperature rise of 40° C. from 150% 
of basic speed to the maximum speed. 2. A standard intermittent horsepower rating 
over the entire speed range, with a temperature rise of 50° C. in 1 hour. 3. A tapered 
rating consisting of a certain standard horsepower from basic speed to 150% of basic 
speed, the next larger standard horsepower at 3 times basic speed and higher, and a horse- 
power varying along a straight line from the lower value to the upper value as the speed 
-varies from 150% of basic speed to 3 times basic speed. The temperature rise is 50° C. 
continuous from basic speed to 150% of basic speed, and 40° C. continuous from 150% 
of basic speed to maximum speed. 

In general, a motor rated in accordance with [1] will have the same cost as a motor of 
the next larger horsepower rated in accordance with [2], and the same cost as a tapered 
rating motor whose lower horsepowér is the same. Adjustable speed D.C. motors are 
used most extensively on machine tools. 

Large D.C. Motors.—Standard horsepower rating of these motors are as follows: 
250, 300, 350, 400, 500, 600, 700, 800, 900. 

Standard speed ratings, in r.p.m., are: 1150, 850, 690, 575, 500, 450, 400, 350, 300, 
250, 225, 200, 175, 150, 125, 110, 100. These speed ratings apply to all standard sizes 
of large D.C. motors, excepting that 500 Hp. is the largest size to which the 1150 r.p.m. 
rating applies. These motors may be constant speed or adjustable speed (constant 
_ horsepower). The maximum speed range varies from 5:1 for the smaller and lower 
speed ratings, to about 1 1/2 : 1 for the larger and higher speed ratings. Typical applica- 
tions include pumps, fans, rubber mills and paper mills. 

Crane and Hoist Motors normally are series-wound, totally-enclosed machines, and 
are rated 15 minutes, 55° C. temperature rise, or 30 minutes, 55° C. rise. Standard ratings 
range from 1 to 50 Hp. at speeds of 500 to 1500 r.p.m. Shaft extensions at both ends, 
for brake and drive, respectively, and pinion, gear and reduced speed axle mounted 
integrally with the motor are features available. Although higher in cost than standard 
motors, their compactness, rugged mechanical construction, and low-inertia armature 
justifies their use on cranes, hoists, and similar loads involving intermittent service and 
severe reversing duty. 


Table 32.—Maximum Speed by Field Control of Shunt-wound 
Adjustable Speed D.C. Motors 


Continu- * Max- Continu- * Max- Continu- *Max- Continu- < Max- 
ous ous imum ous imum ous imum 
Hp Hp. Speed, Hp. Specd, Hp. Speed, 

Rating Rating r.p.m. Rating r.p.m. Rating | 1.p.m. 
1/2 3 2300-2500 20 1500-1800 60 1200-1500 
3/4 5 2000-2300 25 1500-1800 75 1200 

1 2500-2875 71/2 2000-2300 30 1200-1800 100 1200 
ilfg 2500-2875 10 1800-2300 40 1200-1600 125 1200 
2 2500-2875 15 1500-1800 50 1200-1500 150 1200 


* Maximum speed also is limited to six times the basic (minimum) speed rating. 
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Fan Motors are shunt-wound machines suitable for direct connection to centrifugal | 
fans. "The standard horsepower ratings are 1/2, 3/4, ‘1, 1 1/o, 2, 3, 5, 7 1/2, 10, 15, 20, 25, 
30, 40.and‘50. ‘Standard speed ratings for both the constant speed and adjustable speed 
motors are: given in Table 33. In the case of the adjustable speed machines, the normal | 
horsepower rating corresponds to that obtained at maximum speed (weakened field). 
At the minimum speed (full field), it is assumed that the horsepower will be reduced in 
proportion to the cube of the reduction in speed. 


Table 33.—Standard Speed Ratings for D.C. Fan Motors 


Adjustable Speed, minimum r.p.m. 


nl CE al as | EN LOS EY [.. 880,64 © 455ay wots 
Adjustable Speed, maximum r-p:m. 
*140 |. *170 *200 *240 *280 *340 *420 *480 7580 *680 . 840 
150; 180 210 250 290 360 440 500 600 700 870 
160. 190 220 260 300 380 460 520 620 720 900 
170 200 230 270 “320 400 480 540 640 750 950 
ae ee 240 280 340 420 Seay 560 660 780 otae 
taxis tite Ae me Fe 580 680 810 . 
é ok. 840 


+* Standard speed ratings of constant speed fan motors. 
¢ Corresponding speed rating of constant speed motor is 575 r.p.m. 


Mill-type Motors. are heavy duty machines, designed particularly for such service as 
steel mill auxiliaries, electric power shovels,’and cranes. /The basic motor is series-wound, 
totally-enclosed, intermittently: rated 1 hour, 75° C. temperature rise with. horsepower 
and speed: ratings.as shown in Table 34. The ratings from 7: 1/2 to 75 Hp. inclusive: have 
been standardized: by the A.I.S.E.E. with standardized shaft, mounting dimensions, and 
other features. In addition to the .basic motor, shunt- and.compound-wound, open, 
semi-enclosed,.and. enclosed forced ventilated, 1/2 hour;and continuous rated motors are 
available. .In.general the horsepower and speed ratings for:such motors differ from those 
of the basic motors. All motors have Class B insulation, roller or double-rew. ball: bear- 
ings, and shaft extensions on.both ends. ‘A pinion,,gear,and. reduced: speed axle with 
sleeve or roller bearings also.can be obtained. Rugged-mechanical construction, low- 
inertia armatures, compactness, :and accessibility. of.all, parts are features of these motors. 


Table 34.._Standard Horsepower and Speed Ratings of Mill-type D.C. -Motors 
Series wound, totally enclosed, 1 hour 75° C. temperature rise 


Dp Una UE ah 5 |7 1/9 10 | ‘15 25 | :35 50-| *75 | 100 celine 250 | 350 


Full-bload, rp.m...| 900 | 800 335. ceetelo82s as 475 | 460 |.450 | -410 | 375 | 375 


Metal Rolling-mill Motors are large, heavy-duty machines, designed for metal rolling 
mill drive. . Standard horsepower and speedrratings are given in Table 35. The motors 
are arranged for adjustable speed operation by shunt field control. ‘The standard speed 
range varies from about 1.5: 1 to 2 ::1, depending onthe horsepower and basic ‘speed 
rating. -However, speed ranges up to 5 : 1 can be obtained in:some cases, though at higher 
cost. ~The motors normally are furnished with base and pedestal type bearings. 


Table 35.—Standard Horsepower and Speed.Ratings of Adjustable Speed 
Metal. Rolling ‘Mill D.C. Motors 
Standard Basic*‘Speed Ratings, r.p.m. 
1150, 850; 690,-575, 500, 450, 400, 350, 300, 250, 225, 200, 175, 150, 125, 110, 100, 90, 80, 70, 65, 60, 55, 50 
Standard Horsepower Ratings 


Basic Speeds, Basic Speeds, Basic 

Hp. r.p.m. Hp. r.p.m. Hp. gear 
250 100 to 1150 800 60 to 850 2250 

300 100 to 1150 900 55 to 850 2500 - pe ne 
350 100 to 1150 1000 50 to 850 3000 50 to 300 
400 100 to 1150 1250 50 to 575 3500 50 to 250 
500 90 to 1150 1500 50 to1500 4000 50 to 225 
600 80 to 850 1750 50 to 500 4500 50 to 200 
700 70 to 850 2000 50 to 400 5000 50 to 175 


LY 


Geared Elevator Hoisting Machines employ high-speed motors similar to the general 
purpose motors. They usually are adjustable speed machines, with shunt field control or 
variable armature voltage control. Gearless elevators require a special low-speed driving 
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motor. The hoisting drum is mounted on the motor shaft between the two. bearings. 
A brake wheel for a solenoid brake usually is cast integrally with the drum. Heavy 
shafts and large bearings are provided. The motors are of the adjustable speed: type: with 
armature voltage control. 

Low-speed Engine-type D.C. Motors are available in ratings from 100 to 250 Hp., 
at speeds of 150 to 327 r.p.m. The standard speeds are the same as for low-speed, 
60-cycle, synchronous motors (Table 27). The motors are. compound-wound,, and are 
furnished without base, shaft, or bearings. They are used to drive low-speed: machines, 
apes reciprocating compressors, the rotor being mounted on the shaft of the driven 
machine. 


Operating Characteristics 


TEMPERATURE RISE of standard general purpose motors is 40° C., measured by 
thermometer for open mo- 
tors, 50° ©. for semi-en- 
closed, drip-proof, and 
splash-proof machines, and 
55° C. for totally-enclosed 
and totally-enclosed fan- 
cooled machines. Open mo- & 
tors rated 40°C. usually % 
are given a service factor 
of 1.15; that is, the manu- 
facturers guarantee success- 
ful operation at 1.15 times 
rated load without injurious 
heating. D.C. motors gen- 
erally are capable of deliv- 
‘ering 50% overload in 
torque momentarily, with- I 12 38 5 7%10 15 20/2530 40 506075 100 150-200 
out temperature guarantee. Tioweneee Rae as 

EFFICIENCY.—Typical Fre. 22. Approximate Full-load Efficiency of General Purpose 
approximate full-load effi- Constant-speed Shunt-wound Direct-current Motors, Open Type 
ciencies of general purpose, ¢ 
constant-speed shunt-wound open-type motors. are given in Fig. 22. 

TORQUE.—With full voltage on the shunt. field (if provided), and with the armature 
current limited to full-load current the starting torque of any type of D.C. motor is 100% 
of full-load torque. For shunt-wound motors the starting torque will vary directly with 
the armature current; for series-wound motors, it varies approximatiely as the square of 
the armature current; for compound-wound motors the variation lies between these two 
limits, depending on the ratio of shunt and series windings. The armature current,. in 

-turn, is determined by the amount of resistance inserted in series with this. winding at 
start. Standard starters usually limit the current to from 125 to 200% of full load 
current. 

SPEED REGULATION from full Joad to no load, hot, based on full load speed should 
not exceed the following: 

Constant-speed motors, shunt-wound: 5 Hp. and smaller, 12%; 71/2 to 200 Hp. 
inclusive, 10%; 250 Hp. and larger, 6%; Compound-wound, constant-speed motors, 25%. 

Adjustable speed motors, shunt-wound: 2 to 5 Hp. inclusive, 22%; 7 1/2 to 200 Hp. 
inclusive, 15%; 250 Hp. and larger, at maximum speed, 4%; at basic speed, 6 to 15%. 

At normal operating temperature, rated load and voltage, the variation above or below 
rated speed should not exceed the following: 

Constant-speed motors, shunt- or compound-wound, 7 1/2 Hp. at 1150 r.p.m. or'smaller, 
7 1/9%; larger than 7 1/2 Hp. at 1150 r.p.m., 5%. 

Adjustable-speed motors, shunt-wound, 5 Hp., 650 r.p.m. (minimum speed) or smaller, 
71/2 %; larger than 5 Hp., 650 r.p.m., 5%. 

The variation in speed from full load, cold, to full load, hot, should not exceed 10%, 
based on full-load speed. 

VOLTAGE VARIATION.—All D.C. motors should operate successfully at. normal 
rated load at any voltage not more than 10% above or below normal, but not necessarily 
in accordance with the standards of performance established for operation at normal 
rated voltage. In general, with a given load, an increase in voltage results in an increase 
in speed and. vice versa. 

Any shunt-wound motor may be operated as an adjustable speed machine by main- 
taining constant: voltage on the shunt field while varying the voltage on the armature. 


Percent Effici 
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Table 36.—Frame Sizes for General Purpose Constant Speed D.C. Motors 


Open Type 
pe Tee EE TE 
Horsepower | 
Speed. | Sau una t/a ad. p eo sl alain? al ee 3 le eealieers 
steer Frame Number * 
1750 b)| Sees Site 204 224 225 225 254 284 
Nit SO euler tavecorsen-t8 204 204 | 224 225 254 284. & laksa 
850 204 224 225 { 254 254 DBS. 0 lle iaidvecare tenis lla aos See 


* See Tables 14 and 15, and Figs. 7 and 8 for standard mounting dimensions. 


The speed will be approximately proportional to the 

ee a a +! armature voltage. The basic speed of such a machine 
f is the maximum speed (full voltage on the armature). 

( i. At reduced speeds, the horsepower e pe ie ap- 
A ah 2° Net proximately in proportion to the speed. Thus vart- 
a i) I able voltage control gives constant torque character- 
oa istics, as contrasted with speed variation by field 
Fra. 23. Dimensions General Pur- control which gives essentially constant horsepower 
poe Cossien ives aoe eae characteristics. Where the source of variable voltage 
; direct current is such that the voltage provided is 

essentially independent of the current drawn, the motor is truly an adjustable speed 
machine, 7.e., its speed when once adjusted to given value remains essentially constant, 


Table 37.—Approximate Weights and Dimensions of Open-type General Purpose 
Constant Speed D.C. Motors 


Approx. 


Approx, 
P Wt., lb. a es 


Wield. © fe den 
1750 r.p.m. 1150 r.p.m. 


Approx. 
Wt., lb. 


C | oO | P. 
850 -r.p.m. 


450 | 32| 19 | 19 
500 | 34] 19] 19 
650 | 38} 21] 21 
725 | 40°) 21 \e20 

1000 | 43 | 24 | 24 
1000 | 43 | 24 | 24 
1325 | 49 | 28 | 27 
1750 | 54 | 31 | 30 
1950) FSS Pale Ss0 
2600 | 63 | 35 | 34 
2800 | 64 | 35 | 34 
2800 | 64 | 35 | 34 
3450 | 66 | 36 | 34 
4600 | 78 | 41 | 39 

5300 | 80 | 41 | 39 


Bieri JN Poccey | meee | RO 450) | 32) 19 119 
ea 450 | 32] 19 | 19 500 | 34] 19] 19 
19 500 | 34| 19 | 19 650 | 38 | 21 | 21 
19 650 | 38} 21 | 21 725 | 40 | 20) 21 
19 725 | 40 | 21 | 21 950 | 43 | 24 | 24 
21 725) )}, 40 [20 21 1000 | 43 | 24 | 24 
21 950 | 43 | 24] 24 1000 | 43 | 24} 24 
24 | 1000 | 43 | 24| 24 1325 | 49 | 28 | 27 
a 1000 | 43 | 24 | 24 1750 | 54 | 31] 30 
1325 | 49 | 28 | 27 1950 | 55 | 31 | 30 
19507 7-557 31130) ||" 2600") 639)" 350734 
2600 | 63 | 35 | 34 | 2800 | 64 | 35 | 34 
2800 | 64 | 35 | 34. | 3500 | 68 | 36 | 34 
3500 | 68 | 36 | 34 | 4600 | 78| 41 | 39 


575 r.p.m. 500 r.p.m. 


re Scalia Wacoal ea 450° | 32°] 19} 19 

19 ASOT S218 TAS 450 | 32} 19.) 19 
19 500 | 34] 19] 19 650 | 38] 21 | 21 
19 650 | 38 | 21} 21 725) 405) 20.28 
21 725 | 40} 21 | 21 950 | 43 | 24] 24 
24 | 1000 | 43 | 24] 24] 1200 | 48 | 28 | 27 
24" 1325" | 494 285) 27 1750 | 54] 31 | 30 
27'| 1750 | 54°31 30} 1950 | 55") 31") 30 
30 | 1950 | 55 | 31 | 30 | 2600 | 63 | 35 | 34 
30 | 2600 | 63 | 35 | 34 | 2600 | 63 | 35 | 34 
34 | 2800 | 64 | 35 | 34 | 3100 | 64 | 36 | 34 
34 | 3100 | 64 | 36) 34] 3450 | 66] 36 | 34 
34 | 3450 | 66 | 36 | 34 | 3450 | 66] 36 | 34 
34 | 4500 | 73 | 41.| 39 | 5100 | 75 | 41 | 39 
39 | 5100 | 75 | 41 | 39 | 6000 | 76} 43 | 42 
39 | 6000 | 76} 43| 42] 6700 | 80} 43 | 42 
42 | 6900 | 86 | 43 | 42 


350 r.p.m. 300 r._p.m. 


450 | 32] 19 | 19 
500 | 34| 19 | 19 
650 | 38 | 21} 21 
725 | 40} 21] 21 

1000 | 43 | 24 | 24 
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Table 38.—Approximate Weights of D.C. Motors Built in N.E.M.A. 
Standardized Frames 


Totally-enclosed, 


Rita No. Open Motors Hancoocleds\ictors Base | Pulley 
Approximate Weight, lb. 
204 105 shor 20 | 
224 150 160 25 3 
225 160 170 25 3 
254 210 225 30 4 
284 280 300 35 5 


VS —,,,——— 


regardless of the load. A D.C. generator, driven at constant speed with voltage varia- 
tion by field control, meets this requirement and commonly is used. On the other hand, 
if the applied armature voltage varies appreciably with the current drawn, as would be 
the case if a variable resistance were used to reduce the voltage, the drive would be of the 
adjustable varying speed type, i.e., the speed varies appreciably with the load. 


Mechanical Features 


Large power D.C. motors usually have feet on the stator frame and end-shield-type 
bearings, in sizes up to about 200 Hp. In the larger sizes, a base with pedestal-type 
bearings usually is supplied. Vertical motors, as well as the standard horizontal motors, 
can be obtained. 

Sleeve bearings, oil-ring-lubricated, are standard for most horizontal machines. 
Ball bearings are standard on totally-enclosed, splash-proof, and the smaller vertical 
motors. They can be obtained at increased cost on all motors. Ball bearings usually 
are grease lubricated. 

Motors which may be belted (flat belt) with two bearings are indicated in Table 31. 
Sliding bases and pulleys are available. Larger ratings require an extended base and shaft 
with outboard bearing. Slide rails usually are supplied for belt adjustment. With 
multiple V-belt drive, 2-bearing construction is suitable for ratings from 25 to 50% larger 
than with flat belt drive. 

Gear-motors are generally available in sizes up to 7 1/2 Hp., with output shaft speeds 
of 13 to 600 r.p.m. High-speed (1750 r.p.m.) motors are employed. 

In addition to the standard open type motors, drip-proof, splash-proof, totally- 
enclosed, totally-enclosed fan-cooled, and explosion-proof (Class I, Group D or Class II, 
Group G conditions) motors are available. 

WEIGHTS AND DIMENSIONS. — ee CPS Te" 
Frame numbers assigned to general-purpose Pt TT TA lest 
constant-speed D.C. motors are given in 
Table 36. Approximate weights and overall 
dimensions of general-purpose constant-speed 
“motors built in larger frames than those 
having standardized dimensions are given 
in Table 37 and Fig. 23. Approximate net 
weights are given in Table 38. 

COSTS.— Approximate costs of open, hor- 


7" 16 40, 60 100. 200 
1142 8 5 7410 620) 90 bo rg 150 


izontal, sleeve-bearing, shunt-wound general- 
purpose, constant speed D.C. motors are given 
in Fig. 24. Adjustable speed motors have 
approximately the same cost as constant-speed 


Horsepower Rating 


Fic. 24. Approximate 1936 Costs of General 
Purpose, Constant-speed, Shunt-wound, Direct- 
current Motors 


motors, based on the continuous constant ; 
horsepower and basic speed ratings of the adjustable-speed machine. Approximate costs 


of other types can be determined from the following percentage increases in cost Over 
standard constant-speed motors: Series- or compound-wound, 4%; quiet operating, 257%. 
Special mechanical features increase the cost approximately as follows: Ball bearings, 
5%; sliding base, 2-5%; pulley, 1-3%; drip-proof construction, 4%; splash-proof 
construction, 12%; totally-enclosed fan-cooled construction, 50-100%; vertical con- 
struction, 20%. 
7. MOTOR APPLICATIONS 


The types of motors commonly used on various applications are given in Table 39. 
The items listed in the table are those of general application, for which conditions generally 
are well standardized. It is not possible to list the diverse application where motors 
operate under unusual conditions. Since many factors affecting the choice of motor 
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vary with each individual installation, the recommendations given should be considered 
typical and not necessarily applying in every case. Manufacturers of motors should be 
consulted with reference to the selection of the proper motor for unusual or non-standard 
conditions. : 


Table 39.—Types of Motors Commonly Used for Various Applications 


‘ower Supply 
Single Phase A.C.| Polyphase A.C. | Direet Current 
Type of Motor Commonly Used* 


Application 


Air compressors, reciprocating 


3/4 Hp.and below.........----- Cp. Sq-In., Class A Gp., Cs., Cw 
ie ae Nici Mite aecoes A f : i - *s axlteg 
te) Bo es cee es 
100 Hp. and larger............. se Hts Syn. L. S. Et., L.S “C 
Air compressors, centrifugal Sq.-In., Class A Gp., Cs., Cw. 
Blowers, positive displacement, 
rotary 
Tieton 10 Fipwis ek. 2 ..| Rp.-In. or Cp. SqIn., Claas A. Gp., Cs., Sh 
15 to 100 La Ss eacarabeys A veered 
125 Hp. and pate ic A pec crc. Syn. L. Et., L. S. 
Conveyors. . rr ..| Rp.-In. or Cp. Sq. ee Ciaes Cc. Gp., Cs., Cw. 
CPANGS oo eie oh seo Hele cee ep ho be al eau ies Ch. W Ch. Sr. 
Fans 
1/4 Hp. and ven .| Sp. Sq.-In., — A Gp., Cs., Sh 
1/3 to 10 Hp.. . |p. a a ¥ ee 
15 to 100 Hp...... wisi pull atetsl estes a eee 
Overt G0) Hpiiscdanc ce creceee coal Mies ee Syn. H.S. 
Generators, D.C. 
3/4 to 3 Kw ...| Rp.-In. or Cp. Sq.-In., Class A Gp., Cs., Sh. 
5 to 20 Kw.. 5 ‘ Paigkk ee 
COT AOS Wieser e ‘is gous - pas 
50 Kw. and larger... ee Syn. H.S. 
Heista! of: siisdwsiiesl ciel siost-araalas Sq.- or Wr.-In., Ch. Sr.:Ch. 
Machine Tools 
BOLE CULCORE. co e7. mere: cicterioe' crsieea ara n aiereeepeieta Sq.-In., Class A, Us. or Ms.| Sh., Cs., or As 
Bolt heading, upsetting and saad 

ing machines......... Sq.-In., Class D, or Wr. Cw., Cs 
Bolt pointers. . Hs ith ae: Sh., Cs. 
Boring or turning mills. a ‘“ A, Us. or Ms.| Sh., Cs. or As. 
Buffing machines..... a ADA Sh. Cs. 
Bulldozers...... et *“* Bor Wr Cw., Cs. 
Drilling machines we “A, Us.or Ms.| Sh., ‘Cs, or As. 
Gear cutters... . a rome See T's st aoe Us ry 
Grinding wheels. ad ear K. be “t BS 
Hammers...... ee “1D, or Wr Cw., Cs. 
Wathen vc voc. oie ‘ “A, Us.or Ms.| Sh., Cs, or As. 
Milling machines “ ry xe “ “ “ “ 
Nut facers........ Safe ee i? A Sh., Cs. 

INU LAD DETEL cus tyotcho mine mete lorem y “A, Us. or Ms.) Sh., Cs. or As. 
Pipe threading or partie ma-_ 

CHING Scrsrereeigetts er ner e Ae Py id vs 
Planers.. “ “ A, “ . “ “ “ 
Polishing ‘machines, “ cere Sh., Cs 
Punch presses. ‘S “  D, or Wr Cw.., Cs 
Rolls, bending and. straightening, . Wr.-In. Cw., Cs. 
awe. }. Oeitet tas Cite cient moniee Sq. In., Class A, Us. or Ms.| Sh., Cs. or As. 
SHGSTBs. \inca-n ho alid tdci D, or Wr. Cw. Ca. 
Slotters and key-seaters xe ‘““ A’Us.orMs.| Sh., Cs. or As. 

Pumpe, eke fe 

4 Hp, and less. . -| Sp. Sq.-In., Class A Gp., Cs., Sh. 
1/3 to 3/4 Hp, Cp. “ te oR “ dri acon 
J to 10 Hp... Rp.-In, or Cp. as ¥ A ae “ “ 
15 to 100 ioe acidic h « oy ba “ “ “ 


125 Hp. and over. ... 


A 
aeertriss hehe Syn., HS. or L.S. 
Refrigerating compressors, recipro- 


s/o and | 
4 Hp. and less..... Sq.-In., Class C Gp., Cs., ‘ 
1 to 10 Hp... Rp.-In, or Cp Ms SRA P ie oF 
15 to OLE psngehsi ls os fe ohh rR ie Eee j * bes S50 Tae 
Ofer) 7.5 Hit g8 sesso blood «in is: oo ukoes| Generis Syn. L. S. Et., L..S. 
Refrigerating compressors, 
COMUITUPEL. ARs tasocse se 1 etre mre Sq.-In., Class A, or Wr. Sh., Cs. or As. 
Oa ta tere Rp.In.or Cp. | Sat | 
to Re ee Ree era In. or 5 In., Class A ‘ 
113 te 75 Hp Lk Sm: eee aes . aa Spates 
ps and ‘over. sats sataeniadl. Alay Syn., L. 8. Et., L. S, 
VAL O8iihivacuk ic ats Matin Meme Una Rp.-In. or Cp. Sq. Sine Class D Sr. 


* As. = adjustable speed. Ch. = crane and hoist type. Cp. = capacitor. Cs. = constant 
speed. Cw. = compound wound. Et. = enginetype. Gp. = general purpose. H.S. = high speed. 
ie = fat CE Lf. = low Speed Me multi-speed. nt Rp. = repulsion. Sh. = shunt wound. 

p. = split phase. . = squirrel-cage. Sr. = series woun Syn. = synch = 
speed. V.= oe oe type. Wr. = wound rotor. 4 ae Sta 3 a ps 


ELECTRIC MOTOR CONTROL 
1. GENERAL 


FUNCTIONS.—The basic function of all motor control is to provide a means for 
making and breaking the connections between the motor windings and the power lines: 
thereby starting and stopping the motor. Practically all controllers also provide over 
load protection for the motor. As will be described, many other functions are provided 
by certain types of control. 

CLASSIFICATION. — Motor _ 300 w 
controllers may be classified as: 
a. Full-voltage controllers;  b. 
Reduced-voltage controllers. The 
former connect the motor directly 
to the power lines, that is, provide 
full voltage at the motor terminals 
during the starting period, as well 
as forrunning. The latter connect 
the motor to a voltage-reducing 
device during the starting period, 
and, after the motor has come up 
to speed, transfer the connections 
2 the power lines. Auto-trans- Dette nee 

ormers commonly are used to sit aay at eres Reale aa ae or 40 6a 8) 2208 
obtain the reduced voltage in A.C. Bat ero aes ean pcutte oo 
“motor starters, although resistors ~ °° "PRS Mas Per SRG Re eee Ss 
Y 
and reactors frequently are em- 
ployed. Resistors always are used for this purpose in D.C. motor starters. Full-voltage 
controllers are the simplest and least expensive, but reduced-voltage controllers often are 
required to limit the current drawn from the power lines at start. 

Motor controllers also may be classified according to the degree of automatic opera- 
tion provided. On this basis, there are three standard types: a. Manual controllers; 
6. Magnetic controllers; c. Semi-magnetic controllers. In Type a, all connections to 
the motor are made by hand-operated switches. In Type b controllers, the switches are 
electrically operated. To start the motor it is only necessary to close a pilot circuit by 
means of a push button, thermostat, or similar device which may be located at some 
distance from the controller. Reduced-voltage magnetic controllers are provided with a 
relay which automatically effects the transfer from starting to running connections. 

-In Type c controllers, part of the starting operation is performed by hand-operated 
switches and the remainder by electrically-operated devices. 

LINE SWITCHES on low-voltage controllers (600 volts and below) usually are of the 
air-break type, %.e., the circuit is broken in air. Oil-immersed switches usually are 
employed for the higher voltages. However, where excessive moisture or corrosive 
agents are present in the atmosphere, the switches, and in some cases the complete equip- 
ment, may be oil-immersed, even though controlling low voltage. Electromagnets, 
either solenoid or clapper type, usually are employed to’close electrically-operated switches, 
although pilot motor-operating mechanisms sometimes are used on oil circuit breakers. 

OVERLOAD PROTECTION.—Thermal Type Overload Relays usually are used. 
The most common form consists of a heater element which carries line current (or a cur- 
rent proportional to line current, obtained through a current transformer) mounted adja- 
cent to a bimetallic strip. An overload on the motor causes an increase in line current, 
which increases the temperature of the heater element. The heat radiated to the bimetal- 
lic strip causes it to deflect and open a contact which disconnects the motor from the line. 
The time required for the relay to trip varies inversely with the magnitude of the over- 
load, as does the length of time the motor can operate without injurious heating. With 
proper design, the relay will follow closely the heating characteristics of the motor. It 
thus adequately protects the motor and yet will not take it off the line uzinecessarily 
(see Fig. 1). After the relay has tripped, it must be allowed to cool before it can be reset 
and the motor restarted. This also allows the motor to cool. 

Another form of thermal overload relay, used on small motor starters, is the solder-film 
type. In this, the tripping mechanism normally is held to a stationary element by a thin 
film of solder. The heater which carries line current will, on an overload of sufficient 
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duration, melt the solder film, thus releasing the tripping mechanism. After tripping, 
the solder cools and solidifies, allowing the tripping mechanism to be reset. 

Non-thermal Overload Relays also are used. These incorporate a time delay feature, 
as an oil or air dashpot, to vary the tripping time with the magnitude of the overload. 
A disadvantage of this type is that when once tripped they can be reset immediately, and 
the motor started before it has had time to cool off. ¥ 

Fuses.—Ordinary fuses do not, in general, give satisfactory overload protection. 
Their time lag is so short that they usually must be selected oversize to prevent tripping 
on the starting current of the motor, or on high overloads of short duration; as a result 
they do not give adequate protection against moderate overloads of long duration. 

Relay Resets.—Most overload relays are of the “ hand-reset ’’ type; that is, after 
tripping they must be reset manually before the motor again can be started. In a few 
applications, particularly those in which the motor starts and stops automatically (for 
example, in response to a thermostat), it may be desirable to use an automatically reset 
overload relay which resets itself after a time delay of sufficient duration to permit the 
motor to cool. Relays of this type are available for small motors. They frequently are 
mounted on the motor itself and, in the case of fractional-horsepower, single-phase motors, 
may be designed to open directly the power circuit to the motor. 

Two overload relay elements placed in different phases normally are used with 3-phase 
and 2-phase motors, while a single element is used with single-phase and D.C. motors. 

UNDER-VOLTAGE PROTECTION AND RELEASE.—Most controllers are so 
arranged that on failure of line voltage the circuit to the motor is opened. Manual 
starters for small motors are an exception. If the line switch is held in the closed position 
by a magnet energized from the line, this feature is obtained automatically. Where the 
line switch is held closed by a mechanical latch, an under-voltage device must be provided. 
This is energized from the line, and, on being de-energized, operates to trip the latch. 
If the control is so arranged that on return of voltage the line switch recloses, uwnder-voltage 
release ig obtained. On the other hand if the line switch does not reclose on return of 
voltage, under-voltage protection is obtained. The latter is most common. The former 
should be used only where there is no hazard involved in the motor starting unexpectedly 
after a voltage failure. 

In many cases, voltage failures are of very short duration, viz., 1 1/2 seconds or less. 
Thus it is often desirable to provide control that will restart the motor if the voltage 
failure does not last over a certain predetermined time, but which will disconnect it 
permanently if the voltage failure is of longer duration. Control so arranged provides 
time delay under-voltage protection. If the line switch is held closed by a magnet energized 
from the line, a time delay push button station usually is used. This is so arranged that 
its contacts are held closed for a definite time (1 to 4 seconds) after a failure of voltage, 
but can be opened instantaneously by the stop button. When the line switch is held 
closed by a mechanical latch, an under-voltage tripping mechanism which incorporates 
a time delay in its action must be provided. 

SHORT-CIRCUIT PROTECTION.—In general, motor controllers should not be 
expected to interrupt the heavy current which may flow in the event of a short circuit. 
Either fuses or a circuit breaker of suitable interrupting capacity should be provided for 
this purpose. These are usually placed in the motor branch circuit at the point where it 
is connected to the feeder circuit, thus serving also as a branch circuit protective device. 

Controllers with high interrupting capacity contactors, or circuit breakers for line 
switches, are available for use where high interrupting capacity is required. An instan- 
taneous over-current relay or trip coils should be provided, in addition to the overload 
relay, to insure immediate opening on short-circuit current. 

ENCLOSURES.—Open type controllers (no enclosing case) are used where they are 
under competent supervision and installed where accessible only to authorized persons, 
In any case, all switches and devices whose voltage rating is in excess of 600 volts should be 
mounted on the back of the panel, or suitably enclosed to prevent accidental contact. 

Controllers for small motors almost always are enclosed, and enclosures can be 
obtained for all sizes. A number of different types of enclosure are available. The stand- 
ard general-purpose enclosure most commonly used is designed primarily to protect against 
accidental contact; it also protects against dust and light indirect splashing, but it is not 
dust-tight. It usually is of sheet metal construction. The drip-tight enclosure is similar 
to the general-purpose type with the addition of drip shields, or their equivalent. It is 
used for applications where condensation may be severe as in cooling rooms and laundries. 

Weather-resisting Enclosures are of cast construction, or of sheet metal of suitable 
rigidity, with proper protection against weather hazards, as rain and sleet. They are 
suitable for outdoor applications as on docks, canal locks; and construction work, and also 
for applications in subways and tunnels. A water-tight enclosure is so designed that a 
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stream of water from a hose (not less than 1 in. diameter) under a 

played on the case from a distance of 10 ft. for several ee LIE MELE oe 
used for outdoor applications and in dairies, breweries, and similar locations. Submersible 
enclosures are so designed that they may be submerged in water as in quarries, mines, and 
manholes. Dust-tight enclosures are provided with gaskets or their equivalent to exclude 
dust, and are used in such situations as often occur in steel and cement mills. 

Controllers for Class I, Group D, hazardous locations (see p. 25-17) may be of the air- 
break or oil-immersed type. Air-break controllers depend on the strength of the enclosing 
case to resist the force of an internal explosion, and on long, close fits at all joints to cool 
the flame and prevent ignition of the surrounding atmosphere. In oil-immersed con- 
trollers, all contacts and connections are immersed in oil to prevent ignition of the sur- 
rounding atmosphere. This construction is preferable where the control is placed in a 
corrosive atmosphere. Controllers for Class II, Group G, conditions, and others designed 
to meet the requirements of the U. S. Bureau of Mines, also are available. 

Combination Switches consist of a full-voltage magnetic starter combined with a 
manually-operated motor circuit switch (fused or unfused), or a circuit breaker, mounted 
in a single enclosing case. Thus, there are provided means for disconnecting the motor 
and starter, and (with fuses or circuit breaker) protection against short-circuits in the 
starter, motor, or wiring on the motor side of the switch. General-purpose, dust-tight 
and water-tight enclosing cases are available. Oil-immersed switches suitable for cor- 
rosive atmospheres, or for Class I, Group D, hazardous locations, also can be obtained. 
Frequently, a saving in space and in installation expense is obtained by the use of a com- 
bination magnetic switch, instead of the two separate devices. The former are available 
in ratings up to 25 Hp. at 220 volts, and 50 Hp. at 440 or 550 volts. 

LOCATION.—In general, controllers should be placed within sight of the motor 
which they control. If this is not feasible, the controller or disconnecting device should be 
provided with means for locking it in the open position; or a manually operated switch, 
which will prevent restarting, should be placed within sight of the motor. This switch 

“may be located in the pilot circuit of the controller. 


2. CONTROL FOR SINGLE-PHASE MOTORS 


TYPES.—The following types of control for single-phase motors are in common use: 
a. Manual full-voltage; 6. Magnetic full-voltage; c. Manual reduced-voltage; d. Adjust- 
able speed (for capacitor motors) e. Reversing. 

Manual Full-voltage Controllers are available in sizes up to 11/2 Hp. at 110 volts, 
3 Hp. at 220 volts, and 5 Hp. at 440 and 550 volts. They consist of a single- or double- 
pole line switch, and an overload relay, usually of the solder-film type, mounted on a 
compound base. They may be obtained open, or enclosed in a sheet metal case. Explo- 
sion-proof enclosures, with air-break switches, for Class I, Group D, conditions also are 
- available. The smaller size controllers (3/4 Hp. and below) usually are arranged so they can 
be flush mounted, using a sectional switch box and tumbler switch flush plate. Small single- 
phase motors (3/4 Hp. and below) can be obtained with a tumbler switch mounted on the 
motor to serve as a starter. These do not provide overload protection, and should not 
be used where the switch may be called upon to interrupt the stalled current of the motor. 

Manual, full-voltage controllers are the lowest in cost of all types and are used where 
full-voltage starting is acceptable, and remote control or automatic operation is not 
required. They do not provide under-voltage protection. 

Magnetic Full-voltage Controllers are available in sizes up to 7 1/2 Hp. at 110 volts, 
15 Hp. at 220 volts, and 25 Hp. at 440 and 550 volts. They consist of a magnetic con- 
tactor mounted on a compound base. A thermal type overload relay usually is provided 
in sizes above 1 Hp. at 110 volts and 1 1/2 Hp. at 220 volts. Various types of enclosures 
are available, including general purpose, dust-tight, water-tight, and explosion-proof for 
Class I, Group D conditions (both air break and oil-immersed). In the smaller sizes, 
enclosing cases with start-stop push buttons in the cover can be obtained. Otherwise, a 
separately-mounted push button station, either instantaneous or time-delay type, must 
be used. These are also available with general-purpose, dust-tight, water-tight, and 
explosion-proof enclosures. Frequently a thermostat, pressure switch or similar device 
is used for pilot circuit control, providing under-voltage release. 

Since full-voltage starting of single-phase motors generally is acceptable, and remote 
or automatic control often is necessary, full-voltage magnetic starters have a wide field 
of application covering practically all types of drive. ae 

Manual Reduced-voltage Controllers consist of a rheostat, which at start is inserted 
in series with the motor winding, thus limiting the current drawn from the line. As the 
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motor comes up to speed, the operating handle of the rheostat is turned, which short- 
circuits the resistance step by step, until the motor is-on full voltage. A magnet, whose 
coil is energized from the line voltage, holds the operating handle in the running position. 
If voltage fails, the handle is released and the motor is disconnected from the line. Over- | 
load protection ordinarily is not included. Manual reduced-voltage starters usually are 
provided with a general-purpose enclosing case. They are used only when the full- 
voltage starting current of the motor would cause objectionable voltage disturbance. 
Since the starting torque of the motor is reduced in proportion to the square of the current 
drawn, it is apparent that a reduction in the current drawn from the line will be obtained 
only if the load does not require the full-voltage torque of the motor to start. 

Adjustable Speed Controllers for capacitor motors usually consist of an auto-trans- 
former provided with reduced voltage taps, with a suitable switch for connecting the 
‘motor to any one of two or three taps, giving a corresponding number of motor speeds. 
A manual snap switch may be used im sizes up to 1 Hp. The magnetic type, employing 
‘contactors and a push-button station, is available in sizes up to 10 Hp. 

Reversing Controllers usually are of the full-voltage type. Manually-operated drum 
or cam-switches are available for this service, in sizes up to 1 1/2 Hp. at 110 volts, 3 Hp. at 
220 volts, and 5 Hp. at 440 or 550 volts. These controllers do not provide overload or 
undervoltage protection. Magnetic reversing switches are available in sizes up to 3 Hp. 
‘at 110 volts, 7 1/2 Hp. at 220 volts, and 10 Hp. at 440 and 550 volts. They consist of two 
magnetic contactors, mechanically interlocked to prevent closing of both at the same 
time. Both overload and under-voltage protection is provided. A 3-button push-button 
station is required. Enclosing cases of the general purpose type usually are provided, 
although water-tight and dust-tight enclosing cases also are available. 

COST.—The approximate 1936 cost of manual, full-voltage controllers ranges from $3 
for the 3/4-Hp. controller, to $8 for the 1 1/2-Hp. controller, 110 volts, and from $3 for the 
3/4-Hp. controller to $8 for the 3-Hp. controller, 220 volts. For magnetic full-voltage 
type controllers, costs, which include a separately mounted start-stop push-button station, 
range from $12 for the 3/4-Hp. controller to $52 for the 7 1/2-Hp. controller, 110 volts, and 
from $12 for the 3/4-Hp. controller to $52 for the 15-Hp. controller, 220 volts. 


8. CONTROL FOR POLYPHASE INDUCTION MOTORS 


TYPES.—The following types of control for polyphase induction motors are in general 
use: 

Squirrel-cage Induction Motors.—a. Manual full-voltage; 6. Magnetic full-voltage; 
c. Manual reduced-voltage (auto-transformer type); d. Manual. reduced-voltage (resistor 
type); e. Magnetic reduced-voltage (auto-transformer type); f. Magnetic reduced- 
voltage (resistor type); g. Multi-speed; A. Reversing. : 

Wound-rotor Induction Motors.—a. Manual primary and secondary; 6. Magnetic 
primary, manual secondary; c. Magnetic primary and secondary. 


Squirrel-Cage Motors 

Manual Full-voltage Controllers of the air-break type for squirrel-cage induction 
motors are available in sizes up to 5 Hp. at 220 volts, and 7 1/2 Hp. at 440 and 550 volts. 
They consist of a manually-operated switch and a 2-element, thermal type, overload 
relay, mounted in an enclosing case. Under-voltage protection is not provided. 

Standard enclosing cases are of the general-purpose type, but explosion-proof ‘cases for 
Class I, Group D conditions also are available. 

Oil circuit breaker type manual full-voltage controllers are ‘available in all sizes. These 
can be obtained with both overload and under-voltage protection. Except in the very 
Jarge sizes, they are, in general, more costly than magnetic contactor type controllers. 
They are used mainly where high current-interrupting capacity is required. 

Magnetic Full-voltage Controllers are available in all sizes. They are the most 
popular of all types. The common form consists of a magnetic contactor combined 
‘with a thermal type overload relay mounted in an enclosing case. (The air-break type 
is used for voltages of 600 and below, and the oil-immersed type for higher voltages.) 
A start-stop push-button station, or similar device, for closing and opening the pilot 
circuit also is required. Enclosing cases of the general-purpose, dust-tight, and water- 
tight type are available. Explosion-proof controllers for Class I, Group D, conditions 
‘are available in both the air-break and oil-immersed types. In sizes up to 5 Hp. at 220 
volts, and 7 1/2 Hp. at 440 and 550 volts, enclosing cases of the general-purpose, dust- 


tight or water-tight, and explosion proof (air-break) type, with start-stop push buttons 
mounted in the cover, are available. 
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Some manufacturers offer oil-immersed, full-voltage magnetic controllers for high- 
voltage motors (2200 to 4600 volts) with an interrupting capacity of 50,000 kva. These 
usually are provided with instantaneous over-current trips, in addition to an overload 
relay, giving rapid opening on short circuit current. Oil circuit breaker controllers, with 
whatever interrupting capacity is required, are available in all sizes. 

Manual Reduced-voltage Auto-transformer Controllers are available in sizes up to 
150 Hp. at 220 volts, 300 Hp. at 440 and 550 volts, 800 Hp. at 2000 to 2500 volts, and 
900 Hp. at 2501 to 6600 volts. They consist of an auto-transformer with two or three 
sets of low voltage taps and an oil-immersed double-throw manually-operated switch. 
In starting, the operating handle is first moved in one direction connecting the motor 
to a set of reduced-voltage taps of the auto-transformer and held in that position until 
the motor has come up to speed, after which the handle is moved quickly in the opposite 
direction to connect the motor directly to the line. The operating handle usually is 
interlocked mechanically, so that it must be moved to the start position before it can be 
moved to the run position. Overload and under-voltage (instantaneous or time-delay) 
protection are provided. General-purpose enclosing cases are standard, but dust-tight 
cases also are available. 

The manual auto-transformer type starters are, in general, the least costly of the 
various reduced-voltage types. They are used whenever manual control is acceptable, 
and a reduction in the current drawn, or torque developed, by the motor on full-voltage 
is desirable. 

The current drawn from the line is reduced in proportion to the square of the voltage 
tap used. For example, if the motor is connected to the 80% voltage tap, the current 
drawn from the line will be approximately 64% of the full-voltage starting current of the 
motor. Since the torque developed by an induction motor also varies as the square of 
the voltage impressed on its terminals, the ratio of starting torque to starting current 
(torque efficiency) remains essentially the same as with full-voltage starting. 

Manual Reduced-voltage Resistor Type Controllers are available in ratings up to 
15 Hp. at 220 volts, and 20 Hp. at 440 and 550 volts. They consist of a rotating drum 
switch and aresistor. Rotation of the former connects the motor to the line through the 
entire resistor, and then successively short-circuits sections of the resistor until the motor 
is connected directly to the line. Neither overload nor under-voltage protection are pro- 
vided. These controllers are used largely for motors driving machine tools, hoists, small 
cranes and similar applications where manual control of the torque delivered by the motor 
is required. 

Magnetic, Reduced-voltage Auto-transformer Controllers are available in all sizes. 
These controllers are similar to the manual auto-transformer type, except that in place of 
the manual switch, magnetic contactors and a relay, usually of the definite time type, are 
provided to effect the transfer from reduced voltage to full voltage. Overload and under- 
voltage protection are provided. The latter may be obtained by the use of a time-delay 
push-button station, or, in the case of contactors held in by a mechanical latch, a time 
‘delay under-voltage tripping mechanism may be provided on the contactor itself. Gen- 
eral-purpose and dust-tight enclosing cases are available. Completely oil-immersed con- 
trollers, both low voltage and high voltage, are available for use in corrosive atmospheres. 

Magnetic Reduced-voltage Resistor Type Controllers are available in all sizes. They 
are similar to the auto-transformer type except that a resistor, inserted in series with the 
motor windings at start, is used, instead of an auto-transformer, to obtain the reduction 
in voltage. Since the resistor is simply short-circuited as the motor comes up to speed, the 
~ circuit to the motor is not opened during the starting period. Hence this type of controller 
is well adapted for use where the starting current limitations are of the type which do not 
limit the total current which may be drawn, provided the current is built up in steps of a 
certain magnitude without opening the circuit between steps. Frequently, a number of 
accelerating contactors and relays are provided. These short-circuit the starting resistor 
in steps, in order to limit the current increment on each step to the required value. 

Unlike auto-transformer starting, resistor starting results in a reduction in the starting 
torque efficiency, since the current drawn from the line is reduced in proportion to the 
voltage impressed on the motor, while the starting torque is reduced in proportion to the 
square of the voltage. 

Multi-speed Controllers.—Controllers for multi-speed induction motors are available 
in both the manual and magnetic type. The former consist of a rotating drum switch, 
and can be obtained in sizes up to 5 Hp. at 220 volts, and 71/2 Hp. at 440 and 550 volts 
for two-, three-, or four-speed motors. They do not provide overload or under-voltage 
protection. The magnetic type is available in all sizes. They are made up of magnetic 
contactors, one for each speed, suitably interlocked so only one can be closed at a time. 
‘An overload relay for each speed is required to give complete overload protection. Witha 
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momentary-contact push-button station (one start button for each speed) under-voltage 
protection is provided. Controllers for two-speed motors can be provided with a com-_ 
pelling relay, which makes it necessary that the motor be started on the low speed only, 
or with a sequence relay which starts the motor on low speed regardless of which start | 
button is pressed, but automatically transfers to the high speed after a definite time delay 
when the high-speed button is pressed. General-purpose enclosing cases normally are 
supplied. ; : 

A multi-speed motor also may be controlled by a manually-operated switch, which 
serves to make the proper connections for each speed, plus a line switch, manual or mag- 
netic, for making and breaking the circuit to the motor. Since the former 1s operated only 
when the line switch is open, it does not have to open or close on current, and a knife- 
switch or inexpensive type of drum switch can be employed. Under-voltage protection 
may be provided in the line switch. In place of the line switch, a reduced voltage controller 
may be employed to reduce the starting current. 

Reversing Controllers may be of the manual or magnetic type. The former consist of 
drum switches, and are available in sizes up to 10 Hp. at 220 volts, and 15 Hp. at 440 or 
550 volts. They do not provide overload or under-voltage protection. The magnetic type 
is made up of two magnetic contactors and is available in all sizes. The contactors usually 
are interlocked mechanically, so that both cannot be closed at the same time. Overload 
and under-voltage protection normally are provided. A 3-button push-button station is 
required. General-purpose, water-tight, and dust-tight enclosing cases are available. 
Reversing control also may be provided by a manually-operated knife switch which serves 
to reverse the connections to the motor plus a manual or magnetic, full-voltage or reduced- 
voltage controller for making and breaking the circuit to the motor. 


Wound-rotor Motors 

Wound-rotor induction motors require control for both the primary (stator) winding 
and the secondary (rotor) winding. 

The Primary Control serves to connect the primary winding to the source of power. 
It is similar to squirrel-cage motor control of the full voltage type, and may be either 
manual or magnetic. 

The Secondary Control serves to vary the resistance of the secondary circuit of the 
motor, #.e., to provide a high resistance at the start, and to decrease it as the motor comes 
up to speed. It consists of a resistor which is connected across the slip rings of the motor 
and manual or magnetic switches for short-circuiting the resistor in steps as the motor 
comes up to speed. The resistor usually is designed to limit, to the full-load values, the 
current drawn and the torque developed by the motor. As the resistor is short-circuited 
the starting torque increases, up to the maximum torque of the motor, with a correspond- 
ing increase in current. If a portion of the resistor is allowed to remain in the circuit, 
the motor will operate at reduced speed. In this case the resistor must be designed for 
continuous duty. Before closing the primary switch, the full value of secondary resist- 
ance should be inserted in the circuit. 

Manual Primary and Secondary Control may consist of a single drum switch with 
contacts for closing the primary circuit, as well as for short-circuiting the secondary resistor. 
A separate resistor must be provided. These drum switches are available in sizes up to 
100 Hp. at 220 volts, and 200 Hp. at 440 or 550 volts. They frequently are arranged to 
reverse the motor as well by changing the primary connections. Manual primary and 
secondary control, in all sizes, may be provided by a face-plate type rheostat, or drum 
switch, with resistor for secondary control, combined with a manual full-voltage controller 
for primary control. In case an oil-circuit breaker is used for the latter it generally can 
be provided with a magnetic lock, which prevents the breaker from being closed unless the 
secondary controller is in the starting position, 7.e., all the resistance is in the circuit. 

Magnetic Primary and Manual Secondary Control is similar to the type just described 
except that a magnetic controller is used for primary control. The secondary controller 
usually is so arranged that moving the operating handle to the first position closes the 
control circuit to the primary switch, causing it to close. Thus complete control of the 
motor is obtained at the secondary controller. 

Magnetic Primary and Secondary Control employs magnetic contactors for the primary 
switch and also for short-circuiting the secondary resistor. Definite time relays, or current 
relays which operate in response to the drop in secondary current as the motor comes uf 
to speed, are used to close the several secondary contactors in proper sequence. Overload 
and under-yoltage protection normally are provided. The controllers may be obtainec 
in the open type, or with general-purpose enclosures. Although more costly than othe 
types, these controllers give complete control from a remotely mounted push-button 
They also can be obtained with an extra contactor for automatic reversing. | 
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COSTS.—Squirrel-cage Induction Motors.—Controllers for polyphase induction 
a ine Ss Hope approximately as follows: 

-voltage, Magnetic Type, 220 volts, $13 for 2-Hp. controllers, $52 for 25-Hp. and 
30-Hp., $232 for 60-Hp. to 100-Hp., $673 for 125-Hp. to 200-Hp. controllers; Aanivaitel 
$13 for 2-Hp., $52 for 30-Hp. and 50-Hp., $232 for 150-Hp., and 200-Hp., $673 for 250-Hp. 
to 400-Hp., $799 for 500-Hp. and 600-Hp.; 2200 volts, $395 for 50-Hp. to 200-Hp., $500 
for 250-Hp. to 700-Hp. 

Reduced-voltage, Auto-transformer Magnetic Type, 220 volts, $155 for 5-Hp. to 15-Hp. 
controllers, $384 for 40-Hp. and 50-Hp., $604 for 100-Hp., $1137 for 150-Hp., $1405 for 
250-Hp.; 440 volts, $155 for 15-Hp. controllers, $390 for 60-Hp. and 100-Hp., $567 for 
150-Hp., $1155 for 250-Hp.; $1416 for 400-Hp., $1633 for 500-Hp.; 2200 volts, $739 for 
50-Hp. controller, $758 for 100-Hp., $782 for 150-Hp., $795 for 200-Hp., $1353 for 300-Hp., 
$1423 for 500-Hp., $1575 for 800-Hp. 

Costs of magnetic type controllers include a separately-mounted start-stop push- 
button station. 

Reduced-voltage Auto-transformer Manual Type, 220 volts, $91 for 5-Hp. to 15-Hp. 
controllers, $173 for 50-Hp., $253 for 100-Hp., $694 for 150-Hp.; 440 volts, $91 for 15-Hp., 
$104 for 50-Hp., $186 for 100-Hp., $202 for 150-Hp., $277 for 200-Hp., $695 for 300-Hp.; 
2200 volts, $383 for 50-Hp., $404 for 100-Hp., $428 for 200-Hp., $454 for 300-Hp., $970 
for 500-Hp., $1257 for 800-Hp. 

Wound-rotor Induction Motors.—The costs for full voltage controllers for squirrel- 
cage motors, given above, apply also to primary control for wound-rotor induction motors. 
Approximate 1936 costs of manual secondary controllers for wound-rotor induction 
motors were as follows: For starting duty, $96 for 5-Hp. to 10-Hp., $129 for 25-Hp., 
$144 for 50-Hp., $163 for 100-Hp., $262 for 200-Hp., $322 for 300-Hp., $531 for 500-Hp.; 
for speed regulating duty, $103 for 5-Hp., $133 for 15-Hp., $184 for 25-Hp., $236 for 
50-Hp., $366 for 100-Hp., $545 for 150-Hp., $676 for 200-Hp. 
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TYPES.—Direct-current motor controllers of the following types are in general use: 
a. Manual controllers: 1. Full-voltage, constant speed; 2. Reduced-voltage, constant 
speed; 3. Reduced-voltage, adjustable speed, by field control; 4. Reduced-voltage, 
adjustable speed, by armature control; 5. Reduced voltage, adjustable speed, by arma- 
ture and field control; 6. Drum controllers. 6. Magnetic controllers: 1. Full-voltage, 
constant speed; 2. Reduced-voltage, constant speed; 3. Reduced-voltage, adjustable 
speed, by field control. 

Manual Full-voltage Controllers are available in ratings up to 1 Hp. at 115 and 230 
volts. They consist of a single-pole or double-pole switch and a single-element thermal 
type overload relay, mounted in a general-purpose or explosion-proof (Class I, Group D, 
conditions) enclosing case. These simple and low cost controllers are applicable to small 
‘motors where full-voltage starting and manual control are acceptable. 

Manual Reduced-voltage, Constant-speed Controllers are available in ratings up to 
100 Hp. at 115 volts, 200 Hp. at 230 volts, and 400 Hp. at 550 volts. They consist essen- 
tially of a dial-type switch and a resistor. As the operating handle is turned, the switch 
first connects the motor armature to the line through the entire resistor, and then short- 
circuits the resistor in steps until the motor is on full voltage. Full voltage is applied to 
the field winding throughout. A retaining magnet, which holds the operating arm in the 
~ running position, releases the arm and disconnects the motor on failure of voltage. Con- 
trollers rated 550 volts usually have a magnetic contactor connected in series with the 
circuit to the motor. This interrupts the current when the motor is shut down, and avoids 
the breaking of current on the starting switch contacts. Controllers of the higher horse- 
power ratings generally are available with a magnetic line contactor for breaking the cir- 
cuit, and a manually-operated air circuit breaker with an automatic overcurrent trip to 
provide overload protection. Controllers of the open type and with general-purpose 
enclosing cases are available. 

ADJUSTABLE SPEED CONTROLLERS. Field Control Speed Adjustment.—Con- 
trollers are available in ratings up to 100 Hp. at 115 volts, 200 Hp. at 230 volts, and 400 
Hp. at 550 volts. They are similar to the constant speed controllers described above, 
with the addition of a resistor, inserted in series with the field winding, and means for 
short-circuiting the resistor in steps, thereby varying the field current and the speed of 
the motor. In the smaller sizes, the dial switch has an auxiliary arm and an extra set of 
segments or buttons by means of which the field current is varied. In the larger sizes, @ 
separate field rheostat is provided. The control is so arranged that all of the resistance 
in the field circuit must be short-circuited before the motor can be started. 
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Armature Control Speed Adjustment.—Controllers are available in ratings up to 
50 Hp. at 115 volts, 60 Hp. at 230 volts, and 5 Hp. at 550 volts. They are similar to the © 
constant speed controllers, except that they have a continuously rated armature resistor, | 
and the operating handle of the dial switch can be left in various positions to leave a 
certain portion of the resistor in the circuit. Thus the voltage impressed on the armature 
of the motor can be varied, with consequent variation in speed. Speed reduction down 
to 50% of full speed is standard. With this type of control the speed of the motor varies 
considerably with the load. It cannot be used where close speed regulation is required 

Armature and Field Control Speed Adjustment.—Controllers are available in ratings 
up to 10 Hp. at 115 volts, 20 Hp. at 230 volts, and 5 Hp. at 550 volts. They consist of a 
combination of the two types described above. A variable armature resistance, sufficient 
to give 50% speed reduction, and a variable field resistance to give 25% speed increase, 
are standard. 

Manual Drum Controllers of the full-voltage type are available in ratings up to 5 Hp. 
at 115 and 230 volts. The reduced-voltage type can be obtained in ratings up to 40 Hp. 
at 115 volts, 75 Hp. at 230 volts, and 100 Hp. at 550 volts. Both types can be obtained 
for reversing as well as for non-reversing duty. The reduced-voltage type also can be 
obtained suitable for adjustable speed operation either by field or by armature control. 
Where field control is provided, the field resistor usually is mounted on the side of the 
controller, and the drum switch has segments for short circuiting the resistor in steps as 
the operating handle is turned. The armature resistor usually is mounted separately. 

Drum controllers arranged to provide dynamic braking also can be obtained. The 
motor is connected as a generator and a resistor is connected across the armature so that 
when driven by an overhauling load, power is delivered to the resistor which holds back 
the load. 

Since drum controllers do not provide overload or under-voltage protection, a protective 
panel, consisting of a magnetic contactor and a temperature overload relay mounted in an 
enclosing case, often is used. The contactor will open on failure of voltage, disconnecting 
the motor, after which the drum controller must be returned to the off position to reclose 
the contactor. In the event of injurious overload, the relay will open the contactor. An 
open-close push-button station is recommended. This may be located at any convenient 
place, and provides an additional means for stopping the motor. Drum controllers are 
used with motors driving machine tools, cranes, hoists and similar applications, where a 
convenient and compact manual controller is required. 

Magnetic Full-voltage Controllers are available in ratings up to 1/2 Hp. at 115 volts 
and 3/4 Hp. at 230 volts. They consist of a magnetic contactor mounted in a general- 
purpose enclosing case. A start-stop push-button station or similar device is required for 
starting and stopping the motor. 

Magnetic, Reduced-voltage, Constant-speed Controllers are available in all ratings. 
They consist of a starting resistor, two or more magnetic contactors, and relays, usually 
of the definite time type, for closing the contactors in proper sequence to short-circuit the 
resistor as the motor comes up to speed. In some types, accelerating contactors, incor- 
porating a time-delay feature, are used. These eliminate the necessity for a separate 
relay. A single-element temperature-overload relay and a general-purpose enclosing case 
usually are provided. Controllers arranged for dynamic braking with or without reversing 
features also are available. 

Magnetic, Reduced-voltage, Adjustable-speed Controllers, with speed adjustment by 
field control are available in all sizes. They are similar to the type above described, with 
the addition of a field rheostat for varying the field current, and hence the speed, of the 
motor. A field accelerating relay often is added, which prevents high armature cur- 
rent when the motor accelerates rapidly from basic speed (full-field) to a higher speed 
(weak field). A ‘ field protective’ relay may be installed to protect the motor from 
excessive speed if the field circuit is opened accidentally. 

; COSTS of the more generally used controllers for D.C. motors ranged, in 1936, approx- 
imately as follows: 

Manual Controllers, Constant-speed, 115 volts, $12 for 1-Hp. controllers, $18 for 
3-Hp., $22 for 5-Hp., $37 for 7 1/s-Hp., $46 for 10-Hp., $65 for 20-Hp., $85 for 30-Hp., 
$249 for 50-Hp., $422 for 100-Hp.; 230 volts, $12 for 1-Hp., $18 for 3-Hp., $22 for 5-Hp., 
$23 for 7 1/o-Hp., $41 for 10-Hp., $48 for 20-Hp., $65 for 30-Hp., $90 for 50-Hp., $256 for 
100-Hp., $266 for 150-Hp., $422 for 200-Hp.; 550 volts, $22 for 1-Hp. and 3-Hp., $23 
for 5-Hp., $28 for 7 1/o-Hp., $72 for 10-Hp., $80 for 20-Hp., $158 for 30-Hp., $164 for 
50-Hp., $200 for 100-Hp., $214 for 150-Hp., $323 for 200-Hp., $358 for 300-Hp., $469 
for 400-Hp. 

Manual Adjustable-speed Controllers, Field Control—4115 volts, $36 for 1-Hp., $38 
for 3-Hp. and 5-Hp., $46 for 7 1/2-Hp., $77 for 10-Hp., $120 for 20-Hp., $129 for 30-Hp., 


oe 
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$405 for 50-Hp., $587 for 100-Hp.; 230 volts, $36 for 1-Hp., $38 for 3-Hp. an 
for 7 1/2-Hp., $77 for 10-Hp and 20-Hp., $120 for 30-Hp., $136 for SOL). JeaTbaee Bee : 
$428 for 150-Hp., $587 for 200-Hp.; 550 volts, $317 for 30-Hp. and 50-Hp., $364 for 10-Hp_. 
$405 for 150-Hp., $440 for 300-Hp., $045 for 400-Hp. a 
anual Adjustable-speed Controllers, Armature Control.—115 volts, $29 for 1-H 

$47 for 3-Hp., $81 for 5-Hp., $96 for 7 1/9-Hp., $99 for 10-Hp., $214 for ae $319 ie 
30-Hp., $473 for 50-Hp.; 230 volts, $29 for 1-Hp., $47 for 3-Hp., $75 for 5-Hp., $81 for 
7 1/o-Hp., $86 for 10-Hp., $144 for 20-Hp., $280 for 30-Hp., $373 for 50-Hp. ; 

Magnetic Constant-speed Controllers —115 volts, $41 for 1-Hp. and 3-Hp., $64 for 
5-Hp. and 7 1/2 Hp., $70 for 10-Hp., $229 for 20-Hp., $364 for 30-Hp., $517 for 50-Hp. 
$529 for 75-Hp.; 230 volts, $41 for 1-Hp. and 3-Hp., $47 for 5-Hp. and 7 1/9-Hp., $64 ioe 
10-Hp., $70 for 20-Hp., $211 for 30-Hp., $375 for. 50-Hp., $517 for 100-Hp., $529 for 
150-Hp.; 550 volts, $70 for 1-Hp. and 3-Hp., $76 for 5-Hp. and 7 1/o-Hp., $105 for 10-Hp., 
$111 for 20-Hp., $211 for 30-Hp., $252 for 50-Hp., $375 for 100-Hp., $387 for 150-Hp. 

Magnetic Adjustable-speed Controllers, Field Control—a115 volts, $64 for 1-Hp. and 
3-Hp., $88 for 5-Hp. and 7 1/.-Hp., $94 for 10-Hp., $317 for 20-Hp., $440 for 30-Hp., $739 
for 50-Hp., $751 for 75-Hp.; 230 volts, $64 for 1-Hp. and 3-Hp., $70 for 5-Hp. and 7 1/9-Hp., 
$88 for 10-Hp., $94 for 20-Hp., $305 for 30-Hp., $451 for 50-Hp., $745 for 100-Hp., $757 
for 150-Hp.; 550 volts, $99 for 1-Hp. and 3-Hp., $117 for 5-Hp. and 7 1/9-Hp., $123 for 
Rae $129 for 20-Hp., $305 for 30-Hp., $340 for 50-Hp., $451 for 100-Hp., $463 for 

D: 

Costs of magnetic controllers include a start-stop push-button station for separate 

mounting. 
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The control for the armature (primary) winding of a synchronous motor is similar to 
_that provided for a squirrel-cage induction motor. See p. 25-54. It may be of the full- 
voltage or reduced-voltage tyne, either manual or magnetic. In addition, control for the 
field winding must be provided. This control usually is of the magnetic type, so that 
after the primary control has connected the armature winding to the A.C. power lines, 
direct current automatically is applied to the field winding when the motor has accelerated 
to the proper speed, 7.e., 95 to 98% of synchronous speed. When the magnetic field con- 
trol is combined with magnetic primary control, the complete controller is designated 
magnetic and when combined with manual primary control it is designated semt-magnetic. 
A field contactor and field application relay are required to apply field excitation auto- 
matically. The latter may be of the definite time type, or it may be a slip-frequency relay. 
Such a relay operates on the change in frequency of the alternating current induced in the 
field winding as the motor accelerates. In addition, a discharge resistor must be connected 
across the field winding during the starting period in order to limit the voltage induced in 
that winding. The discharge resistor circuit is opened when field excitation is applied, 


~ either by normally closed contacts on the field contactor or by a separate field discharge 


contactor actuated by the field application relay. Synchronous motor controllers also 
include a field removal relay which operates automatically to open the field contactor and 
remove excitation, whenever the motor pulls out of synchronism. The latter condition 
may occur as a result of a high overload or a drop inline voltage. By removing field excita- 
tion, after the load or voltage returns to normal, the motor may be able to re-accelerate, 
and the field application relay will re-apply field so that normal operation is resumed auto- 


* matically. If field excitation is not removed on pull-out the motor is apt to stall, and, in 


addition, is subjected to violent torque and current surges. Where the driven machine 
must be unloaded when starting, in order that the motor will accelerate and synchronize, 
it often is possible to provide an automatic, electrically-operated unloader, which can be 
connected to the field contactor. Then on pull-out, the automatic removal of field also 
will unload the machine, so that the motor can re-synchronize, after which load automati- 
cally is re-applied. The field removal relay may operate on the abrupt drop in the power- 
factor of the current drawn by the motor as it pulls out of step, or on the increase in line 
current under this condition, or on the current induced in the field winding as the motor 
speed drops below synchronous speed. 

Means for Adjusting D.C. Excitation applied to a synchronous motor also should be 
provided. Where an exciter is used to supply excitation to a single synchronous motor, 
adequate control of the excitation can be obtained by means of the exciter field rheostat. 
However, if a single D.C. generator supplies excitation to two or more synchronous motors, 
a field rheostat must be connected in series with the field winding of each motor. Syn- 
chronous motor controllers usually are arranged for mounting either an exciter field rheo- 


stat, a motor field rheostat, or both. 
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Usual practice provides synchronous motor controllers with two ammeters, an A.C. 
ammeter for reading line current, and a D.C. ammeter for reading field current. Addi- 
tional instruments, such as an A.G. voltmeter, indicating wattmeter, or watt-hour meter, 
are often valuable additions. ; 

Like induction motor controllers, synchronous motor controllers normally are pro- 
vided with a thermal type overload relay. Time-delay under-voltage protection 18 standard 
for controllers rated 2200 volts and above, while for controllers of lower voltage rating, in- 
stantaneous under-voltage protection is standard, but the time-delay type can be obtained. 
Standard controllers are of the open type, but general-purpose enclosing cases are available. 

TYPES.—Synchronous motor controllers of the following types are commonly used: 

a. Magnetic, full-voltage; b. Semi-magnetic, full-voltage; c. Magnetic, reduced- 
voltage, auto-transformer type; d. Semi-magnetic, reduced-voltage, auto-transformer type; 
e, Magnetic, reduced-voltage, resistor type; f. Magnetic part-winding. 

Types a, c, and e are similar to the corresponding types of magnetic squirrel-cage 
induction motor controllers, with the addition of the automatic field control and ammeters 
described above. Types b and d are similar to the corresponding type of manual squirrel- 
cage induction motor controllers with the same additional features. 

Magnetic Part-winding Controllers are arranged to start a motor by energizing only a 
portion of the complete armature winding and then, after the motor has accelerated, ener- 
gizing the remainder of the winding in one or more steps. The motor must be designed 
especially for this type of starting, with a multiple circuit armature winding and sufficient 
terminal leads provided to allow energization of the various circuits independently. The 
effect of this starting method is to reduce the current drawn from the line and the torque 
developed by the motor at start, to give the effect of reduced-voltage starting without the 
use of an auto-transformer, resistor, or other voltage reducing device. The amount of 
reduction in torque and current depends on the percentage of the winding energized, and 
also on the characteristics of the individual motor. With some motors the torque is 
reduced in proportion to the reduction in current, while in others a considerably greater 
reduction in torque occurs. Like reduced-voltage resistor starting, part-winding starting 
has the advantage that the circuit to the motor is not opened during the starting period, 
making the method particularly applicable where the starting current limitations are of 
the increment type. Motors of relatively high voltage in relation to their horsepower 
cannot be economically designed for part-winding starting. The method is most appli- 
cable to low-speed machines of large horsepower and moderate voltage. Most motors and 
controllers for part-winding starting are arranged to give just one reduced kva. step 
(two-point starting), but in many cases they can be provided with two, three, or more 
reduced kva. steps. 

COSTS of controllers, open type, for synchronous motors, in 1936, ranged approxi- 
mately as follows: 

Full-voltage Magnetic Type, Unity Power Factor: 220 volts, $393 for 50-Hp. and 60-Hp. 
controllers, $514 for 100-Hp. and 125-Hp., $647 for 150-Hp., $750 for 200-Hp.; 440 volts, 
$303 for 50-Hp. and 60-Hp. controller, $393 for 100-Hp., $430 for 150-Hp., $514 for 200- 
and 250-Hp., $647 for 300-Hp., $750 for 400-Hp. and 500 Hp.; 2200 volts, $647 for 50-Hp. 
to 350-Hp. controllers, $750 for 400-Hp. to 500-Hp. 

Reduced-voltage, Auto-transformer, Magnetic Type, Unity Power Factor: 220 volts, 
$708 for 50-Hp., $998 for 100-Hp., $1513 for 150-Hp., $1694 for 200-Hp.; 440 volts, $563 
for 50-Hp., $702 for 100-Hp., $871 for 150-Hp., $1035 for 200-Hp., $1548 for 300-Hp., 
$1755 for 400-Hp. to 500-Hp.; 2200 volts, $1089 for 50-Hp. controller, $1101 for 60-Hp. 
to 100-Hp., $1131 for 150-Hp., $1143 for 200-Hp., $1258 for 300-Hp., $1621 for 400-Hp. 
to 500-Hp. 

The costs of magnetic type controllers include a start-stop push-button station for 
separate mounting. 

Full-voltage Semi-magnetic Type, Unity Power Factor: 440 volts, $532 for 225-Hp. 
to 350-Hp.; 2200 volts, $730 for 50-Hp. to 250-Hp., $742 for 300-Hp. to 500-Hp. 

Reduced-voltage, Auto-transformers, Semi-magnetic Type, Unity Power Factor: 220 
volts, $424 for 50- and 60-Hp., $490 for 100-Hp., $1071 for 150-Hp., $1131 for 175-Hp.; 
440 volts, $351 for 50-Hp., $430 for 100-Hp., $448 for 150-Hp., $502 for 200-Hp., $1131 
for 300-Hp.; 2200 volts, $659 for 50-Hp. and 60-Hp., $678 for 100-Hp., $690 for 150-Hp. 
to 200-Hp., $702 for 250-Hp. to 350-Hp., $1186 for 400-Hp., $1204 for 500-Hp. 
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MISCELLANEOUS SHOP EQUIPMENT 


DUST COLLECTION * 


By M. S. Kice, Jr. 


1. CHARACTERISTICS OF DUST 


There is no standard definition of industrial dust. Generally it comprises powdered 
minerals, fine metals, organic dust, chips and shavings. In the following discussion, all 
of the more or less finely divided particles will be treated as dust. 

COMMON TYPES OF DUST.—1. Wood sawdust and shavings from planing mill 
equipment. 2. Metallic and abrasive grindings and lint from metal grinding and polish- 
ing machinery. 3. Stone-working dust. 4. Foundry dust. 5. Various types of ore 
dust at varying temperatures. 6. All pulverized materials such as dried and powdered 
milk, cement, taleum powder, pulverized coal, etc. 7. Cinder from stoker-fired boilers. 
8. Fly ash from pulverized fuel boilers. 

NATURE OF DUST.—Combinations of various properties of dust are factors affect- 
ing the choice of the type of suitable dust collector, as well as its collecting efficiency. 
_ The recognized method of proving collector efficiency is the testing of actual samples of a 
specific dust. Combinations of the many variables involved in dust collecting work 
would lead to speculative results if the subject were treated mathematically. 

Shape.—Dust particles formed at high temperature often are hollow or globular. 
Mineral particles from substances at ordinary temperature usually are solid. Most 
organic dusts are fuzzy. Rarely is fhe shape uniform. 

Fineness.— Metallic and wood particles are coarse. Organic powders, such as flour, 
are extremely fine. Mineral dusts in industrial use are graded through standard mesh 
screens. Finer dusts are measured by calibrated microscopic photography and by flota- 
tion. The finest mesh screen available has 400 meshes to the inch. The square power of 
a mesh number represents the number of mesh openings per square inch. Thus, a 400- 
mesh screen has 160,000 openings per square inch. Each net opening is 2.03 X 1076 
sq. in. The wires forming this mesh are 1.075 X 107? in. diameter. For comparison, 
_ the diameter of a No. 40 B. & S. bare wire is 3.441 X 107% in. Fine dust is measured in 
microns, which is a linear measure equal to 3.93 X 10~* in.; 1300 particles one micron 
diameter can be assembled in one plane of one mesh opening of a 400-mesh screen. ‘Table 1 
illustrates proportions of common screens. 


Table 1.—Properties of Common Screens 


a 
Screen mesh.............. 20 40 60 80 100 150 200 325 400 
Width of mesh opening, in. 0.0340 .0150 .0087 .0068 .0058 .0041 .0029 .0017 .001425 


Approx. microns across net 
OP ETALING fel e, cutee csariszeusesuste 850 375 217 170 147 102 74 43 36 


Proportional opening, in.*. 240 105 61 48 41 29 20 12 10 


* These values represent an equivalent approximate size sphere to the same scale as represented 


by one micron being enlarged to the size of a circle inscribed in the hexagon of an engineer’s common 


lead pencil, namely, 0.28 in. These values are given to allow visualization of these proportions. 


Uniformness.—Rarely is dust uniform. Its fineness has to be described in percentage 
values of that dust that will pass through successive mesh screens. As an illustration of 
uniformness grading, the following represents the mesh analysis of common Portland 


cement. 
WWiesliveepers eee ec aevscnsge te ces 40 60 100 150 200 325 
Percentage passing through 99.9 99.8 98.5 95.0 83.0 61.0 


For making this screen test, circular frames about 1 1/2 in. high and 8 in. diam., con- 


*Acknowledgments.—E. J. Tangerman, Managing Editor, Power. H. O. Danz, Manager Dust 
Collector Division, American Blower Corporation. W. O. Vedder, Pangborn Corporation. 
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taining a stack of screens'in the above order and mounted in a vibrating machine are used. 
A weighed sample is placed on the top screen. After screening, the material on each 
screen and that which passed through the last screen is weighed. From these values the 
percentage through each mesh is calculated. 

Specific Gravity is that of the dust, not of the solid from which the dust is produced. 

Concentration relates to grains per cubic foot of air. It isa measure of the amount of 
material possible to extract from a given quantity of air. 

Toxicity.—In addition to being careful to remove poisonous dusts from an atmosphere, 
care must be taken to protect those testing such dust samples, and those handling the 
material collected in the field. 

Adhesiveness.—Sticky dusts cannot be caught in dust collectors of any type unless 
provision is made for periodic cleaning and scraping. 

Explosiveness.—Fine inflammable dusts are extremely hazardous. The air stream 
must be kept below the flash temperature of the mixture, and provision assured to guard 
against spark or other ignition. All metallic parts must be grounded. The rotating 
parts of fans handling such dust should be made of spark-proof material. 

Electrostatic Charge—Charges of static electricity that tend to agglomerate dust 
particles allow a greater collection efficiency of the fine particles because of their ad- 
herence to the larger particles. 

GROUPS OF DUST.—1. Dust hazardous to health, agriculture and machinery. 
2. General nuisance dusts, as fly ash. 3. Dusts useful as by-products, products and 
fuels, as asphalt topping, plaster of Paris and pulverized coal. 4. Valuable dusts, as gold 
grindings, etc. 


2. TYPES OF DUST COLLECTORS 


SETTLING CHAMBERS are the oldest form of dust separators. A large dead air 
space receives dust-laden air and contains it long enough for the dust to settle. A modi- 
fied form consists of a pocket 
trap in an ordinary duct to 
drop out heavy particles acci- 
dentally or purposely admitted 
to the air stream. 

FILTERS area type of col- 
lector that appear in various 
forms. The modern adaption 
consists of a viscous covered 
channel, forming tortuous paths 
for dust-laden air. The dust 
impinges on the viscous surface. 
When fully loaded some types 
are cleaned in an oil bath. Other 
types are discarded and re- 
placed with new filter elements. 

Bag-type Air Filters consist 
of cotton or woolen socks or 
bags arranged in battery, sus- 
pended vertically from rings at 
8 the top and secured at the 
Structural /P bottom around thimbles which 

Support protrude from the floor. Gases 
enter from a lower plenum. 
The bags expand as they are 
under pressure. The bag house 
is divided into several com- 
partments, to permit one com- 
partment to be isolated from 
the system and cleaned. This 
is accomplished by a mechan- 
ical shaking system which dis- 
f lodges the arrested material 
Fie. 1. Section of Cloth Screen Filter on the interior of the bag, 


: which material falls to the 
plenum chamber below and is extracted. A velocity of about 2.5 ft. per min. is figured 


through the bag surface. Resistance to air flow varies about as the 1.7th power in 
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terms of air velocity, and increases considerably as the bag material becomes loaded with 
dust. This resistance at constant velocity varies from about 0.5 in. to 3 in. static 
water gage. Commercially, bag-type filters are used for fumes and gases from smelter 
furnaces of various kinds for separation of finely divided ores and metals. The gases 
are cooled to about 180° F. 

Cloth Screen Filter—A modern modification of the bag-type filter consists of flat 
cloth fabric screens applied over a series of rectangular frames and enclosed in a sheet- 
metal box framework. The cloth covers both sides and three edges of the frame. The fourth 
edge, left open, forms the flue for the clean air outlet. Hoppers are provided below to 
catch the dust. The cloth screen frames are connected to a rapping device to dislodge 
dust packed on the cloth. Coarser dust is settled out prior to encountering the screens, 
and in some designs a settling chamber is provided ahead of the collector. Fig. 1 shows 
a typical cross-section of a cloth screen filter. 

Intermittent Type Filters allow the cloth to be cleaned by periodic shaking, the exhaust 
fan being shut down. The cleaning frequency is determined by specific conditions. It 
averages 5 to 10 min. in each 4 to 5 hr. operation. The advantage of the intermittent 
type is lower first cost. It is suitable where dust concentration is not severe, or where the 
cleanout time is not disadvantageous. 

Continuous Type Filters are used for heavy dust concentration or where shut-down 
periods are prohibitive. They consist of two intermittent types, cross-connected to allow 
one collector for service operation, while the other is being cleaned. The switch-over can 
be arranged for manual operation with cross-connecting dampers, or the entire period can 
be controlled automatically. 

ELECTROSTATIC PRECIPITATORS.—High voltage direct current fed to elec- 
trodes in series gives the suspended dust particles a negative charge, causing them to be 
attracted by the positively charged electrodes to which the dust adheres. When the 
current is interrupted and the plates rapped, the dust is precipitated to the hoppers below. 
Lighter dusts are removed by scraping. The composite plate precipitator has two or 
more separate banks of electrodes in series, each up to 15 parallel ducts formed by large 
concrete slabs which act as grounded collecting electrodes. Discharge electrodes hang 
centrally in the ducts. The curtain rod precipitator is similar, except that collecting 
electrodes are pipe frame- 
works into which are 
threaded many vertical 
parallel rods. These cur- 
tains, hung from the top, 
can be lifted and dropped 
against anvils at the bot- 
tom, thereby vibrating 
collected dust loose. Rap- 
ping is done continuously 
or at necessary intervals 
by a solenoid-actuated 
mechanism. The vertical 
pocket electrode precipi- 
tator allows gas to enter 
the hopper and rise through 
ducts to the breeching. 
Ducts are formed by paral- 
lel electrodes built up of 
six individual sections or 
hung from the top sup- 
porting member. Pockets 
in the sides of these boxes 
provide louvre-like open- 
ings which catch the dust 
when the section is vi- 
brated, dropping it down 
through the center to the 
hopper out of the incom- 
ing gas path. Fig. 2 
shows the composite plate 
PET WASHERS.—The simplest form of gas washer is the common air washer. See 
Kent’s Mechanical Engineers’ Handbook—Power, p. 11-52, forming Vol. 2 of this series. 
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Fic. 2. Composite Plate Type Electrostatic Precipitator 
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It is efficient for light concentrations of dust soluble or wettable in water. 
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For heavier 


dust concentrations, the lower tank is sloped and fresh water is used. Particles that will 


Middle 
Cylinder 


Operating 
9/7 || Mechanism 


Dust 
Hopper 


Fie. 3. Action of Vortex Col- 
lector and Receptacle 


not wet do not puncture the water mist particle. Finely 
divided, the water surface tension prevents puncturing 
the water globule. Such dust passes through a common 
washer. Chemic2] treatment is possible to reduce the 
water surface tension. For cleaning products of com- 
bustion, the gas scrubber usually consists of plates, rods, 
links, etc., suspended in a gas stream and sprayed with 
water. Dust is washed down through the hopper. 
Sinuous paths through the scrubber increase cleaning 
efficiency. Materials not attacked by sulphurous and 
sulphuric acid must be used. The latter acid is formed 
by the combination of sulphur gases and the spray 
water. 

CINDER TRAPS.—Rows of diamond and other 
shaped sections, arranged staggered, are constructed with 
narrow slots on the side of the entering air. Heavier 
particles of dust, moving in a straight line, possess too 
much inertia to work around the staggered rows of 
baffles, and are trapped inside the hollow section and 
pass to a hopper below. The air sinuously moves around 
the staggered rows. Light dust particles move with the 
air stream. 

CENTRIFUGAL COLLECTORS.—The same prin- 
ciple of nature that is used in cinder traps is utilized 
in a centrifugal collector. The dust-laden gas is rotated. 
The inertia of solid particles prevents them from ac- 
celerating toward the center. They strike the outer 
surface and either are skimmed off or drop down to a 
chamber below. The efficiency of the collector is directly 
proportional to the rotation of the air, which, in turn, is 
proportional to the pressure drop of the collector, and, 
again. in turn, is proportional to the power put into the 
air stream. 

The Common Cyclone collector usually consists of 
a conical lower half and an upper half, which either is 
likewise conical in the opposite direction or cylindrical. 
Dust-laden gas enters tangentially in the upper body. 
The air is rotated inside of the cyclone, and the cleaner 
air passes out at the top of the center of the whirl. 


This type is universally used for the collection of shavings, sawdust, etc., from wood- 


working establishments. Its 


ressure dro 
Pp P Clear gas to 


ranges from 1/2 in. to 1 in. water gage. 

The Vortex Collector is shown in Fig. 3. 
Dust-laden gas enters a scroll body, which 
rotates the air stream. Below, and extending 
downward, are a series of cones and cylinders. 
The decreasing cross-sectional radius spins the 
air stream into an extremely high velocity 
vortex. Dust particles impinge against the 
outer walls and work downward, passing out 
of the lower cylinder. A collar extends into 
the body of the vortex collector to skim off the 
clean air, which is discharged either through a 
vertical pipe or an outlet head; the latter is 
used when it is desired to carry the clean gas in 
the same plane as the entering gas. The dust 
outlets must be sealed, either by a rotary dust 
valve or a lower receptacle. Internal turbulence 
is eliminated, which prevents the fine particles 
re-entering the clean air stream. This type is 
used primarily in industrial process work of 
furnaces, roasters, calciners, crushers, grinders, 


I.D. fan or stack 


Concentrated | 
Clese gas dust to 
Se secondary 
secondary Dust-laden 
collector collector gas 


Fic. 4. Spiral Scroll Collector 


etc., and in connection with spray dryers or towers for milk, soap or food products. 
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The pressure drop across the vortex collector depends on the air velocity and the size 
of the internal collar. The performance characteristics of this type afford unusuall 
high collection efficiency for coarse and fine particles. The efficiency remains pee ale 
constant for a wide variation in dust concentration and air velocity. i 
Spiral Scroll Collectors ordinarily are used as a spiral inlet box on a single-inlet fan 
or spiral inlet boxes on each side of a double-inlet fan. Fig. 4 shows a cross-section of 
this type. Dust-laden gases pass around the spiral, and the dust is forced to the outer 
wall. A scoop opening admits part of the gas to a cyclone collector for final separation 
The clean gases pass back into the spiral scroll collector. The pressure drop across che 
spiral scroll collector operates the vortex collector without the use of additional fan 
equipment. The primary fan handles the full volume of the air. At the collector outlet 
straightening vanes admit the cleaned air into the fan wheel. These vanes prevent 
internal turbulence in bleeding off clean air. The pressure drop is from 1 1/2 in. to 2 1/9 in 
water gage. ‘ 
The Spiral Tube Pre- 
cipitator consists of a 
bank of parallel tubes. 
On the entering side of 
the dusty air, a stream- 
line spiral rotates the air. 
The relatively small di- 
ameter of each rotating 
air stream eliminates the 
necessity for high-veloc- 
ity rotation, as the dust 
particle has a long path 
to travel longitudinally 
and a short distance to 
travel axially. In the 
clean air end, a hollow 
tube protrudes into the 
outer tube to receive the 
clean center of the air 
stream, the dust passing 
through a circular orifice 
into a collecting cham- 
ber. From 5% to 10% 
of the primary air is bled 
off into a vortex collector 
for final separation, and 
the clean air is returned ae 
to the entrance of the Fra. 5. Spiral Tube Precipitator Elements 
spiral tube precipitator 
by means of a secondary fan. The collecting efficiency of this type of precipitator is 
extremely high for very fine particles. Its most popular application is the collecting 
of fly ash from boilers fired with pulverized fuel. Fig. 5 is a phantom cross-section of 
the spiral tube precipitator. 


3. DUST COLLECTING SYSTEMS 


FACTORS INFLUENCING REQUIREMENTS.—1. Improvement of working con- 
ditions. 2. Nuisance elimination. 3. Value of recovered material. 4. Public liability. 
5. State laws. 

FACTORS INFLUENCING CHOICE OF TYPE OF SYSTEM.—1. Relative capital, 
power and maintenance costs. 2. Nature of dust involved. 3. Dust concentration. 
4. Efficiency requirement of dust collection. ; 

TYPES OF SYSTEMS.—The best known type of dust collector system is that in- 
volving vacuum hoods connected by branches to a main pipe, served by a fan which 
discharges to a collector. 

The Planing Mill Exhaust System is an example of the branch vipe and vacuum hood 
system. Fig. 6 shows a typical arrangement, and Fig. 7 shows typical hoods. In addition 
to the branches for various hoods, a number of floor sweeps must be supplied and provided 
with shut-off gates. Ordinarily the size of main is established independently of the 
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number of floor sweeps, as they are used intermittently. Table 2 shows size of hood 
connections for average woodworking machinery. 


Sizer Flooring Flooring. : 
Band Double Machine Machine’ Single - Molder 
Surfacer 
Re-saw Rip Saw Surfacer 


Discharge Duct 
to Collector 


Fig. 6. Plan of Typical Planing Mill Exhaust System 


HOOD DESIGN.—Requirements of good hood design are: 1. Minimum inter- 
ference with machine operation. 2. Air to enter hood orifice nearly as possible in the 
same direction as particles are discharged from machine. 3. Close proximity of hood 
mouth to source of dust production source. 4. Removable sections in hood for clean-out, 
inspection and maintenance. 5. Desirable that machine builders incorporate hoods in 
the original design of the machine. 6. Sufficient entering air velocity into the hood to 
arrest and carry away generated dust particles. 

PIPING DESIGN.—Points leading to good piping design are: Conveying-air 
velocity to be sufficiently high to carry entrained dust. 2. Piping torun in as direct a line 
as possible from hoods to collector or fan. 3. Non-interference with cranes, machinery 
and other necessary plant equipment. 4: Bottom of pipe should be on a straight line. 
The taper should be taken on the sides and top. 5. Branch angles preferably 30 deg. 
included angle between the branch and the main pipe. 6. Pipe joints lapped in direction 
of air flow, and soldered or welded. 7. Clean-outs to extend into the lower side of the 
duct and to be equipped with removable air-tight caps. 8. Floor sweeps provided where 
required. 9. Large-radius branch-pipe bends into 


Wines the main pipe. 10. Blast gates to equalize 
Hood- suction. 11. Provision for future additional taps. 
COMPUTATION OFFAN DUTY.—The cubic 


Outside 
Hood 


feet per minute (c.f.m.) moved by the exhaust 
fee fan is the product of the main duct area in square 
Hood) feet beyond the last branch to the main, and the 
STICKER MACHINE DOUBLE SURFACER _ air velocity in the duct at that point, in feet per 
minute. The static pressure is the sum of the duct 
resistance of the longest air path from the farthest 
machine to the inlet of the collector, plus collector 
loss, plus suction at the hood. See Kent’s Me- 
chanical Engineers’ Handbook—Power, p. 1-81, 


tree forming Vol. 2 of this series, for duct resistance 
\Hoo chart. This static pressure runs from 4 to 8 in. 
water gage, averaging about 51/9 in. The fan 
brake horsepower, read from the fan capacity 
oer table, should be increased 15-25% to allow for 
wake the extra weight of material in the air stream 
TENONING MACHINE Hood Which the fan has to move. For data on fan 
LeftHand, capacity testing, see Kent’s Mechanical Engineers’ 
Hood Handbook—Power, p. 1-55, forming Vol. 2 of this 
series. 
| Jojnter maebie mickher aie THE MAIN PIPE SIZE is arrived at by several 


FLOORING MACHINE methods. One method is to add the area of the 

, ; branches, increasing the main size to the fan outlet 

I By Pay 1 Hoods for Wi a a : 
ae % siete Free re oodworking hich is 15% to 30% greater than the duct. 


cane , : Another common method is to add the areas of 
the adjoining pipes and increase the main beyond this junction by 10%; in other words, 


slowing the velocity down gradually toward thefan. In this case, the last main diameter is 
the diameter of the fan inlet. A third method consists of using a constant friction per 100 ft. 
of duct. For details of this method see chart, Kent’s Mechanical Engineers’ Hand- 
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Table 2.—Sizes of Hood Connections for Woodworking Machinery 


; Diameter Diameter 
Type of Machine of Pipe, Type of Machine of Pipe, 
in. in, 
Matcher heads, each...............,. 5 Rip saws and resaws 
Sash and cabinet shaper, each head... 4 Wiprte) Vaiint diner. os occ <ciceess 4 
Woorstenoner,s Ay. chase os Sunk 5 14:tojlSjin. diam: jaryon oy ci« Scemlee. 4l/g 
Sashitenoner. 2220) 2a) s Cd is ee 5 18 tos24iin' diam > .semsntiecs sok 5 
Door and ash sticker, each head... ... 5 Cut-off saws not over 16 in. diam... 4 
Blindalat stioker. <0 sc - o.s0,0lus« ase 5 Band saws ; 
BUN TaeTOUCer nhs onccas cate ce 4 Upto yorine widenne at.lac' a4 sa 4 
Panel raiser, each head.............. 4 Ld /stuosiin, wide. Sep 2 Wee eae 5 
Sand drums Sitom ine wide tt .. dees acc cos ata 6 
24 in. lore Sh .6eu oT. dees Je 5 4 tovopine wiles, 0 .).aits oe See 7 
30 in. Jone se. ad he Paice ak Se 6 Buzz planers, moulders, planers and 
36 in. LONR Fonin sho staca kite ratio teeees 7 all other machines having knives 
AS IT MOUI ES Stan aye us que NOOR GEA Rie 8 Wp tovG Hn WMONe. .. csisrerieo c.ciercerce 
GUE ONG Serse he loin. Se ce ache 10 Gin to Sans longs. ce oie ci ascii 


Belt sander SHG CON aM ONE ese ey are oe 
HUD peOust ENC! WING. orc, Sus wc sigur Sercths 6 USian: tor2 Fan Mong oe soe c/o 
yee t 2 tre wide ssi. SES 22 ide VOT SO AN WON 2 c-wssclee sion sia 


a 
ROOnAUD 


Disc sander PlIGONBWECD-UPs cs seal ccetes Oe bless 
Writon24 im: diames sulk (aii hee 
PAs SOuN, \GIBM «Aa coe Comonicenh 


nw 


book—Power, p. 1-81, forming Vol. 2 of this series. The main duct velocities average 
3000-3500 ft. per min. 
Average sheet-metal gages on blow pipe systems are as follows: 


Diameter, in...... Up to 5 6 to 8 9 to 15 16 to 24 25to32 Over 32 
U.S. Gage No...... 26 24 22 20 18 16 


The type of collector ordinarily used is the common cyclone. In most cases the fan 
blows into the collector, inasmuch as wood shavings are not particularly abrasive in action 
against the fan wheel. 

GRINDING, POLISHING AND BUFFING SYSTEMS are another type of common 
blow pipe system. The general principles concerning design of hoods, ducts, etc., apply 
as in the case of planing mill exhaust systems, except that, ordinarily, higher suctions are 
required because the greater speed and the heavier particle tends to throw the dust out 
of the hood. Fig. 8 shows typical hoods used for abrasive exhaust systems. 

Customary branch pipe sizes for various sizes of wheels are as follows: 


Wheel sizes ins jon ie «clase. oe 6-12 13-16 17-24 
Pipe diam., grinders, in.......... 3 4 5 
Pipe diam., buffers, in....¢:..... 4 5 6 


TUMBLING BARREL EXHAUST SYSTEMS.—Tumbling barrels ordinarily are 
equipped with dust out- 
lets. Ducts are run to 
branches and to the fan 
accordingly. A minimum 
of 4000 ft. per min. air 
velocity should be pro- 
vided from the vent open- 
ing. A preference would 
be 5000 ft. per min. Tum- 
bling barrels are connected 
together like planing mill 
exhaust systems. The 
trunnion opening varies 
from 4 to 8 in. and 
the tumbling barrels are 
equipped with one or two 
trunnions. The common 
cyclone or cloth screen 
filter ordinarily is used 


ti llect the dust. MES. 
: STATE LAWS.—Particularly the states of Illinois, New York, New Jersey, New 


Hampshire, Michigan and Ohio have definite laws specifying either the pipe riser diameter, 
the suction at the hood, or the hood velocity or one or more of these elements. Some 


Fia. 8. Typical Hoods for Grinding and Buffing Wheels 
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states specify no velocity, some specify 2 in. branch pipe suction, and some 5 in., whereas: 
in some cases a-flat specification of 9000 ft. per min. velocity is specified in the branches. 
State laws cover likewise the location of the collector, the size of the dampers and the 
design and arrangement of explosion relief vents. Some states specify that sheet-metal 
hoods are to be supplied at the points of 
dust production in granite and marble dust 
industries. 

PNEUMATIC CONVEYING.—If a wind- 
storm blows hard enough, solid particles are 
carried. The velocity of the air is a func- 
tion of the size and weight of the suspended 
particle. To suspend a particle, the air 
thrust must equal the weight of the particle. 
Ordinary air at 4000 ft. per min. will exert a 
pressure of 5.2 lb. per sq. ft. The pressure 
is proportional to the square of the velocity. 

Belt Conveyor fe elas — eee reg. be greater 

P : than the weight of the material. 
ot ae ee The critical air velocity is the vertical 
flotation velocity. Velocity for conveying the same material should be two to three times 
the critical velocity. The equation for the critical air velocity is, on the basis of standard air, 


V = 3280V (d X sp. gr.) 
where V = critical velocity, ft. per min.; d = diameter, in.; sp. gr. = specific gravity of 
the solid material. Critical velocity varies as the square root of the absolute temperature. 
At 600° F. the coefficient is 4640. Critical air velocities for common grains are as follows: 


Tomidtofsgnain’ . wacateevcic.an te sommes Wheat Corn Oats 
Critical velocities, ft. per min. 
Lightest grains lifted ........... 1150 1350 800 
50% of grains lifted............ 1350 1600 950 
Adligrainsilnited its c). ex ere ee 1500 2200 1150 


Pipe Carrying Capacity—The weight of material transported per pound of air varies 
directly as the square of the air velocity. Therefore, the carrying capacity of a stream of 
air increases directly as the cube of the velocity. The horsepower required to move the 
air varies also as the cube of the velocity; therefore the weight of the material moved is 
proportional to the fan horsepower. A 10-in. pipe, fed continuously at 5500 ft. per min. 
air velocity will handle 5 tons per hour. Capacity is proportional to area of the pipe. 
$EEp. Mase Nea Bee erie ae Wheat can be transported with an allow- 

with TypeES""Wheels ance of 3.75 Ib. of air per pound of material 

gi gases a hens with a clean air velocity of 5000 ft. per min. 
Material Unloading Systems.—Fig. 9 
shows a common unloading system, such as 


Texrope == is used for grain. Generally, such systems 
ce are not commercial when designed in connec- 


tion with centrifugal fans. Since 2 to 3 lb. of 

air must be moved per pound of material, the 

6 fe de oak kal efficiency of the system on the basis of the 

5 age anata weight of the material moved, is low. The 
WiBod oh Rystomy) limit of suction of common centrifugal fans 


is 2 lb. per sq. in., which can be increased to 
4 lb. per sq. in. by special design. Positive 


10% 4 blowers (See Kent’s Mechanical Engineers’ 
ELEVATION Handbook—Power, p. 1-85, forming Vol. 2 of 
Fra, 10. Material Fed Beyond Fan this series) are used at 6 to 10 lb. per sq. in. 


; A. suction. They must draw through the col- 
lector, since the positive blower cannot handle material through its rotor. With such 


high suction, practically a full stream of material is pumped through the pipe. With high 
suctions, the pipe size is reduced considerably. 

Ducts for Conveying Cotton, Wool and Flax, and other fibrous textile materials should 
be smooth inside and free from inward metallic projections. They should be made not 
less than 10 in. diameter to prevent stoppage. Duct velocity can be approximately 3000 
ft. per min. with an allowance of 200 c.f.m. per pound of conveyed material. Stringy 
material that passes through the exhaust fan will clog up, unless cast-iron impellers are 


used. This type is cast in one piece and has smooth anticlastic surfaces, affording no 
points of adherence for stringy substances. 


BOILER FLY ASH 26-11 


; Materials Subject to Damage by the Fan Impeller are fed into the duct beyond the fan 
discharge. Fig. 10 illustrates such a system. The feeding pipe can be admitted at the 
throat of a Venturi in the fan duct to cause a siphoning from the storage bin. 


4. CEMENT MILL DUSTS 


PRINCIPAL SOURCES of dust are: 1. Grinding and handling clay and lime raw 
materials. 2. Pulverized coal for firing the rotary kilns. 3. Fly ash in the products of 
combustion from the rotary kilns. 4. Grinding calcined clinker. 5. Handling and bag- 
ging finished products. All these, except item 3, are collected by use of fan exhaust hood 
and piping systems, together with vortex collectors or cloth screen filters. When the air 
is highly laden with moisture, all piping, etc., should be well insulated to guard against 
condensation and the consequent plugging of the system. High duct velocities are advis- 
able. Generous use of clean-out doors is necessary. 

Fly ash is collected by vortex collectors, or electric, or spiral tube precipitators. Gas 
temperatures range from 400° to 1300° F., and contain a high percentage of CO». 
Materials of construction of the collector system should be chosen accordingly. When 
fly ash is collected at high temperature, the alkali content passes through the collector as a 
fume and consequently condenses when the gases strike the atmosphere. 

Cement dusts are collected primarily on account of the health and nuisance factor, 
although they have a good recovery value. The fly ash contains about half calcined 
material which can be re-burned, unless high alkali content makes this inadvisable. 
Finished cement dust is especially valuable. Its greater fineness gives it superior strength. 


5. BOILER FLY ASH 


Size and quantity of ash discharged from boiler stacks depends on many factors, as: 
1. Kind of firing, as stoker or pulverized fuel. 2. Percentage of ash in coal. 3. Kind of 
coal. 4. Ash fusion temperature. 5. Type of pulverizers. 6. Design of breeching, and 
heat exchangers. 7. Design of boiler. 8. Boiler rating, and other factors. 

Conditions should be analyzed to determine whether to utilize a well proportioned 
drop box or settling chamber type collector; or whether to use the high-efficiency vortex 
collector, the spiral s¢roll collector, or the electric or spiral tube precipitator. 

Stoker-fired Boilers may cause a flue gas dust concentration up to about 4 grains per 
cubic foot of gas. An average screen analysis of a typical sample, in which average 
combustible is 40%, and average weight is 40 lb. per cu. ft., is 

Sereen mesh......... 100 200 325 400 
Percent passed....... 52.8 36.8 28.4 20.4 


This ash has a high local nuisance factor. Its relative coarseness causes rapid settling 
over a near, hence small, area. The nuisance concentration is high. 
Pulverized Fuel Fired Boilers——Dust concentration in flue gases varies from about 

2 to 10 grains per cubic foot, depending on the percentage of ash in the coal, its fusion 
temperature, whether dry- or wet-bottom furnaces, design of boiler system, etc. A 
typical screen analysis is as follows, the sample containing 10% combustible and weighing 
52 |b. per cu. ft.: 

Sereen mesh........ 100 200 325 400 

Percent passed...... 98 .0 89.0 78.0 65.0 


This dust can cause a nuisance a considerable distance away from the source, due to dust 
fineness. A given wind direction concentrates the pattern over an elliptical area. It is 
extremely abrasive to the induced draft fan wheel and housing. Dust collectors should be 
placed ahead of the fans. From a fan maintenance standpoint the flue gas temperature and 
fan static pressure are vital factors to determine advisability of the use of dust collectors. 
The fan wheel tip speed varies as the square root of both factors. Fan erosion varies 
exponentially with wheel tip speed. The exponent has been quoted as high as 9. With 
flue gas temperature around 450° F., fan erosion becomes potent above about: 10 in. 
static pressure for stoker-fired boilers, and above 6 in. for pulverizeti-fuel-fired boilers. 
From a product standpoint, fly ash or cinders practically are worthless. Aside from 
the fan maintenance angle, collectors are used to eliminate a nuisance. f 
Required Collector Efficiency depends on: 1. Proximity of nuisance-conscious 
neighborhood. 2. Height of stack. 3. Screen analysis of ash. 4. Quantity of ash. 
5. Fan static pressure. 6. Money available. ; , 
Collectors which will remove 90-95% of the nuisance-range coarser particles, which 
results in an overall efficiency of 75-85%, should handle the problem satisfactorily. 
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THE SCIENCE OF LIGHTING 


By Matthew Luckiesh 


The science and art of lighting may be divided for convenience into three major links: 
1. Production of light; light-sources and their modifications. 2. Control of light; light- 
ing equipment and installations. 3. Specification of light and lighting; foot-candle levels 
and lighting effects. ( 

The first two links are means to certain complex ends. The third includes the efficiency, 
production, safety, comfort and welfare of human beings. The first link is a well-developed 
physical science quite beyond the realm of the designer and user of lighting. The second 
link also is a physical science dealing largely with optical facts and laws. The designer 
of lighting installations has been chiefly interested in this phase of the art of lighting. 
He chooses among the light-sources available, combining them and even modifying them 


for his purpose. How- 
LIGHT-SOURCES 


ever, the third link is 


the most important one 
Controllable Phases 


for it not only com- 
pletes the chain, but it 


ENGINEERING 1, Quantity of light PHYSICAL SCIENCES : 
(Installation of Lighting) 2. Spectral quality largely determines the 


3. Distribution of light first two links. This 


J link is a psychophysio- 
apa Ha logical science, whose de- 
velopment lagged behind 
the first two. As a con- 
Sequence, specifications 
of light and lighting have 
been largely a matter of 
guesswork, empirical at 
best. Besides, owing to 
the belated development 
of this link, the first 
two which are merely 


ECONOMICS 
Efficiency-Safety- Welfare-Happiness| 
means to an end have 
ORIGIN and BASIS of SPECIFICATIONS received much more at- 


Fre. i tention than the end 
itself. 

The ultimate purpose of light and lighting is to make seeing possible. The ideal is 
to provide light in such amounts and lighting of such character that human beings can 
see most efficiently, effectively, accurately, quickly and safely. Therefore, specifications 
of light and lighting must be based upon a science of seeing. This involves a broader view- 
point and different concepts than the science of vision does. Eyes and light are mere tools 
and seeing is an activity of the entire human being operating as a human seeing-machine. 
See M. Luckiesh and F. K. Moss, The Human Seeing-Machine, Jour. Frank. Inst. ccxv, 
p. 629, June, 1933. The author and his colleagues, particularly Frank K. Moss, have 
been evolving this new viewpoint,* the science of seeing, and the researches arising there- 
from are revolutionizing lighting considerations, particularly specifications. Fig. 1 
illustrates the place of the science of seeing in the science and art of illumination. 

DEFINITIONS.—A few important definitions (Trans. Ill. Eng. Soc., XXvili, p. 265, 
1933) are as follows: 

Light.—For the purposes of illuminating engineering, light is radiant energy evaluated 
according to its capacity to produce visual sensation. 


Diagnost: 
relationship 


SCIENCE of 


PHYSIOLOGY 
Nervous tension 
Eyestrain 
Headaches 

Eto. 


PHYSIOLOGIC OPTICS 
Visual acuity 
Speed of vision 
Contrast sensitivity 
Eto, 


* Seeing—A Partnership of Lighting and Vision, M. Luckiesh Re Ki, illi 
Wilkins, Baltimore, 1931. Bore e seal Be, Biers MiUians Ae 
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Luminous Flux.—Luminous flux is the time rate of flow of light. 

_Lumen.—The lumen is the unit of luminous flux. It is equal to the flux through a 
unit solid angle (steradian) from a uniform point source of one candle, or to the flux on a 
vam aes all points of which are at unit distance from a uniform point source of one 
candle. 

F Luminous Intensity.—Luminous intensity, of a source of light, in a given direction, 
is the solid-angular flux density in the direction in question. Hence, it is the luminous 
flux on a small surface normal to that direction, divided by the solid angle (in steradians) 
which the surface subtends at the source of light. 

: Candle.—The candle is the unit of luminous intensity. The unit used in the OR isis 
is a specified fraction of the average horizontal candlepower of a group of 45 carbon- 
filament lamps preserved at the Bureau of Standards, when the lamps are operated at 
specified voltages. This unit is identical, within the limits of uncertainty of measurement, 
with the International Candle established in 1909 by agreement between the national 
standardizing laboratories of France, Great Britain, and the United States, and adopted 
in 1921 by the International Commission on Illumination. 

Candlepower.—Candlepower is luminous intensity expressed in candles. 

Foot-candle.—The foot-candle is the unit of illumination when the foot is taken as 
the unit of length. It is the illumination on a surface one square foot in area, on which 
there is a uniformly distributed flux of one lumen, or the illumination produced at a sur- 
face all points of which are at a distance of one foot from a uniform point source of one 
candle. 

Brightness.—Brightness is the quotient of the luminous intensity of a surface measured 
in a given direction divided by the area of this surface projected on a plane perpendicular 
to the direction considered. 

Refiection-factor (Reflectance).—The reflection-factor of a body is the ratio of the 
light reflected by the body to the incident light. It is the sum of the regular and the dif- 
fuse reflection-factors. 

EFFICACY OF LIGHTING EQUIPMENT.—Light-sources are rated in lumens per 
watt and in total lumens output. The efficiency of lighting equipment or an installation 
is the ratio of the lumens output to the total lumens produced by the light-source (or 
sources). The efficacy of lighting equipment or an installation is determined by its con- 
tribution to seeing accurately, quickly, safely and comfortably. This depends on many 
factors, such as the delivery of light to the work-place and to the surroundings, the loca- 
tion of the lighting equipment, the direction of dominant light, and the diffusion of light. 
The object of light is to produce brightness and the object of lighting is to reveal objects 
by highlights and shadows. The factors involved in the visual task are size of objects or 
details to be seen, contrast in brightness and color with their surroundings or background, 
brightness-level resulting from foot-candles and reflection-factor and time available for 
seeing. 

UNITS OF BRIGHTNESS.—Inasmuch as brightness is a very important factor in 
seeing the following relations of Table 1 are presented. 


Table 1.—Units of Brightness 


1 lambert = 0.3183 candle per sq. cm. = 2.054 candles per sq. in. 
1 candle per sq. cm. = 3.1416 lamberts. 
1 candle per sq. in. = 0.4868 lamberts = 486.8 millilamberts. 
1 spherical candlepower emits 12.57 lumens. 
1 foot-candle = 1 lumen incident per sq. ft. 
1 lux = 1 lumen incident per sq. meter. 
*1 lambert = 1 lumen emitted per sq. cm. 
*1 lumen emitted per sq. ft. = 1.076 millilambert. 
*1 millilambert = 0.929 lumen emitted per sq. ft. 


* Perfect diffusion is assumed. 


Surface Brightness may be due to diffusely or specularly reflected light, or to a com- 
bination of both. The brightness of a surface which reflects light solely diffusely (a blotting 
paper) is due to the foot-candles and reflection-factor. The brightness of a surface which 
reflects light solely specularly (a perfect mirror) is due to the brightness of the image of 
something seen in the mirror. Therefore, the brightness of this surface depends on its 
reflection-factor but not on the foot-candles upon the surface. The brightness of a surface 
which reflects light both diffusely and specularly (such as common metal surfaces) is 
complex, and common considerations of foot-candles and reflection-factor are inadequate 
and erroneous. This is an important matter in lighting, which has been obscured gen~ 
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erally by undue and improper attention to foot-candles. It is necessary to distinguish 
between light (foot-candles) and lighting (distribution of light, brightness, etc.). 

LIGHT-SOURCES.—During recent years (1936 and prior), tungsten-filament lamps 
have been the most prevalent light-source in use. Their luminous efficiencies depend on 
size, wattage and use, ranging from 6 to 30 lumens per watt. The rating of the tungsten 
lamps most commonly used for general lighting purposes ranges from about 10 to 25 
lumens per watt. However, since each year witnesses improvements, it is impracticable 
to present details. 

Low-pressure mercury vapor arcs have been in use for a long time at about 15 to 16 
lumens per watt. High-pressure mercury vapor ares are coming into use (1936) at lum- 
inous efficiencies from 25 to 40 lumens per watt. Sodium vapor lamps are already operat- 
ing at 50 to 70 lumens per watt. There is promise of still higher luminous efficiencies in 
these new vapor lamps. 

Luminous efficiency is important. but the acceptability of a light-source for lighting 
also depends on other factors, such as physical size, wattage, auxiliary equipment, color and 
spectral character of light, and obvious economic factors. 

LIGHT-CONTROL.—In lighting equipment and installations, control of light is 
achieved by various kinds of media having such optical properties as opacity, refraction, 
diffuse transmission, and specular and diffuse reflection. Besides the use of optical sys- 
tems of mirrors, lenses, prisms, etc., for special purposes, simple lighting equipment 
involves one or more of the foregoing optical characteristics. Polished metal and prismatic 
glass reflectors and other devices are widely used for light control. Equipment for general 
lighting may consist of metal reflectors with various degrees of specularly or diffusely 
reflecting surfaces. Various distributions of light are obtainable by altering the shape and 
surface finish. Much general lighting equipment consists of diffusely transmitting glass, 
large enough in relation to the lumens output to prevent the surface brightness of the 
glass from being too great to be annoying, even in the peripheral field of vision. The 
brightness of a cloudless sky commonly varies from 1 to 4 candles per square inch, and 
this range may be taken as the desirable upper limit of brightness in the field of view. 
A sunlit cloud may have a brightness as high as 20 candles per square inch. This is too 
bright for comfort indoors under the conditions of low foot-candle levels and brightness 
levels. 

GENERAL AND LOCALIZED LIGHTING.—Lighting should be divided into gen- 
eral lighting for general purposes and localized lighting for specific purposes. General 
lighting is accomplished by indirect and direct systems, by a combination of both, or by 
an equivalent of such a combination. Indirect lighting requires a reflecting surface, as 
a ceiling. In a special case the wall or its equivalent may be used. By this method, the 
bright light-sources and bright areas of the lighting equipment are entirely concealed. 
However, a wide expanse of bright ceiling or other area may be annoying and may reduce 
the ability of a worker to see. In large rooms this is not necessarily ideal. It is merely 
better than a direct-lighting system in which very bright sources or surfaces of lighting 
equipment are in the field of view. 

Resort usually must be made to direct lighting where there is no ceiling available, or 
where the reflection-factor of the ceiling cannot be maintained properly. Metal or glass 
reflectors or shades can be of such shape and height that workers cannot conveniently 
see the surfaces of the equipment which usually are unduly bright. 

Between purely indirect and direct systems there are many which are carelessly cata- 
loged as semi-indirect lighting. Glass reflectors in direct-lighting systems permit some 
light to escape to the upper surroundings and ceiling. Even this low brightness adds 
much to the satisfactoriness of the lighting. Metal reflectors have been perforated at the 
top, or are hung on diffusing glass envelopes in such a manner that some light escapes 
upward. At the same time the light-source is so concealed that the visible brightness of 
the fixture is reduced to a reasonable limit. This glassteel fixture has been quite satis- 
factory in many factories. In offices, and in many clean factories with painted walls 
and ceiling, simple fixtures of diffusely transmitting glass, entirely enclosing the light- 
source, commonly are used. This is termed direct lighting, notwithstanding the fact 
that nearly as much light is emitted upward as downward. 

Fixtures for general lighting are best appraised by the percentages of light emitted 
generally upward and downward, respectively. This not only makes it possible to design 
or choose them wisely for a given interior, but also gives an idea of the lighting effect which 
they will produce in any interior. 

SPECIFICATION OF LIGHT AND LIGHTING is the third link in the chain and is 
the important one. It can be divided into three parts: 1. Quality of light; color and 
spectral character. 2. Quantity of light; foot-candles and brightness. 3. Quality of 
lighting; distribution of light, brightness, etc. 
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QUALITY OF LIGHT.—The color of light is not necessarily an indication of its 
spectral character, although the latter always is an indication of the former. The color 
of light is important from a psychological viewpoint. Spectral character may be impor- 
tant from the viewpoint of vision in special cases. Daylight is white or bluish-white 
in color. Psychologically it is associated with work and with daytime. For this reason 
a white light may seem to be a better light for work-places although there is not yet avail- 
able any scientific proof of this. Nevertheless human beings, having evolved outdoors, 
probably are best adapted to white light of a continuous spectrum. 

It has long been known that strictly monochromatic light (of a narrow range in wave 
length) is focused more definitely by a simple lens, such as the eye system, than light of 
an extended spectral range. Of the unmodified illuminants available at present, sodium 
light is the only approximately monochromatic light available. Visual acuity, or the 
ability to distinguish fine detail near the threshold in size visible, is higher under sodium 
light than it is under the same brightness of light of extended spectral character.* This 
fact can be taken advantage of in special cases, but it should be noted that the size of 
details to be seen ordinarily is much greater than threshold or near-threshold size. Only 
near the threshold in size is visual acuity important. Besides, it should be noted that 
under monochromatic light all color, excepting that of the illuminant, disappears and 
all the advantages of color-contrast are lost. Extensive studies of this monochromatic 
light have been made without revealing any other advantages, excepting higher visual 
acuity at the size threshold, over light of an extended spectral character. 

Similar studies have been made with mercury vapor light and no advantages among 
the complex factors of seeing have been revealed. Even visual acuity is no greater under 


pe ceeeeee ees Pea Spe 10 80 ee alo Boo” 10100 


Footeandles 
Approximately Equal Contributions to Better Seeing 


aa Sa aaa a aL (a RS Ce a 1p 
Fie. 2. The Relation of Foot-candles to their Effectiveness 


mercury light than under continuous-spectrum light. Owing to its discontinuous spec- 
trum, colors are distorted under mercury light. A combination of light from high-pressure 
Mercury arcs and tungsten-filament lamps provides a satisfactory psychological white 
light without much distortion of colors. This combination utilizes the high efficiency of 
these mercury arcs and may be used extensively in the work-world on account of its 
whiteness. 

Thus it is seen that excepting from a psychological standpoint and the appearance 
of colors, scientific knowledge at the present time does not reveal spectral character as 
of primary interest in lighting. Therefore, the choice of an illuminant should be based on 
certain other factors, such as luminous efficiency, convenience, cost, and the expense of 
maintenance. 

FOOT-CANDLES AND FOOT-CANDLE-LEVELS.—The foot-candle defined as a 
physical unit is constant in value. In actual use, as an aid to seeing, it is not constant. 
One foot-candle added to one foot-candle effectively increases the ability to see, but when 
one foot-candle is added to 10 or 100 foot-candles its contribution to seeing is negligible. 
In considering the application of foot-candles for their effectiveness in promoting better 
seeing it is essential to realize that the foot-candle-level must be doubled in order to obtain 
an obvious and significant improvement in seeing. This leads to the suggestion that 
foot-candle levels be established in round numbers as shown in Fig. 2. These geometric 
steps in foot-candles correspond to arithmetic steps in effectiveness upon seeing. Further- 
more, this emphasizes the practicability and desirability of establishing a series of foot- 
candle-levels. Then by experience and actual measurement of visibility of objects and 
tasks, various tasks of the work-world may be classified in the appropriate foot-candle- 
level. 

There are two fundamental foot-candle-levels. The first and obvious one is that of 
barely seeing to perform a given visual task. This is the threshold foot-candle-level. 
For example, one possessing normal vision can read a newspaper or even a machinist 3 
scale under a fraction of a foot-candle if given enough time, and if the penalties to eyesight 
and other human resources are ignored. Studies of vision as a tool reveal only these 
threshold conditions. Lighting practice has been based largely upon this misconception, 
and foot-candle specifications haye been influenced by this narrow viewpoint. ie 

To escape from this confined view, seeing must be considered instead of vision. See- 


* Seeing in Sodium-Vapor Light, M. Luckiesh and Frank K. Moss, Jour., Op. Soc. of Amer. 
xxiv, p. 5, 1934, 


26-16 ILLUMINATION 


ing is an activity of the human being operating as a seeing-machine. Seeing is work done 
by the human seeing-machine. This viewpoint greatly broadens the considerations of 
aids to seeing such as foot-candles. It reveals another foot-candle-level i.e., that for 


easiest seeing for a given visual task. Investigations designed to ascertain this level for 
various tasks involve studies 


| of the relations of foot-candles 
to various physiological and 
psychological effects resulting 
from performance of the work 
of seeing. This fundamental 
level is that at which the human 
seeing-machine sees most easily, 
accurately, and quickly. These 
are the objectives of the science 
of seeing. This ideal foot- 
candle-level already is known 
to be of a different order of 
magnitude from that for barely 
seeing. 
In general, it is indicated to 
C be comparable with daylight 
INCREASING DIFFICULTY OF visuat masks ' levels of illumination. These 
Fig. 3. Relation of Illumination to Difficulty of Visual Tasks are hundreds and even thou- 
sands of foot-candles. On a 
sunny day in summer there are commonly 1000 foot-candles in the shade and 8000 to 
9500 foot-candles in direct sunlight. Indoors at the window sill there are commonly 100 
to 300 foot-candles. At the work-places indoors under natural or artificial light as practiced 
at present there is an average of less than 5 foot-candles. Artificial light was invented as 
a competitor of darkness, and the science of vision did not rescue its practice from this 
basis of barely seeing. The science of seeing reveals that it should be a competitor of 
daylight. This is so revolutionary that past lighting practice is of little use as a guide. 
Fig. 3 illustrates the evolution of the practice from primitive lighting to scientific 
specification of foot-candles for easy seeing. The vertical geometric scale deals with 
relative foot-candles from the proper viewpoint of effectiveness. The horizontal scale is 
one of increasing difficulty of the visual task. For centuries, mere light was available 
from a light-source near the worker. With the development of gas and electric lighting, 
mere foot-candles were supplied to entire work-areas. Next came the recognition that 
the production of the worker was influenced by foot-candles up to a certain level. Finally 
the science of seeing began to indicate the ideal levels for easiest seeing. These levels of 
hundreds and even thousands of foot-candles can be obtained economically by general 
Ae SE OR ee lighting plus supplementary lighting as indicated 
on the diagram. 
Production of Workers.—Carefully performed 
rere. studies reveal that the production of a worker 
g ceases to increase appreciably after a level of 
e 


N, 
_ dp, 20 or 30 foot-candles is reached. Actually in 
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j// Yj, Losses naturally performed work in carefully controlled 
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increases usually are not of much practical 
importance. Before the new concepts and view- 
point of the science of seeing entered into 
lighting considerations, production was assumed 


Low Medi High . 
Tutaiatig ab TMtmstantion aa to be an important measure of the beneficence of 
Fia. 4. Relation of Ilumination to Pro- foot-candles. This is not true, for it has been 
duction adequately proved that the production of a 


worker may be practically |the same for two 
tasks differing greatly in visual difficulty and, therefore, in their drain upon the human 
resources of the worker. 

Fig. 4 illustrates the relation between illumination and the expenditure of human 
energy. This is necessarily diagrammatic, because it is impossible to give numerical values 
to the ordinates. As the intensity of illumination increases, production increases along 
the typical curve indicated. Eventually it reaches a practical maximum. From the view- 
point of narrow economics, the efficiency of the worker is measured in the amount of work 
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done per dollar, or per hour. However, the true efficiency of the worker as a human seeing- 
machine is the ratio of energy expended for useful work to the total energy expended 
As the foot-candles are increased beyond the point where the useful work of the worker 
ceases to increase appreciably, the work is done more and more easily as indicated. Con- 
siderations of this sort lead to the conclusion that humanitarian foot-candle-levels are 
far higher than production-levels. This diagram is supported by many data pertaining 
to the costs of seeing to the human seeing-machine. 

f Light and lighting are always factors in seeing, but there are other factors. Seeing 
is complex, but it can be divided into at least three parts, all of which are important to 
the human seeing-machine. These are: 1. The visual tasks or things to be seen; 2. The 
visual sense as a tool, and as a doorway to the consciousness; 3. The internal realm of 
psychophysiological effects of seeing. This is a complex chain leading from the visual 
tasks to the end-products of human efficiency, behavior and welfare. Light and lighting 
are controllable factors which influence the ease or difficulty of the visual task. They 
should be fitted to the eyes involved. They generally can aid subnormal vision even more 
than they aid normal vision. They deeply influence the physiological effects of seeing as 
far removed from the eyes as the far-reaching effects of food are removed from the stomach. 
This view reveals the futility of eyes and human beings as capable judges of the effective- 
ness of foot-candles above the threshold level of barely seeing. The human being needs 
dependable aids for determining foot-candle requirements for various tasks. And these 
must be founded upon a science of seeing. 

RECOMMENDED FOOT-CANDLES.*—Foot-candle specifications necessarily have 
been empirical, and in many cases have been unnecessarily inconsistent. There has 
been no rational basis until recently (1936). The indicated ideal foot-candle-levels for 
easiest seeing are so far above those for barely seeing that in many cases they cannot be 
obtained by prevalent lighting methods at acceptable costs at the present time. For 
various reasons, compromise is necessary, but this is common in engineering. However, 
foot-candle specifications can be consistent if based upon equal visibility. In addition 
to this the Luckiesh-Moss visibility meter { makes it possible to specify foot-candles for 
various visual tasks on a rational basis. This device takes into account important factors 
of the visual task such as size, contrast and brightness, and also the visual sense of the user. 

In Table 2 an attempt has been made to provide by brief description an example of 
foot-candle specifications for all the common tasks of the work-world. These are ultra- 
conseryative.t They are frankly a compromise between optimum values and prevalent 
values, or those obtainable by available lighting equipment and present lighting methods. 
However, these recommendations take into account the geometric scale of foot-candle 
effectiveness, the effects upon visibility of such factors as size, contrast and brightness, 
and other new concepts and knowledge embodied in the science of seeing. They are con- 
sistent and rational, and, therefore, represent a great improvement over the primitive and 
unnecessarily poor conditions for seeing which are prevalent throughout the indoor world 
in the daytime and everywhere at night. 

Table 2.—Foot-candle Specifications for Varicus Classes of Work 


100 Foot-candles or More.—For very severe and prolonged tasks, such as fine needlework, 
fine engraving, fine penwork, fine assembly, sewing on dark goods and discrimination of fine details 


of low contrast, as in inspection. } . 
50 to 100 Foot-candles.—For severe and prolonged tasks, such as proof-reading, drafting, 


difficult reading, watch repairing, fine machine work, average sewing and other needlework. 
20 to 50 Foot-candles.—For moderately critical and prolonged tasks, such as clerical work, 
ordinary reading, common bench work and average sewing and other needlework on light goods. 
10 to 20 Foot-candles.—For moderate and prolonged tasks of office and factory and, when not 


prolonged, ordinary reading and sewing on light goods. ; : me NAS 
5 to 10 Foot-candles.—For visually controlled work in which seeing is important, but more or 


less interrupted or casual and does not involve discrimination of fine details or low contrasts. — 
0 to 5 Foot-candles.—The danger zone for severe visual tasks, and for quick and certain seeing. 


Satisfactory for perceiving larger objects and for casual seeing. 


VISIBILITY AND FOOT-CANDLES.—The difficulty of performing visual tasks arises 
from such factors as size of critical details, contrast of these with their surroundings or 
background, and brightness due to the effects of foot-candles and reflection-factor. The 
threshold size that average normal eyes can see under a few foot-candles if the contrast is 
high, as black on white, is about 1 minute visual angle. This corresponds to about 0.004 


* Recommended Foot-candles, M. Luckiesh and Frank K. Moss, Trans., Ill. Eng. Soc., xxvi, 


: Le A ; : 
193) Pisibility—Its Measurement and Significance in Seeing, M. Luckiesh and Frank K. Moss. 


k. Inst. coxx, p. 431, 1935. ms 28 ; 
Ala ce Bede Wraps A Welfate, M. Luckiesh, Williams & Wilkins, Baltimore, 1934, 
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in. at a distance of 14 in., or the width of a man a mile distant. Excepting in special cases, 
human seeing-machines ordinarily are not obliged to see objects so near the size threshold. 
The science of seeing reveals that for sizes larger than 3 minutes visual angle, contrast 
becomes the more important factor in visual tasks. With these factors commonly fixed 
in’visual tasks, brightness can be increased, with the result that visibility can be controlled 
toa large degree. If the object can be viewed against a removable background, the latter 
can be made of high reflection-factor. This requires fewer foot-candles than a background of 
low reflection-factor for a given brightness. In relatively rare cases a dark background is ex- 
pedient. In these the brightness of the object can be increased by increasing the foot-candles. 

For example, large telephone directories necessarily are printed on thin, inexpensive 
paper, whose reflection-factor is lower than that of good white paper. Besides, the con- 
trast between the print and paper is lower than in the case of excellent printing of the 
same type on thicker white paper. The result is that about three times the foot-candles 
are necessary for equal visibility of the same text in the telephone directory as in a well- 
printed book. 

Clerical work varies enormously, but, in general, the visual tasks involve high con- 
trast. In official codes of foot-candle specifications it has been the practice to recommend 
only twice the foot-candles for sewing on dark goods as for office work, notwithstanding 
the low contrasts between thread and textile in the former case. From the sole considera- 
tion of brightness, the garment worker commonly should have at least 10 times the foot- 

candles of the office worker. This same principle 


FOOTCANDLES FOR SEEING applies through the work-world in fine assembly, 
Criterion |, suoctean dies sir an) nSpection. etc. 
: Gua The science of seeing includes correlations between 


visibility and ease of seeing. Such factors as shown 
in Fig. 5 are taken into account.* It is evident that 


Visual Aouity - g 100% yi 
A basio factor in g 

la a 5 ° . . 
the task of reading not only is made easier by higher 


reading. 
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ia muscular ye pe 43 levels of illumination, as indicated by item I, but also 
tenslon while reading. Y Yjarsme the hidden penalties are minimized, as indicated by 
Ir Decrease Decrease items II, IIJ,andIV. The decrease in nervous muscu- 
apoyo ae ‘ 10% | 2% lar tension with increase in foot-candle level means 
tobi aaeeae less energy wasted and less bodily and mental fatigue. 

It should be noted that this task of reading books 


Decca ah oars under a small fraction of a foot-candle (the threshold 
foot-candle-level). The level for easiest reading is 

reading for one hour, apparently above 100 foot-candles. And this is a 
vn x { shade of atree (summer day) ——>Q relatively easy task compared with those involving 
Gloomy day——__—>-) 100 fa Very fine details and low contrasts. Even the heart- 

rae rate (item ITI) is affected by this relatively easy task 

ae be ee ee ee re and is more nearly normal under 100 foot-candles than 

Ease of Seeing under a few foot-candles. Item IV shows that fatigue 

of certain eye-muscles decreases with increases in foot- 
candle-level. These, and other researches and correlations, have definitely established 
that the optimum visibility of details of a black object on a white background is obtained 
under a level of illumination well above 100 foot-candles. 

The Luckiesh—Moss Visibility Meter has two rational scales, viz., 1. Relative visibility; 
scale range, 1 to 20. 2. Foot-candles recommended; scale range, 1 to 1,000. In all the 
researches and calibration tests upon which these scales are based, subjects with average 
normal vision were used. Therefore, other factors being equal, the meter is also a prac- 
tical test of the part that subnormal vision may play in everyday seeing. 

The visibility scale has an absolute rational basis founded upon the maximum ability 
of persons with average normal vision to recognize the details of a simple describable 
object of definite size and contrast. In an absolute sense, a setting at unity on the visi- 
bility scale represents the limit of average normal vision under favorable conditions for 
seeing. The scale value 2 indicates that the object or task is twice as visible as the smallest 
object which can be recognized by persons with average normal vision. These scale values 
not only represent relative visibility of objects or visual tasks, but also can be interpreted 
as factors of safety in seeing. 

The scale values of recommended foot-candles have no obvious relation to the scale 
values of relative visibility. The former are rational among themselves in a relative sense. 
However, the actual values are an arbitrary compromise between the foot-candles neces- 


ocular musoles after 


Iv ie ‘hie printed in large type (10- and 12-point) could be done 


r ree Science of Lighting, M. Luckiesh and Frank K. Moss, Trans. Ill. Eng. Soc., xxix, 
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sary for barely seeing and the enormously higher foot-candle levels for easiest seeing, as 
indicated by researches in seeing. That the scale of recommended foot-candles is con- 
servative is attested by the fact that it is based on the visibility of reading matter printed 
with 8-point type and black ink on excellent white paper, and illuminated to an intensity 
of 10 foot-candles without any preventable glare present. This task corresponds to the 
scale value 10. Researches in several directions have indicated that at least 100 foot- 
candles are desirable for that particular visual task. A scale value of 20 for another task 
under the same intensity of illumination as the former basic task indicates that it should 
have 20 foot-candles in order to be as visible or as easily performed as the foregoing standard 
task (8-point black print on white paper at 10 
foot-candles). 

If all visual tasks are studied with the visibility 
meter at the standard level of 10 foot-candles, the 
scale reads directly the recommended foot-candles 
whose actual values are an arbitrary compromise 
between ideals and practical engineering and 
economic factors. In practice when the actual 
(A) foot-candles on the task being studied differ Fie. 6. Visibility Meter 
from 10 foot-candles, the scale reading of recom- 
mended foot-candles should be multiplied by the ratio 4/10 or 0.1 A to obtain, with 
sufficient accuracy, the true value of recommended foot-candles for that particular task. 
Wherever practicable in studies of foot-candle requirements for various visual tasks, a 
standard intensity of illumination of 10 foot-candles should be used so that the recom- 
mended foot-candles can be read directly from the scale. The basic principles underlying 
the scales of the instrument have been described in detail elsewhere.* 

Special gradient filters are turned until the user is barely able to perform various tasks. 
Properly used, recommended foot-candles can be read from the scale for various tasks in 
order that the latter may be of the same visibility as the basic task. Table 3 shows the 
foot-candles necessary to render the various tasks of equal visibility. 


Table 3.—Foot-candles Required for Equal Visibility 


Foot-candles for 


Visual Task Equal Visibility 
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If a higher or lower basic visibility is desired, the transformation is easy. Table 3 
shows the 8-point type to require twice the foot-candles that the 12-point does for equal 
visibility. If the basic degree of visibility is desired to be that represented by 10 foot- 
candles on 12-point type, all the foot-candle values in the table are doubled. The visibility 
meter not only renders foot-candle specifications consistent with the visibility of visual 
tasks on a definitely rational basis, but it introduces the idea of factors of safety into 
lighting practice. 

There are numberless visual tasks and many fields of lighting. Most tasks are not 
accurately describable. Therefore, in Table 3, only a few of the describable ones are 
presented. Foot-candle specifications can be obtained readily for any task. These eventu- 
ally will appear in the publications which guide lighting practice. In many lighting fields 
there is a variety of tasks. By means of visibility measurements a compromise foot-candle- 
jevel may be recommended. It appears most practicable to place specific tasks and 
specific lighting fields in one of ten or more foot-candle-levels on a geometric scale as 
suggested on p..26-15. This has not yet been done (1936), and therefore, no official foot- 
candle specifications can be presented for the many work-world tasks and activities. 


RE a a ee ee 
* Visibility, Its Measurement and Significance in Seeing, Luckiesh and Moss, Jour. Frank. 
inst. Vol. 220, 1935, p. 431. 
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QUALITY OF LIGHTING involves the distribution of light and brightness in the 
visual field. It has much to do with the visibility of three-dimensional objects, with fine 
detail on specularly reflecting surfaces, with the psychophysiological effects of glare and 
of brightness of surroundings compared with that of the work to be performed. For fine 
work, involving the visibility of objects of three dimensions, there can be no question that 
a dominant source of light, well-screened from the eye, is important. If the objects are 
mobile, they are manipulated in the hands while the worker produces the lighting effect 
enabling him to see. This effect may be a high light, or shadow, or a silhouetting of the 
object against the proper background. In general, any lighting problem may be divided 
into two parts: 1. Lighting the task or central work-field; 2. Lighting the surroundings. 
The former requires high intensities for high visibility of the work. In the work-field, 
physiological factors of seeing predominate. In the surrounding field, the psychological 
factors predominate. However, both are complexly related. 

In Fig. 7 the major factors of the problem of lighting for seeing are shown diagram- 
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of lighting for seeing. 
Their effect upon seeing 
and upon human beings 
depends on the distribu- 
Fre. 7 tion of brightness in the 

i central and peripheral 
fields. This in turn depends on the size of the interior, reflection-factors, characteristics 
of the visual task and other factors. Although it has been adequately proved that a human 
being is a very poor seeing-meter and therefore a poor appraiser of lighting conditions, 
anyone with experience can recognize the more undesirable characteristics of poor lighting. 
However, any appraisal of a lighting condition without actually performing the tasks for 
a long period may be misleading. 

Eye-fatigue is measurably greater under purely localized lighting than it is after general 
lighting has been added. Such an extreme also is 
annoying in various ways. It is unsafe when workers x 
are exposed to dangers due to poor seeing. On the 
other hand, in large interiors purely general lighting 
is the other extreme, which may be annoying and 
even uncomfortable in the same way as purely 
localized lighting, but usually not to such a notice- .« 
able degree. Safety and comfort demand general a 
lighting but maximal efficiency, generally is realized 
by adding suitable localized lighting to satisfactory  1Y 
general lighting. It 
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components, high foot-candle-levels can be satis- 
factory. By adding supplementary lighting to 
general lighting, various advantages to seeing can 
be utilized; hundreds of foot-candles can be obtained at low cost; and even 1000 or more 
foot-candles become economically possible. 

Fig. 8 shows safe combinations of general and supplementary lighting for various foot- 
candle-levels. When and where localized lighting is to be added to general lighting depends 
upon many factors, too complexly interwoven to discuss here. The foot-candles supplied 
by supplementary lighting are shown to a limit of ten times the foot-candles supplied by 
general lighting. The reflection-factors of the work and of the surroundings are important. 
Here, painting of machinery, walls and ceiling can play an important part. 


Fic. 8. Combination of General and 
Supplementary Lighting 
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SAFETY ENGINEERING * 


By Sidney J. Williams 


1. ACCIDENT PREVENTION 


The guarding of dangerous machinery and other dangerous places is required by the 
laws of most states. The absence of such protection generally is penalized, also, by an 
increase in the rate charged for workmen’s compensation insurance. 

Many industrial concerns endeavor to eliminate or guard all danger points and to 
correct all unsafe practices, even where not demanded by state or insurance regulations, 
because they have found that: 1. Accidents cause, or indicate, an irregularity in produc- 
tion which results in lost time and inefficiency. ‘2. Accidents cause the temporary or 
permanent loss of experienced and valuable workmen. 3. Careful attention to safety, 
by both mechanical and educational means, raises the morale of the working force. Such 
companies often require that equipment which they purchase be guarded in accordance 
with certain specifications. 

STANDARDS FOR SAFEGUARDING.—There has been a considerable lack of uni- 
formity in the requirements of various state and insurance authorities; this is being 
gradually overcome through the formulation of standard safety codes under the auspices 
of the American Standards Association (29 West 39th St., New York City). The specifica- 
tions outlined below are those which generally prevail; the State Department of Labor 
or State Industrial Board, and the insurance company carrying the risk should be con- 
sulted for additional or (in a few cases) more stringent requirements. 

THE ESSENTIALS OF AN EFFICIENT SAFEGUARD, according to the National 
Safety Council are: 1. It should be so designed and constructed that it will prevent, 
on the part guarded, all accidents both to the operator 
at his regular work and to others who may slip, fall or 
carelessly touch the machine. 

2. It should not interfere with production. If it 
does, it is liable to be removed. In designing a guard, 
it generally is wise to consult the man who will use it. 

3. In general, it should be attached to the machine. 
If attached to the floor, use a connection which will 
interfere as little as possible. See Fig. 1. 

4. The guarded part must be easy of access for 
oiling, inspection and repair, through a door or remova- 
ble section hinged or fastened to the body of the guard, 
or to the machine. If not attached, it is likely to be 
left off permanently. SECTION-AB 

5. The guard should not interfere with cleaning CORN ERDELAICS Poe PE SAAT 
and sweeping around the machine. It, therefore, should F : 
be kept usually about 6 in. above the floor. mee oop oh atiine Guard 

6. The guard should be strong enough to resist injury and keep its shape. A light, 
flimsy guard soon becomes bent and is discarded. A substantial guard is cheaper in the end. 

7. Incombustible guards are preferred; except, where subjected to acid fumes, wooden 
guards may be necessary. Wooden guards, soaked with oil, may become a serious fire 
hazard. Guards may be made of cast iron, sheet metal, wire mesh, expanded or perfor- 
ated metal, or slats. 

8. The guard and operating mechanism should interlock where possible, to prevent 
the machine operating unless the guard is in place. 

9. A safeguard often can be so designed as to prevent wear on the parts guarded—for 
example, a solid gear enclosure. 


2. MECHANICAL POWER TRANSMISSION 


GEARS, FRICTION DRIVES, SPROCKETS.—‘“All gears and friction drives, 
wherever located, shall be completely encased, or, where this is impracticable, shall have 
a continuous band guard provided with side flanges extending inward beyond the roots 
of the teeth. All sprockets, wherever located, shall be completely encased. Chains 
shall be guarded as prescribed for belts. Where there is a spoke hazard, gears and sprockets 
shall always be enclosed on exposed side.” 


Filler of Wire Mesh Perforated Wood Screw 
or expanded Metal 


* In this section the material included in quotation marks is taken from the Rating Schedule 
Standards used by most insurance companies and rating bureaus. 
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Cast-iron guards are preferable, as they fit snugly, present a good appearance and 
protect the gears from dust and injury. Guards for a variety of machines, and in many 
sizes, may be more cheaply made of sheet metal. In large guards, an angle iron is used to 
make the joint between the flat sides and the curved part of the guard. In smaller guards 
this joint may be made by cutting projections (like saw teeth) on each side piece and 
bending these over to form a smooth curve. The joint may then be made by spot welding 
or riveting. Pieces of angle iron 3/4 X 3/4 X 1/g in., 1 in. long, spaced 3 in. to 4 in. apart, 
may also be used to form the joint. ; 

FRICTION CLUTCHES.—‘‘Any revolving part of a friction clutch having dangerous 
projections within 7 ft. of the floor or platform shall be completely and substantially 
encased. This also includes any clutch on transmission shafting that is used as the starting 
and stopping device of a machine, if any part of the clutch has dangerous projections which 
revolve when the machine is stopped.”’ ; ; 

BELTS, CHAINS AND ROPES.—“‘Tf vertical or inclined, 6 ft. or less; if horizontal, 
with lower run 7 ft. or less above floor or platform, shall be guarded as shown in Figs. 
2, 3, 4 and Table 1. 

“Where both runs of a horizontal belt are within 6 ft. 6 in. of floor level, the guard 
shall extend at least 15 in. above the belt, or to a height of 6 ft., but in no case shall it 
be less than 42 in. high, unless the belt is completely enclosed, Overhead horizontal belts 
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Fia. 2. Belt Guards Fie. 3. Belt Guard Using Railings 


Fic. 4. Wooden Railings Fie. 5. Shafting Guards 


with lower run 7 ft. or less from floor or platform level, shall be guarded on bottom and 
sides to a height of not less than 6 in. above the lower run of the belt, but not over 7 ft. 
above the floor. Where pulleys are of such dimensions and so located as to permit passage 
between the upper and lower runs of horizontal belts, standard railing shall be provided, 
and a substantial passageway, guarded on both sides and top shall be constructed, or all 
space completely barred against passage.’’ 

SHAFTING.—“‘ Vertical and inclined shafts shall be encased with stationary guards 
to a height of 6 ft. from floor or platform level. Horizontal shafting, less than 6 ft. from 
the floor or platform level shall be completely encased ... or protected by a trough 
enclosing sides and top or sides and bottom as location requires.’’ See Fig. 5. ‘“‘ Railings 
are not acceptable as guards for shafting.” 

SHAFT ENDS.—“‘Any exposed shaft end, which projects beyond a bearing or hub 
more than 2 in. and is within 6 ft. of the floor or platform, shall be cut off or completely 
enclosed,” 

PROJECTIONS ON REVOLVING SHAFTS.—“ The following are dangerous projec- 
tions and require protection wherever located: 1. Set-screws, keys, bolts, oil cups or 
similar projections when not within the plane of the rim of a pulley. 2. Couplings con- 
taining protruding bolts or nuts. 3. Broken pulleys and other similar projections. 
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Table 1.—Belt Guard Clearances 
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4. Gears, pinions or sprockets on transmission shafting which are not meshing with 
other gears or carrying a chain.” 

“Pulleys, not carrying belts but with spokes or projections, even if these are within 
the plane of the rim of the pulley, shall be considered dangerous projections when within 
6 ft. of floor or working platform.” 

“All projecting keys in revolving shafts shall be made flush or protected with cylindri- 
cal safety sleeves or by stationary enclosures. All revolving objects which project beyond 
the plane of the rim of pulley, gear or wheel shall be guarded by cylindrical safety sleeves, 
metal discs or by stationary enclosures. All revolving set-screws exposed to contact shall 
be made flush or countersunk beneath the surface of the metal part in which they are 
inserted.” 

BELT SHIFTERS.—“Each set of tight and loose pulleys shall be provided with a 
belt shifter. This shall be understood to mean a permanent mechanical device by means 
of which the belt may be shifted from one pulley to the other without touching the belt 
with the hand.” 

INDIVIDUAL AND GROUP DRIVES.—Certain processes of manufacture lend 
themselves to individual machine drives, thus eliminating transmission and the dangers 
of its use and repair. The lighting of a working place is improved by the absence of 
overhead transmission. 

Group drives do not eliminate transmission but they do reduce the danger of running 
on belts, making repairs and adjustments, etc., since the machines in the group can be 
shut down easily for the moment needed for such work. 

Individual drives, group drives or power control systems make it possible to shut 
down machines quickly in an emergency. 

Also see Safety Code for Mechanical Power-Transmission Apparatus, Am. Stds. Assoc. 


8. GENERAL MACHINERY 


In addition to the guarding of belts, gears, etc., as described above, and the guarding 
of points of operation described below, safety requires machines to be so located that 
each workman will have sufficient space in which to handle his material with the least 
possible interference from other workmen or machines. Machines never should be so 
located that it is necessary for operators to stand near an aisle, or so that two operators 
are likely to interfere with each other. Aisles should be maintained of sufficient width 
to permit the passing of trucks and workmen without crowding. é 

Proper illumination also should be considered in placing machines. The greatest 
possible amount of natural light should fall on the work, and yet not shine in the operator’s 
eyes. The same principles should govern the arrangement of artificial lights. 
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4. WOOD-WORKING MACHINERY 


Whenever practicable, wood-working machines should be selected for specific opera- 
tions and guards should be provided suitable for such operations. Each machine then 
can be more effectively and permanently guarded. 

AUTOMATIC FEEDING is much safer than hand feeding. It is recommended for 
every machine where the nature of the work permits. 

HOODS connected with an exhaust system should be provided on wood-working 
machines in continuous or frequent use, to remove the sawdust, chips, or shavings. Other- 
wise these would clog the machine and reduce its efficiency, necessitate frequent cleaning 
with consequent danger of accidents, make the floors slippery, increase the fire hazard, 
and often irritate the eyes and injure the health of workmen. The exhaust hood, if made 
strong enough, may serve as a guard for the cutting tool on trimmers, stickers, molders, 
matchers, etc. 

SHARP TOOLS are quite as necessary for safety as the provision of hood guards. 
They also increase efficiency. 

FLOORS should be kept in good condition, with a smooth surface to prevent tripping, 
and kept free from accumulations of waste material, small sticks, blocks, shavings and 
sawdust. The standing space at each machine should be covered with anti-slip material. 
Metal plates with abrasive grit surfaces, rubber mats, or roofing paper, or a thick paint 
or glue applied periodically, with sand sprinkled over it while wet, may be used. 

CIRCULAR SAW GUARDS, according to the National Safety Council, should: 1. 
Be of light weight, yet of substantial construction. 2. Be made preferably of aluminum 
(or of brass, fiber, or wood), so that accidental contact will not break the saw. 3. Permit 
a clear view of the saw blade at the point of operation, when in use. 4. Automatically 
and easily adjust themselves to different thicknesses of material. 5. Be rigidly supported 
to lessen vibration and danger of contact with saw. 6. Be so constructed that they can 
be swung out of the way when necessary, and return to proper position. 7. Be permanently 
attached to the machine. 8. The guard supports should not interfere with feeding of 
machine by operator. 9. Exposed part of saw below table should be completely protected, 
as by a suction hood for carrying off the sawdust. 


Fig. 6. Swing Saw Guard Fic. 7. Wood Planer Guard Fie. 8. Wood Planer Guard 


RIP SAWS also should be equipped with a spreader or splitter to prevent the wood 
from binding on the saw blade, and to act as a guard for the back side of the saw blade. 

SWING SAWS should have the counterweight securely fastened in place, and also 
secured to the ceiling by a safety chain. The travel should be confined within safe limits. 
The belt should be completely enclosed on the side toward operator for its entire length, 
and on the back side to at least 6 ft. above the floor. If a saw is located so that workmen 
can pass behind it, an enclosure should be built to prevent any one coming in contact with 
the saw blade. See Fig. 6. 

““RAILROAD ” OR TRAVELING CUT-OFF SAWS should have the hood supported 
from the saw carriage, thus keeping the hood always in position over the saw. 

SAFE RIM SPEED of circular saws is about 15,000 ft. per min. or 4800 r.p.m. for a 
12-in. saw, which may be increased by 25% in the case of special ‘‘ high-speed ” blades. 

BAND SAWS should have upper and lower wheels completely enclosed, with the 
side of guard toward operator hinged or movable, for changing saw blades. The up- 
running side of the blade should be completely guarded. The working side of the blade. 
should be guarded above guide rolls or gage. 

JOINTERS AND PLANERS (hand-fed) should be equipped with safety cylinder 
heads, and a guard as in Figs. 7 or 8. The part of the jointer head back of the guide 
should always be completely covered. 
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Methods of Guarding Punch Presses 


SHAPERS, MATCHERS, MOLDERS, STICKERS, ETC., should have cutting heads 
guarded by a cage or by the exhaust hood. 

ROLL FEEDS should be guarded by a cover, or a bar in front of the intake, to prevent 
the operator’s hands being drawn in. 

Also see Safety Code for Wood-working Plants, Am. Stds. Assoc. 


5. METAL-WORKING MACHINERY 


POWER PRESSES (punch presses) can be made safe and also more efficient, by so 
arranging the press, dies, and feed that operator need never place his hand under the 
ram. Preferred methods are: a. Full-automatic feed (roll 
feed, plunger, chute, revolving or sliding die) with the ram 
guarded; basket-guard for hand-fed blanking work; see 
Fig. 9. 6. Gravity feed for forming; see Fig. 10. c. Auto- 
matic or foot-operated kick-out; see Fig.11. d. Pneumatic 
or other handpickers for placing and removing material. 
LU . e. Redesign of dies to leave portion of material projecting 
Fic. 13. Foot Treadle Guards so it may be grasped safely. If these methods cannot be 

used, provide a sweep guard, Fig. 12, attached to ram; a 
gate guard requiring removal of hand before the press can be tripped; or a two-hand 
operating device. In the last two cases, also provide 


non-repeat, and treadle-disconnecting attachments. In BE 

all cases provide a treadle guard, Fig. 13, to prevent 24 

accidental tripping, and also a friction clutch or tight- 8 

peseecee Bete Also see Safety Code for Power Presses, EE easy Fit on Shaft 
. 8. . 2! y 
LATHES.—Gears should be enclosed. Safety dogs é\/ 


a 


without projecting parts should be used. A guard around 

or in front of the chuck is advisable. Where the speed 

is changed frequently, a cone-pulley belt-shifter saves 

time and prevents accidents, and also permits the belt to Bearing 

be guarded. ely as 
DRILL-PRESSES should have belt shifter and belt yg 44. Safety Flanges for 

guard the same as lathes. Abrasive Wheels 
PLANERS should have the openings in the bed covered. 

A railing or other guard should be provided if the table travels to within 18 in. of a wall 

or other fixed object. 


6. MISCELLANEOUS MACHINERY AND EQUIPMENT 


ABRASIVE WHEELS should have a hood, of sufficient strength to retain the frag- 
ments in case the wheel should burst, enclosing at least 270° of bench wheels, or at least 
the top 180° of swing frame grinders. See Safety Code for Abrasive Wheels, obtainable 
from most grinding wheel manufacturers or from Amer. Standards Association, 29 W. 
839th St., New York. (See also p. 21-81.) , 

ROLLS, including calender or mixing rolls in paper, rubber, and other industries, also 
feed rolls, should be equipped with an enclosure, plate, or bar to keep the operator's 
fingers out of intake; or a feed table, for the same purpose; or a quick-stop device 
operated by a treadle, cord, or bar within easy reach of operator, and with a minimum 
of lost motion. 

IlJ—41 


These Flanges shoul 
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TRAVELING CRANES (electric overhead) should have a railed footwalk, 18 in. wide, 
along the bridge; fixed ladder or stair between cab and footwalk; fixed ladder or stair 
from floor of shop to cab; bumpers at each end of each rail; warning gong or other signal; 
enclosure or railing on all sides of cab; fenders on bridge wheels; 
over-hoist limit switch with dynamic braking. 

ELEVATORS.—Special safety features include: Bevel guards, 
Fig. 15, at least 60° from horizontal on all under-projections in shaft; 
gates or doors interlocking with the power control; substantial 
screen below overhead sheaves; proper car enclosure, including top; 
automatic catching device with speed governor; limit stops on machine 
and in shaft; device to stop machine if cable becomes slack; no-voltage 
and phase-reversal protection; floor lock for operating cable or shipper 
Fia. 15. Elevator rope; non-slip floor in car at door, and on landings. See A.S.M.E. 

Shaft Toe Guard El ior eed 
evator Code. 

STEAM BOILERS.—Special safety features include: Location of safety valve and 
blow-off so as not to injure anyone in discharging; easy access to valves; two exits from 
boiler room; boiler valve lock, to protect men working in boiler; non-return valve; gage 
glass guard; furnace door lock. See A.S.M.E. Boiler Code and Section 6, Vol. 2 of this 
series. 

ENGINE FLY-WHEELS AND PITS should be guarded as in Fig. 2 or 3, and Table 1. 
Keys and other projections should be covered. A speed governor should be provided, 
except for (a) reversing engines, and (6) engines direct-connected to a constant load. 
The following engine parts also need protection, according to the insurance rating 
schedule: 

“Cranks, connecting rods, crossheads, tail rods, governor balls, gears, contact point 
of governor belt and pulley, exposed ends of engine shaft. 

‘¢ Cranks, Connecting-rod and Crosshead shall be guarded by one of the following 
methods: 1. Engines with overhanging crank shall have a standard railing, Fig. 3, not less 
than 15 in. nor more than 20 in. from the moving part. 2. Center-crank engines shall 
have a guard in the form of a plate or wire mesh at each side of the crank at the main 
bearing. 3. When cranks or crossheads are housed in, the covering shall have an open- 
ing large enough to permit examination of the bearing, except in the case of engines with 
oil splash system, where such opening is not required. 

*¢ Tail Rods may be enclosed with sheet metal or wire fabric in such a way as to prevent 
danger of accidental contact with the moving end, or they may be protected by a standard 
railing placed between 15 in. and 20 in. away from the point of maximum travel. 

‘¢ Governor Belt and Pulley so located that any person who in his regular duties may 
come in contact with them, shall be guarded by means of a solid metal plate, placed 1 to 2 in. 
from the pulley and at least 4 in. greater than the diameter of the pulley. It shall be 
rigidly supported and shall not interfere with inspection, oiling or operation of any part 
of the equipment. 

‘¢ Fly-ball Governors within 7 ft. of floor or platform shall be protected by a substantial 
guard or basket of sheet metal, woven wire fabric, etc., so arranged as to prevent danger 
of accidental contact with the rotating ball. 

‘“‘ Tf any engine parts are guarded by railings, the railings shall be of standard construc- 
tion, and covered with wire fabric, sheet metal or other suitable material at all points 
within 15 in. of moving parts. The clearance between the plane of the railing and the 
moving parts which it protects shall not exceed 20 in.” 

PORTABLE LADDERS should be equipped with anti-slip bases of a type suited to 
the floor; for rough wood floors, metal points or lead-coated bases; for concrete floors, 
lead or carborundum. For some floors, such as iron or wet concrete, it is almost impossible 
to find a ladder shoe which will not sometimes slip and the only safe practice is to station 
an attendant at the foot or to lash the ladder at top or bottom or both. 

Stationary Ladders should have proper clearance on all sides—8 to 12 in. in the back 
24 to 36 in. in front, 15 in. on each side of the center line of the ladder. For vertical 
ladders, especially if of considerable height, an enclosure or backrest is desirable. 


7. ELECTRICAL HAZARDS 


, The construction of high voltage generating equipment and transmission lines is 
discussed under Electrical Engineering, Section 15, Vol. 2 of this series. See also Pender, 
Electrical Engineers’ Handbook, Vol. 4 of this series. All other phases of electrical safety 


are covered in detail in the National Electrical Safety Code (U. 8. Bureau of Standards 
Washington). 
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UTILIZATION HAZARDS are chiefly low-voltage, except the step-down transformer, 
which should be carefully isolated from all but qualified persons. Plant equipment of 
550 volts is admittedly hazardous, and 220 or even 110 volts may kill or injure a person 
in poor health, standing on or touching a direct ground. Present practice, therefore, 
favors the enclosure of all switches. Portable lights should have heavily insulated cord; 
if the user is on a ‘‘ ground ”’ the socket should be keyless, with an insulating enclosure and 
handle. Motors, generators, switchboards, transformers, etc., should be enclosed or 
protected if within 8 ft. of the floor or working platform. Circuits of from 25 to 150 volts 
to ground should be permanently grounded, except two-wire direct-current systems and 
circuits exposed to leakage or induction from higher voltages. Motor, generator, trans- 
former, and switch frames, and cases, should be grounded if operating at over 150 volts 
to ground or if exposed to inflammable gas or explosives, or if within reach of other exposed 
grounded surfaces. Working space next to live parts carrying over 150 volts to ground 
should be at least 30 in.; not over 150 volts, 18 in.; space between live parts (over 150 
volts) on one side and live or grounded parts on other side, 48 in.; not over 150 volts, 30 in, 


8. INDUSTRIAL BUILDINGS AND PLANTS 


Forethought in the arrangement of buildings and equipment will avoid hazards which 
later are difficult or impossible to remove. The most common hazards to be considered are: 

CLEARANCE between railroad track and building—8 !/2 ft. from center of track; 
between end of crane bridge and wall or column; below present or future overhead pipes, 
ducts, shafting, etc.; between stairs and floor above. 

ACCESSIBILITY of valves, switches, oil cups, lamps, etc., should be obtained either 
by location or by providing runways and stairs or fixed ladders. 

CROSSINGS of railroad, automobile, hand-truck and pedestrian traffic can often 
be avoided by careful planning. 

; LIGHTING is necessary for safety as well as efficiency. See Illumination, p. 26-12, 
and also the specifications of the Illuminating Engineering Society (New York). 

EXITS.—Provide at least two exits from every point. Preferred types are stairs 
enclosed with fire-resisting walls and fire-doors and “ horizontal exits,” 7.e., doors through 
fire walls, or bridges or balconies to other buildings or sections. Outside fire escapes are 
less safe; if used at all, they should be not steeper than 45°, substantially constructed, well 
railed, extended to ground, and protected by wire glass windows. See specifications of 
National Fire Protection Association (Boston). 

STAIR RAILS 36 in. from center of tread should be provided: On all open sides of 
stairs; on one side of enclosed stairway 4 ft. wide or less; on both sides of enclosed stairway 
over 4 ft. wide between walls; on both sides and in center of stairway over 8 ft. wide 
between walls. (See Figs. 3 and 4.) 

FLOORS should be of material which, under the usage to which they are exposed, will 

not splinter nor become slippery, loose, or uneven. Cast-iron or steel door sills, steps, etc., 
- become dangerously slippery unless an anti-slip element is provided. 

FLOOR OPENINGS should be enclosed or guarded with standard railings (Figs. 3 
and 4) or be equally protected with fixed safety covers with bows and rods. All openings 
through which articles might drop and injure people below should be guarded with stand- 
ard toe boards. See Figs. 3 and 4. See also Safety Code for Floor and Wall Openings, 
Am. Stds. Assoc. 


9. EYE PROTECTION AND SAFE CLOTHING 


THE HEAD AND EYE PROTECTION Code of the U. S. Bureau of Standards classi- 
fies eye hazards as follows (with example of each class) : ¥ 

a. Large flying objects—e.g., chipping; b. Dust and small flying particles—grinding; 
c. Dust and wind—automobile driving; d. Splashing metal—babbitting; e. Gases, 
fumes and liquids—acid handling; f. Excessive dust and flying particles—sand-blasting; 
g. Reflected light or glare—snow-covered ground; h. Injurious radiant energy of moderate 
intensity—oxy-acetylene welding; 7. Injurious radiant energy of high intensity—electric 
welding. The code contains specifications for protectors for each type of hazard. The 
lenses of chipping goggles must, when placed horizontal, withstand 10 blows of a 16-gram 
steel ball falling 54 cm., or one blow from a height of 1 meter. Goggles used only for 
grinding, may be lighter. Those used for protection against dust or acids must fit the 
face closely, and in the latter case also must withstand corrosion. Lenses used in welding 
and similar operations must comply with certain specifications limiting the transmission 
of invisible as well as visible rays. For all types, strong and durable frames are specified. 

Helmets are worn in some cases, instead of goggles. For exposure to polsonous gases, 
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helmets or masks contain a filter like the army gas-mask, or an oxygen supply, or are 
connected with a hose leading to the outer air. 

Underwriters’ Laboratories Label is placed only on goggles or helmets complying | 
with standard requirements. 

To Persuade Workmen to wear goggles, provide a pair for each man, fitted to his face 
and to the spacing of his eyes and (if he regularly wears glasses) ground to his optical 
prescription. Education and discipline must do the rest. 

LEGGINGS should be made of material which will prevent the molten metal or 
corrosive substances that are being handled from coming into contact with the leg of the 
wearer. They should make a tight enclosure when being worn. Leggings should be so 
fastened that they can be put on or taken off quickly. They always should be kept in 
good repair, otherwise a false sense of security may be established which will lead to the 
taking of unnecessary risks. 

PROTECTIVE SHOES should be made of material which will not be easily affected 
by the substances being handled, should closely fit the contour of the foot and ankle, be 
so designed that liquid or molten material cannot enter the shoe; be easily and quickly 
removed from the foot and kept in good repair. Metal soles sometimes are used for pro- 
tection against stepping on sharp objects; and rubber soles for electrical work. 

GLOVES and arm protectors of proper type are a safeguard against cuts and scratches, 
in handling material; they should fit loosely so the hand may be withdrawn if the glove 
becomes caught. In machine work gloves often are a hazard as they may be caught and 
pull in the hand and arm; if worn at all, they should be hard finished, fit very loosely, and 
if possible be without fingers. Rubber gloves for electricians must be tested frequently, 
as a pin prick or worn place destroys their value. 

ALL CLOTHING worn near machinery or fires should be free from loose ends. Loose 
or ragged sleeves or other garments, flowing ties or ribbons, jewelry including rings, and 
long hair unless confined by a cap are dangerous for both men and women machine opera- 
tors. Aprons, if required, should be lightly secured to the body. One-piece overalls are 
favored. 


10. FIRST AID 


The immediate and proper care of injuries, both large and small, minimizes the result- 
ing loss of time and often prevents permanent crippling or serious infection. The equip- 
ment and operation of a medical and surgical department such as is maintained by many 
large industries is beyond the scope of this book. First-aid treatment by fellow-employees 
who have received certain elementary training, is valuable wherever medical attention 
is not immediately available. Such treatment must be recognized as temporary only, 
and the injury should in every case be examined and re-dressed as soon as possible by a 
physician or graduate nurse, acting under medical supervision, either within or outside 
of the plant. 

INFECTION of slight injuries causes many cases of prolonged disability, amputation, 
or death. Workmen should be strictly required to report all injuries, however slight, and 
have them dressed. First-aid stations at convenient points, with competent attendants, 
make it possible to enforce such a rule. 

FIRST-AID OUTFITS AND METHODS.—Standard outfits may be obtained from 
medical supply dealers. An outfit for general use may contain iodine, aromatic spirits of 
ammonia, ampoules, toothpicks (as applicators), absorbent cotton, adhesive tape, scissors, 
roll and triangular bandages, sterile gauze, ointment, and instruction book. A smaller kit 
for minor injuries may include only iodine, applicators, and finger bandages. First-aid 
stations in mines and at other points, where a well-trained first-aid team is available, 
require splints, tourniquets, and other additional equipment. For further information 
on equipment, methods of treatment, and methods of training, consult the American Red 
Cross (Washington, D, C.) or U. 8. Bureau of Mines (Washington, D. C.). 


11. SUPERVISION AND EDUCATION 


The accomplishments of those industrial concerns which have reduced their accidents 
by from 50 to 90%, with large money savings, have been brought about not alone by guard- 
ing obvious points of danger as described above but by a combination of: 1. Mechanical 
guarding; 2. Re-design of machinery, and revision of operating methods, which were 
inherently dangerous; 3. Strict supervision by executives, from manager to foremen, to 
enforce the use of safe methods of work; 4. Training of workmen, both in general habits 
of carefulness and in the safe conduct of their particular jobs. 

These things are most easily accomplished through an organized effort, or continuous 
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eampaign, in which the ten necessary steps are outlined by the National Safety Council 
as follows: a. Secure co-operation of manager; b. Secure co-operation of superintendent; 
c. Appoint a safety engineer; d. Appoint a central safety committee; e. Secure co- 
operation of foreman and sub-foreman; f. Organize foremen’s safety meetings; g. Appoint 
foremen’s inspection committee; h. Hold safety mass meeting for all employees; 
t. Appoint workmen’s safety committees; 7. Start use of safety bulletin boards. 

THE MANAGER AND THE SUPERINTENDENT must actively support the safety 
campaign and must be willing to authorize necessary expenditures. 

THE SAFETY ENGINEER OR INSPECTOR either (1) is held directly responsible for 
all safety work, or (2) acts as expert adviser to the operating executives if they are held 
responsible. In a small plant he may give part time to other work. His duties include the 
following: 

a. Check up unsafe practices, insanitary conditions, the use and need of safeguards, 
etc.; b. Keep in touch with foremen and secure their co-operation by serving them; 
c. Recommend methods of safeguarding and follow-up installations; d. Check all specifi- 
cations and drawings for new equipment or repairs to see that provision is made for safety; 
e. Supervise bulletin board service; f. Supervise safety educational activities; g. Arrange 
programs for safety meetings; A. Investigate all serious accidents and near accidents; 
t. Keep records and prepare reports on accident experience. 

THE CENTRAL SAFETY COMMITTEE composed of the superintendent (chairman), 
safety engineer (secretary), and such men as chief engineer, master mechanic, employment 
manager, purchasing agent, and department superintendents should head the safety organi- 
zation and: a. Pass on controversial matters; b. Establish standards for safeguards; 
c. Review reports and recommendations of safety engineer, foremen, and workmen; 
d. Formulate safety rules; e. Outline educational methods and direct safety campaigns; 
f. Study accident experience tabulated by safety engineer. 

THE FOREMEN determine the success or failure of safety work. They should: 
a. Instruct their men, especially new men; b. Enforce safety rules with wise discipline; 
c. See that tools and machines are kept in proper repair and adjustment; d. Inspect their 
departments and render weekly reports; e. Investigate accidents and near accidents and 
recommend methods of prevention; f. Keep closely in touch with and encourage the work- 
men’s safety committees. Monthly foremen’s safety meetings should take up inspection 
and progress reports, recommendations, and accident experience. In large plants, inspec: 
tion by a foremen’s committee will standardize practices in the different departments. 

WORKMEN’S SAFETY COMMITTEES keep up the interest of workmen. They 
should: a. Make regular inspections to discover unsafe conditions and practices and 
submit to the foreman a written report of findings; 6. Instruct and warn fellow workmen 
regarding dangerous practice; c. Investigate all serious accidents and near accidents and 
submit reports and recommendations. 

SAFETY BULLETIN BOARDS containing pictures and stories which drive home 
what the workman can do to protect himself, are recognized as one of the most effective 
means of reaching the men. Bulletin boards should be placed at convenient points in each 
department. The secret of a live bulletin board is constant change. In addition to the 
National Safety Council safety bulletins, home-made bulletins should be used covering 
accidents or near accidents which have actually occurred in the plant, together with 
interesting exhibits, such as goggles which prevented eye injuries. 


12. ORGANIZATIONS 


The following is a list of organizations that concern themselves principally with the 
development of safe practices in industry, or which regard safe practice as an important, 
although not a major, activity. It is advisable to consult with one or more of these 
organizations in relation to any special construction or operation that is not covered by 
an existing safety code. a 

National Safety Council (20 North Wacker Drive, Chicago) is an association of manu- 
facturing and other industrial concerns, insurance companies, engineers, public officials, 
and others; publishes National Safety News (magazine), workmen’s bulletins or posters, 
“Safe Practices’? pamphlets on a variety of special subjects; holds annual congress, 
maintains information bureau; fosters local safety councils; also publications and 
activities relating to public safety and industrial health. i eat 

Safety Institute of America (New York) publishes Safety (magazine), maintains a 
safety museum and special service to members, ; 

American Society of Safety Engineers (Engineering Section of National Safety Coun- 
cil) is composed of individuals in safety work. 
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American Standards Association (New York) has general supervision of safety code 
work. 
Formulation of specific codes, and other safety investigations have been undertaken | 
by the organizations already named and by the U.S. Bureau of Standards (Washington, 
D.C.); U.S. Bureau of Mines (Washington, D. C.); Natl. Bureau of Casualty and Surety 
Underwriters (New York), maintained by stock insurance companies; National Assoc. 
of Mutual Casualty Companies (New York); American Society of Mechanical Engineers. 
Underwriters’ Laboratories (Chicago) tests, inspects, and labels safety and fire-protection 
equipment conforming to its standards. Numerous trade associations have safety depart- 
ments or safety committees, 
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MATHEMATICAL TABLES 


LOGARITHMS 


Logarithms (abbreviation log).—The log of a number is the exponent of the power to 
which it is necessary to raise a fixed number to produce the given number. The fixed 
number is called the base. Thus if the base is 10, the log of 1000 is 3, for 103 = 1000. 
There are two systems of logs in general use, the common, in which the base is 10, and the 
Napierian, or hyperbolic, in which the base is 2.718281828. . . . The Napierian base is 
commonly denoted by e, as in the equation eY¥ = x, in which y is the Napierian log of z. 
The abbreviation loge is commonly used to denote the Napierian log. 

In any system of logs, the log of 1 is 0; the log of the base, taken in that system, is 1. 
In any system the base of which is greater than 1, the logs of all numbers greater than 1 
are positive and the logs of all numbers less than 1 are negative. 

The modulus of any system is equal to the reciprocal of the Napierian log of the base 
of that system. The modulus of the Napierian system is 1, that of the common system is 

-0.4842945. The log of a number in any system equals the modulus of that system X 
Napierian log of the number. The hyperbolic or Napierian log of any number equals 
the common log X 2.3025851. 

Every log consists of two parts, an integral part called the characteristic, or index, and 
the decimal part, or mantissa. The mantissa only is given in the usual tables of common 
logs, with the decimal point omitted: The characteristic is one less than the number of 
figures to the left of the decimal point in the number whose log is to be found. The 
characteristic of numbers from 1 to 9.99+ is 0, from 10 to 99.99+ is 1, from 100 to 999 + 
is 2, from 0.1 to 0.99+ is —1, from 0.01 to 0.099+ is —2, etc. Thus, 


log of 2000 is 3.30103; log of 0.2 is —1.30103, or 9.30103 — 10 


pee O0Nae oOLOS tecuee O-O2MNee — 2 30103,m 8.50103 — 10 
On ait oOt0s aimee O.0026 te 3.0 L03; aes «a7 -cOL03e—210 
es 20. 030103» 10.0002 5. —4-30103,, = 6.30103 — 10 


The minus sign is frequently written above the characteristic thus: log 0.002 = 3.30103. 
The characteristic only is negative, the decimal part, or mantissa, being always positive. 
When a log consists of a negative index and a positive mantissa, it is usual to write 
the negative sign over the index, or to add 10 to the index, and indicate the subtraction 
of 10 from the resulting logarithm. Thus log 0.2 = 1.30103, may be written 9.30103 —10. 
The difference between a logarithm and 10 is its arithmetical complement or cologarithm. 
In tables of logarithmic sines, etc., the —10 is generally omitted, as being understood. 


RULES FOR USE OF THE TABLE OF COMMON LOGARITHMS.—To Find the Log of a 
Decimal Fraction or of a Whole Number and a Decimal.—First find the log of the quantity as if 
there were no decimal point, then prefix the index according to rule; the index is one less than the 


number of figures to the left of the decimal point. 


Exampxe. log of 3.14159. log of 3.141 0.497068. Diff. = 138. 


From proportional parts 5 690 
bbe sf Ss 09 1242 


log 3.14159 0.4971494 


reget 


If the number is a decimal less than unity, the index is negative and is one more than the number 
of zeros to the right of the decimal point. Log of 0.0682 = 2.833784 = 8.833784 — 10. 

To Find the Number Corresponding to a Given Log.—Find in the table the log nearest to the 
decimal part of the given log and take the first four digits of the required number from the column N 
and the top of the column containing the log which is the next less than the given log. To 
find the 5th and 6th digits subtract the log in the table from the given log, and multiply the differ- 
ence by 100, and divide by the figure in the Diff. column opposite the log; annex the quotient to 
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the four digits already found, and place the decimal point according to the rule; the number of 
figures to the left of the decimal point is one greater than the index. The number corresponding 
to a log is called the anti-logarithm. 


ind! the: amti-log OL 1501s ac «e112 orl eleva orale cine sloletela 0.497150 . 
Next lowest log in table corresponds to 3141........ 0.497068 Diff. = 82. 
Tabular diff. = 138; 82 + 138 = 0.59+ 

The index being 0, the number is therefore 3.14159+. 

Multiplication by Means of Logarithms.—Add together the logs of the two numbers to be 
multiplied. The sum is the log of the product. 

a. Where both factors are greater than unity. 

EXAMPLE. 31 X 1274 = 39,494. 

Solution. log31 + log 1274 = 1.491362 + 3.105169 = 4.596531 = log 39,494. 

b. Where one or more factors are less than unity, the logs with a negative characteristic can be 
handled most conveniently by adding and subtracting 10. 

Exampie. .000028961 X .084507 = .0000024474. es 

Solution. log .000028961 + log .084507 = 5.461814 + 2.926893. 

: = (5.461814 — 10) + (8.926893 — 10) = 14.388707 — 20 = 6.388707 
= log .0000024474. 

Division by Means of Logarithms.—Subtract the log of the divisor from the log of the dividend. 
The remainder is the log of the quotient. 

a. When the divisor is smaller than the dividend. 

EXAMPLE. 2987 + 63 = 47.41284. 

Solution. log 2987 — log 63 = 3.475235 — 1.799341 = 1.675894 = log 47.41284. 

b. When the divisor is larger than the dividend, add and subtract as many tens as may be 
necessary to the log of the dividend and proceed as before. 

Exampue. .000672 + 263 = .00000255513. 


Solution. log .000672 — log 263 = 4.827369 — 2.419956 u 
6.827369 — 2.419956 — 10 = 6.407413 = log .00000255513. 


c. The log of a fraction is obtained by subtracting the log of the denominator from the log of 
the numerator. Thus, 


i ll 


log ¢ = loga — logb. 


To Raise a Number to Any Given Power.—Multiply the log of the number by the exponent of 
the number, and find the number whose log is the product. 

a. Where the exponent consists of one figure. 

EXAMPLE. 16.23 = 4251.528. 

Solution. 3 X log 16.2 = 3 X 1.209515 = 3.628545 = log 4251.528. 


b. Where the exponent consists of two or more figures, it is best to multiply the characteristic 
and mantissa separately. 


Examp.p. .005624-37 = .147067. 


Solution. .37 X log .005624 = .37 < 3.750045 = 37 X (— 3) + 87 X .750045 
=— 1.11 + .277517 = 1.167517 = log .147067. 
c. Where the number is a fraction, first find the log of the fraction and then multiply it by the 
exponent. 
276\ -72 
EXAMPLE. (S = 681.9396. 
.032 


Solution. .72 (log 276 — log .032) 


.72{ 2.440909 — (8.505150 — 10) } 
.72 X 3.935759 = 2.833746 = log 681.9396. 


To Extract Any Root of a Number.—Divide the log of the number by the index of the root, 
and find the number whose log is the quotient. 


To extract the root of a decimal: a. When the root index is positive and evenly divisible into 
the negative characteristic of the log of the number, the division may be performed with the negative 
characteristic written in its usual place. 

EXAMPLE. </-0008054 = .16239. 

Solution. log .0006954 + 4 = 4.842235 + 4 = 1.210559 = log .16239. 

b. When the root index is positive and not even divisible into the negative characteristic, add 
to the log of the number, and indicate the subtraction from it, the smallest integral multiple of the 


root which will eliminate the negative characteristic. Divide the result by the root index and 
ascertain the number whose log corresponds to the quotient. 


Exampie, °\/,00002785 = .03393. 
Solution. log .00002785 = 6.444825; 5.444825 + 3.1 = {(2 X 3.1) + 5.444825 —-2x 3.1}+3.1 


= {1.644825 — 6.2} + 3.1 = 2.530589 = log .03393. 


c, When the root index is negative, determine the excess of the negative characteristic over the 


positive mantissa. Divide the result by the root index and ascertain the number whose log corre- 
sponds to the quotient, 


~4 
EXAMPLE. V .000003976 = 22.394. 
Solution. log .000003976 = 6.599446 = .599446 — 6 = — 5.400554; 
— 5.400554 + (— 4) = 1.350138 = log 22.394. 
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Solution of Exponential Equations.—In an exponential e i ity i 
h quation, the unknown quantity is the 
exponent; thus a* = b. This may be transformed to 1 a = : 
Aa wid y rmed to log a log b, or x log a = log b, whence 
a, When the base is greater than unity, put the equation in the form z = logb = 
log « = log (log b) — log (log a). i Sts Bes 
EXAMPLE. 32.67 = 14.632. 


Solution. log x = log (log 14.632) — log (log 32.6) = log 1.165303 — log 1.513218 
= .066439 — .179901 = 1.886538; z = .77008. 

b. When both the known quantities are decimal, put the equation in the form z = log b + loga 
Subtract the positive mantissa from the negative characteristic in both divisor and dividend, obtain- 
ing negative remainders. Change the signs of divisor and dividend and proceed as in Case a. 

ExampLe, .07297 = .2693. 


Solution. x = log .2693 + log .0729 = 1.430236 + 2.862728 
(— .569764) + (— 1.137272) = .569764 + 1.137272; 


log .569764 — log 1.137272 = 1.755695 — .055864 = 1.699831 
.50099. 


log x 
x 


Haueou dl 


c. When only one of the known quantities is a decimal, put the equation in the form z = log b 


. eye . log @ : 
Subtract the positive mantissa from the negative characteristic of the numerator or denominator 


as the case may be, and rewrite the fraction with the remainder so obtained as the new numerator 
or denominator. Make both numerator and denominator positive, but write a minus sign in front 
of the fraction, to signify that the result will be a negative quantity. Solve the fraction by log- 
arithms and write a minus sign in front of the result. 

EXxaMpe. .7267 = 802.7. 


= log 802.7 2.904553 2.904553 2.904553 
Site fp os SS ee Cr ae eg ae et 
log .726 1.860937 — .139063 .139063 
log c = — (log 2.904553 — log .139063) = (.463079 — 1.143211) = — (1.319868) 
x2 = — 20.8867 
d. When the exponent is negative and one of the known quantities is less than unity, put the 
log 


equation in the form (— zx) = Subtract the positive mantissa from the negative character- 


og a . 
istic, as in Case c, and multiply both sides of the resulting equation by (—1). Find the value of x 
as in Case c. 


Exampty. 10.78-7 = .09431. . 
f log .09431 2.974558 1.025442 
Solution. xs = ———— = ———";; «x = ——.. 
log 10.78 1.032619 1.032619 


log z = .010911 — .013940 = 1.996971. x = .99305. 
Table 1. Logarithms of Numbers from 1 to 100 


N Log Log Log Log 
1 0.000000 12322219 4] 1.612784 61 1.785330 81 1.908485 
2 0.301030 1.342423 42 1, 623249 62 1.792392 82 1.913814 
3) 0.477121 1.361728 43 1, 633468 63 1.799341 83 1.919078 
4 0.602060 1.380211 44 1.643453 64 1, 806180 84 1.924279 
5 0.698970 1.397940 45 1, 653213 65 1.812913 85 1.929419 
6 0.778151 1.414973 46 1.662758 66 1.819544 86 1.934498 
zh 0.845098 1.431364 47 1.672098 67 1.826075 87 1.939519 
8 0.903090 1.447158 48 1.681241 68 1, 832509 88 1.944483 
9 0.954243 1, 462398 49 1.690196 69 1, 838849 89 1.949390 
10 1.000000 1.477121 50 1.698970 70 1.845098 90 1.954243 
1.041393 1. 491362 51 1.707570 71 1.851258 91 1.959041 
1,079181 1.505150 52 1.716003 72 1, 857332 92 1. 963788 
1.113943 1.518514 53 1.724276 73 1. 863323 93 1. 968483 
1.146128 1.531479 54 1, 732394 74 1.869232 94 1.973128 
1.176091 1.544068 aD 1.740363 75 1.875061 95 1.977724 
1. 204120 1.556303 56 1.748188 76 1, 880814 96 1.982271 
1.230449 1, 568202 57 1). 755875 77 1.886491 97 1 986772 
1, 255273 1.579784 58 1, 763428 78 1.892095 98 1.991226 
1.278754 1.591065 59 1.770852 79 1.897627 1.995635 
1. 301030 1, 602060 60 1.778151 80 1.903090 2.000000 


See pp. 28-06 to 28-23 for a complete table of six-place logarithms, 
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Table 2—Common Logarithms of Numbers 


n | o 1 2 3 4 5 6 7 a | 9 | Dis. 
“Yoo | 000000 | 000434 | o0086s | 001301 | 001734 | 002166 | 002598 | 003029 | 003461 | 003891 | 432 
4321 | 004751 | 005181 | 005609 | 006038 | 006466 | 006894 | 007321 | 007748| 008174] 428 
2 | 908600 | 009026 | 009451 | 009876 | 010300} 010724| 011147 | 011570| 011993 | 012415| 424 
3 | 012837 | 013259 | 013680 | 014100 | 014521 | 014940 | 015360| 015779 | 016197| 016616] 420 
017033 | 017451 | 017868 | 018284 | 018700] 019116] 019532| 019947 | 020361 | 020775] 416 
$ | 021189 | 021603 | 022016 | 022428 | 022841 | 023252 | 023664] 024075 | 024486 | 024896| 412 
& | 025306 | 025715 | 026125 | 026533 | 026942] 027350 | 027757 | 028164 | 028571 | 028978| 408 
7 | 029384 | 029789 | 030195 | 030600 | 031004] 031408| 031812| 032216 | 032619 | 033021 404 
8 | 033424 | 033826 | 034227 | 034628 | 035029 | 035430 | 035830 | 036230 | 036629 | 037028] 400 
9 | 037426 | 037825 | 038223 | 038620 | 039017 | 039414 | 039811 | 040207 | 040602| 040998] 397 
110 | 041393 | 041787 | 042182 | 042576 | 042969 | 043362 | 043755 | 044148 | 044540| 044932] 393 
1 | 045323 | 045714| 046105 | 046495 | 046885 | 047275 | 047664 | 048053 | 048442 | 048830] 390 
2 | 049218 | 049606 | 049993 | 050380 | 050766 | 051153 | 051538 | 051924 | 052309 | 052694| 386 
3 | 053078 | 053463 | 053846 | 054230 | 054613| 054996 | 055378 | 055760 | 056142 | 050524| 383 
4 | 056905 | 057286 | 057666 | 058046 | 058426] 058805 | 059185 | 059563 | 059942| 060320| 379 
5 | 060698 | 061075 | 061432 | 061829 | 062206] 062582 | 062958 | 063333 | 063709 | 064083] 376 
6 | 064458 | 064832 | 065206 | 065580 | 065953 | 066326 | 066699 | 067071 | 067443 | 067815| 373 
7 | 068186 | 068557 | 068928 | 069298 | 069668 | 070038 | 070407 | 070776| 071145| 071514] 370 
8 | 071882 | 072250 | 072617 | 072985 | 073352| 073718 | 074085 | 074451 | 074816| 075182] 366 
9 | 075547 | 075912| 076276 | 076640 | 077004 | 077368 | 077731 | 078094 | 078457 | 078819 | 363 
120 | 079181 | 079543 | 079904 | osoz6s | 080626 | 080987 | 081347 | 081707 | 082067 | 082426] 360 
1 | 082785 | 083144 | 083503 | 083861 | 084219 | 084576| 084934 | 085291 | 085647| 086004] 357 
2 | 086360 | 086716 | 087071 | 087426 | 087781 | 088136 | 088490 | 088845 | 089198 | 089552| 355 
3 | 089905 | 090258 | 090611 | 090963 | 091315 | 091667 | 092018 | 092370| 092721 | 093071| 352 
4 | 093422| 093772| 094122| 094471 | 094820] 095169| 095518 | 095866 | 096215 | 096562] 349 
5 | 096910 | 097257 | 097604 | 097951 | 098298 | 098644 | 098990 | 099335 | 099681 | 100026| 346 
6 | 100371 | 100715) 101059| 101403 | 101747] 102091 | 102434 | 102777] 103119] 103462] 343 
7 | 103804) 104146] 104487] 104828 | 105169] 105510| 105851 | 106191] 106531 | 106871| 341 
8 | 107210| 107549| 107888| 108227 | 108565| 108903| 109241 | 109579) 109916] 110253| 338 
9 | 110590] 110926] 117263 | 117599 | 111934] 112270 | 112605 | 112940] 113275| 113609| 335 
PROPORTIONAL Parts 
Diff 1 Sek oacs 4 5 6 7 8 9 
434| 43.4 | 86.8 | 130.2 | 173.6 | 217.0 | 260.4 | 303.8 | 347.2 | 390.6 
432| 43.2 | 86.4 | 12916 | 1728 | 216.0 |. 259.2 | 302:4 | 345.6 | 388.8 
430 | 43.0 | 86.0 | 129:0 | 172.0 | 215:0 | 258:0 | 301:0 | 344.0 | 387.0 
42g | 42.8 | 85.6 | 128.4 | 171.2 | 214.0 | 256.8 | 299.6 | 342.4 | 385.2 
426| 42:6 | 85.2 | 127:8 | 170.4 | 213.0 | 255.6 | 29812 | 340.8 | 383.4 
424| 4214 | 8478 | 127.2 | 169.6 | 212:0 | 254.4 | 29618 | 339.2 | 381.6 
422| 42:2 | 84:4 | 126.6 | 168.8 | 211.0 | 253.2 | 295.4 | 33716 | 379/8 
420} 42:0 | 84.0 | 126.0 | 168.0 | 210.0 | 252:0 | 29470 | 336:0 | 378.0 
4i8| 41.8 | 83.6 | 125.4 | 167.2 | 209.0 | 250.8 | 292.6 | 334.4 | 376.2 
416] 41.6 | 83.2 | 1248 | 166.4 | 20810 | 24976 | 29112 | 33218 | 374.4 
414| 41.4 | 82:8 | 124.2 | 165.6 | 207:0 | 248.4 | 28978 | 331:2 | 3772/6 
4i2| 41.2 | 82.4 | 123.6 | 164.8 | 206.0 | 247.2 | 2884 | 32976 | 370:8 
410 | 41:0 | 82.0 | 123.0 | 164.0 | 205:0 | 246.0 | 28770 | 328.0 | 369.0 
403} 40.8 | 81.6 | 122.4 | 163.2 | 204.0 | 244.8 | 285.6 | 326.4 | 367.2 
406| 40.6 | 8i:2 | 121:8 | 162:4 | 20310 | 24316 | 234°2 | 324°8 | 365°4 
404| 40.4 | 80.8 | 121:2 | 161.6 | 202:0 | 242.4 | 282.8 | 32312 | 363.6 
402| 40.2 | 80:4 | 120:6 | 160.8 | 201-0 | 241:2 | 28174 | 321.6 | 361:8 
400} 40.0 | 80.0 | 120.0 | 160.0 | 200.0 | 240:0 | 280:0 | 320:0 | 360.0 
398} 39.8 | 79.6 | 119.4 | 159.2 | 199.0 | 238.8 | 278.6 | 318.4 | 358 
396 | 39:6 | 79:2 | 1188 | 138:4 | 198:0 | 237-6 | 27712 | 316:8 | 336.4 
394| 39.4 | 78.8 | 118.2 | 157:6 | 197:0 | 236.4 | 275:38 | 315.2 | 35476 
392 | 39.2 | 78.4 | 117-6 | 156.8 | 196.0 | 235.2 | 274.4 | 313.6 | 352°8 
390 | 39.0 | 78.0 | 117.0 | 156.0 | 195:0 | 23470 | 27370 | 312:0 | 351:0 
388 | 38.8 | 77.6 | 116.4 | 155.2 | 194.0 | 232.8 | 271.6 | 310.4 | 349.2 
386 | 38.6 | 77.2 | 115.8 | 154.4 | 193:0 | 23176 | 270:2 | 308:8 | 347.4 
384 | 38.4 | 76.8 | 115.2 | 153.6 | 192:0 | 230°4 | 268°8 | 307.2 | 345.6 
382 | 38:2 | 76.4 | 1146 | 152.8 | 191:0 | 229:2 | 267:4 | 305.6 | 343.8 
380 | 38:0 | 76.0 | 114.0 | 152:0 | 190:0 | 228.0 | 266.0 | 304.0 | 342.0 
378 | 37.8 | 75.6 | 113.4 | 151.2 | 189.0 | 226.8 | ‘264.6 | 302.4 | 340.2 
376 | 37:6 | 75.2 | 112.8 | 150.4 | 1880 | 225:6 | 263.2 | 300.8 | 338.4 
374 | 37:4 | 74:8 | 112.2 | 14916 | 187:0 | 224°4 | 261.8 | 299:2 | 33616 
372 | 37:2 | 74:4 | ite | 148:8 | 186.0 | 223:2 | 260:4 | 29776 | 334.8 
370 | 37.0 | 74:0 | ito | 148:0 | 185:0 | 2220 | 259.0 | 296.0 | 333.0 
368 | 36.8 | 73.6 | 110.4 | 147.2 | 184.0 | 220.8 | 257.6 | 294.4 | 331.2 
366 | 36:6 | 73.2 | 109.8 | 146.4 | 183.0 | 219°6 | 256:2 | 92:8 | 329°4 
364 | 36.4 | 72:8 | 109.2 | 145.6 | 182.0 | 218:4 | 2548 | 20112 | 32776 
362 | 36:2 | 72:4 | 108.6 | 1448 | 181.0 | 217:2 | 253.4 | 2806 | 325.8 
300 | 36:0 | 72:0 | oso | i4sc0 | 1800 | 2160 | 232:0 | dearo | 424°0 
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130 | 113943 | 114277 | 114611 | 114944 | 115278 | 115611] 115943] 116276| 116608 116940 | 333 


V | 117271) 117603 | 117934] 118265] 118595] 118926] 119256] 119586] 119915] 1202451 330 
2 | 120574} 120903 | 121231] 121560] 121888] 122216| 122544] 122871] 123198] 123525| 328 

3 | 123852] 124178] 124504 | 124830] 125156] 125481] 125806] 126131| 126456] 126781| 325 

4 | 127105} 127429) 127753] 128076] 128399] 128722] 129045] 129368] 129690] 130012] 323 

5 |,130334] 130655] 130977 | 131298] 131619} 131939] 132260] 132580] 132900] 133219] 321 

6 | 133539] 133858] 134177| 134496] 134814] 135133] 135451] 135769| 136086] 136403] 318 

7 | 136721] 137037] 137354] 137671] 137987] 138303] 138618] 138934] 139249] 139564] 316 

8 | 139879] 140194] 140508] 140822] 141136] 141450] 141763| 142076] 142389] 142702| 314 

9 | 143015] 143327 | 143639] 143951 | 144263] 144574| 144885] 145196| 145507| 145818| 311 
140 | 146128 | 146438 | 146748 | 147058 | 147367 | 147676! 147985 | 148294| 148603 | 148911| 309 
~ 1 | 149219} 149527] 149835] 150142] 150449] 150756] 151063| 151370] 151676] 151982] 307 
2 | 152288] 152594] 152900] 153205] 153510] 153815| 154120] 154424| 154728| 155032| 305 

3 | 155336| 155640] 155943] 156246| 156549 | 156852] 157154| 157457] 157759 | 158001 | 303 

4 | 158362] 158664] 158965] 159266| 159567] 159868] 160168] 160469| 160769] 161068| 301 

5 | 161368] 161667] 161967] 162266| 162564] 162863| 163161| 163460| 163758 | 164055| 299 

6 | 164353] 164650] 164947 | 165244 | 165541] 165838| 166134] 166430| 166726| 167022| 297 

7 | 167317] 167613] 167908 | 168203 | 168497] 168792] 169086] 169380] 169674| 169968| 295 

8 | 170262] 170555 | 170848] 171141 | 171434] 171726| 172019] 172311| 172603] 172895| 293 

9 | 173186] 173478] 173769 | 174060 | 174351 | 174641] 174932| 175222] 175512] 175802] 291 
150 | 176091 | 176381 | 176670 | 176959 | 177248 | 177536 | 177825 | 178113 | 178401|178689| 289 
1 | 178977] 179264 | 179552| 179839 | 180126] 180413] 180699| 180986] 181272| 181558| 287 

2 | 181844] 182129] 182415] 182700] 182985] 183270| 183555| 183839| 184123| 184407| 285 

3 | 184691] 184975] 185259 | 185542] 185825] 186108| 186391| 186674] 186956| 187239| 283 

4 | 187521] 187803] 188084 | 188366] 188647 | 188928] 189209] 189490] 189771] 190051] 281 

5 | 190332] 190612| 190892] 191171] 191451] 191730] 192010] 192289| 192567 192846] 279 

6 | 193125] 193403] 193681 | 193959 | 194237] 194514] 194792] 195069| 195346| 195623] 278 

7 | 195900] 196176] 196453] 196729] 197005] 197281] 197556] 197832| 198107| 198382] 276 

8 | 198657] 198932] 199206 | 199481] 199755] 200029] 200303] 200577] 200850| 201124| 274 

9 | 201397] 201670 | 201943 | 202216 | 202488 | 202761] 203033| 203305| 203577 | 203848| 272 

PROPORTIONAL PARTS 

Diff 1 2 3 4 5 6 7 8 9 

ES | oi 179.0 214.8 250.6 286.4 | 322.2 

326 33° Ht 06:8 142.4 178.0 213.6 249.2 284.8 | 320.4 

3541 35.4 70.8 106.2 141.6 177.0 212.4 247.8 283.2 | 318.6 

352 | 35.2 70.4 105.6 140.8 176.0 211.2 246.4 281.6 | 316.8 

350 | 35.0 70.0 105.0 140.0 175.0 210.0 245.0 280.0. | 315.0 

9.2 174.0 208.8 243.6 278.4 | 313.2 

346 34 69:2 103;8 138.4 173.0 207.6 242.2 276.8 | 311.4 

344 344 68.8 103.2 137.6 172.0 206.4 240.8 275.2 | 309.6 

342 | 34.2 68.4 102.6 136.8 171.0 205.2 239.4 273.6 | 307.8 

340 | 34.0 68.0 102.0 136.0 170.0 204.0 238.0 272.0 | 306.0 

169.0 202.8 236.6 270.4 | 304.2 

336 33.6 o-8 10:8 133.4 168.0 201.6 235.2 268.8 | 302.4 

334 33.4 66.8 100.2 133.6 167.0 200.4 233.8 267.2 | 300.6 

332 | 33.2 66.4 99.6 132.8 166.0 199.2 232.4 265.6 | 298.8 

330 | 33.0 66.0 99.0 132.0 165.0 198.0 231.0 gets ae 
164.0 196.8 229.6 262. 295. 

38 32-8 2:5 978 30:4 163.0 195.6 228.2 260.8 | 293.4 

324 | 32.4 64.8 97.2 129.6 162.0 194.4 226.8 259.2 | 291.6 

322 32.2 64.4 96.6 128.8 161.0 193.2 225.4 257.6 | 289.8 

320 | 32.0 64.0 96.0 128.0 160.0 p20 zr aa aN 
190.8 222, 4 ; 

8 aie 638 94:8 ae 4 138:0 189.6 221.2 252.8 | 284.4 

ag AP 62.8 94.2 125.6 157.0 188.4 219.8 251.2 | 282.6 

312 31.2 62.4 93.6 124.8 156.0 187.2 218.4 249.6 280.8 

310 | 31.0 62.0 93.0 124.0 Been ae ste ae 8 

Be EN nS 91:8 ra 133.0 183.6 214.2 244.8 | 275.4 

308 304 60.8 91.2 121.6 152.0 182.4 212.8 243.2 273.6 
302 | 30.2 60.4 90.6 120.8 151.0 181. : ‘ : 

300 | 30.0 60.0 90.0 120.0 150.0 180.0 zine zie a0 

Pee Mice Tee at | qed: | (ae.0)| 17776 207-2 | 236.8 | 266:4 
é : 6.4 05. is ' 

294| 29.4 58.8 88.2 117.6 147.0 176. Poona aches 

300 30.8 38:0 B70 Heo ves 174.0 50 232.0 | 261.0 

i f loab| so30c4iel 125902 

ts a6 379 8 ac4 143: 16 200:2 228.8 2A 
: : " e 70.4 198, : : 

284 | 28.4 20.8 Batata aren ae eZ 197,4 | 225.6 | 253.8 
<2 56.4 84.6 112.8 141.0 169.2 : : ; 


28-08 COMMON LOGARITHMS OF NUMBERS 


N 0 1 2 3 4 5 6 7 8 9 Diff. 


ee | ere | ner | rete | ae | en a | | | | 


160 | 204120 | 204391 | 204663 | 204934 | 205204 | 205475 | 205746 | 206016 | 206286 | 206556 271 


1 | 206826 | 207096 | 207365 | 207634 | 207904 | 208173] 208441 | 208710 | 208979 | 209247} 269 
2 | 209515 | 209783 | 210051 | 210319 | 210586] 210853] 211121] 211388 | 211654] 211921] 267 
3 | 212188] 212454 | 212720 | 212986 | 213252] 213518 | 213783 | 214049 | 214314] 214579| 266 
4 |214844| 215109 | 215373! 215638] 215902] 216166 | 216430] 216694 | 216957] 217221) 264 
5 |217484| 217747 | 218010 | 218273 | 218536] 218798 | 219060 | 219323] 219585 | 219846] 262 
6 | 220108 | 220370 | 220631 | 220892 | 221153] 221414 | 221675 | 221936 | 222196 | 222456) 261 
7 | 222716] 222976 | 223236 | 223496 | 223755] 224015 | 224274 | 224533 | 224792 | 225051] 259 
8 | 225309 | 225568 | 225826 | 226084 | 226342] 226600| 226858 | 227115) 227372 | 227630) 258 
9 | 227887 | 228144 | 228400 | 228657 | 228913 | 229170 | 229426 | 229682 | 229938 | 230193} 256 
170 | 230449 | 230704 | 230960 | 231216 | 231470 | 231724 | 231979 | 232234 | 232488 | 232742 255 
1 | 232996 | 233250 | 233504 | 233757 | 234011 | 234264 | 234517 | 234770 | 235023 | 235276) 253 
2 | 235528 | 235781 | 236033 | 236285 | 236537 | 236789 | 237041 | 237292 | 237544 | 237795) 252 
3 | 238046 | 238297 | 238548 | 238799 | 239049 | 239299 | 239550 | 239800 | 240050 | 240300) 250 
4 | 240549 | 240799 | 241048 | 241297 | 241546] 241795 | 242044 | 242293 | 242541 | 242790) 249 
5 | 243038 | 243286 | 243534 | 243782 | 244030 | 244277 | 244525 | 244772 | 245019 | 245266) 248 
6 | 245513] 245759 | 246006 | 246252 | 246499 | 246745 | 246991 | 247237 | 247482 | 247728| 246 
7 | 247973 | 248219 | 248464 | 248709 | 248954 | 249198 | 249443 | 249687 | 249932 | 250176] 245 
8 | 250420 | 250664 | 250908 | 251151 | 251395] 251638 | 251881 | 252125 | 252368 | 252610) 243 
9 | 252853 | 253096 | 253338 | 253580 | 253822 | 254064 | 254306 | 254548 | 254790 | 255031 | 242 
180 | 255273 | 255514 | 255755 | 255996 | 256237 | 256477 | 256718 | 256958 | 257198 | 257439 | 241 
1 | 257679 | 257918 | 258158 | 258398 | 258637 | 258877 | 259116 | 259355 | 259594 | 259833 | 239 
2 | 260071 | 260310 | 260548 | 260787 | 261025 | 261263 | 261501 | 261739 | 261976 | 262214) 238 
3 | 262451 | 262688 | 262925 | 263162 | 263399 | 263636 | 263873 | 264109 | 264346 | 264582] 237 
4 | 264818 | 265054 | 265290 | 265525 | 265761 | 265996 | 266232 | 266467 | 266702 | 266937) 235 
5 | 267172] 267406 | 267641 | 267875 | 268110] 268344 | 268578 | 268812 | 269046 | 269279 | 234 
6 | 269513 | 269746 | 269980 | 270213 | 270446 | 270679 | 270912 | 271144 | 271377 | 271609 | 233 
7 | 271842 | 272074 | 272306 | 272538 | 272770 | 273001 | 273233 | 273464 | 273696 | 273927| 232 
8 | 274158 | 274389 | 274620 | 274850 | 275081 | 275311 | 275542 | 275772 | 276002 | 276232) 230 
9 | 276462 | 276692 | 276921 | 277151 | 277380 | 277609 | 277838 | 278067 | 278296 | 278525| 229 
190 | 278754 | 278982 | 279211 | 279439 | 279667 | 279895 | 280123 | 280351 | 280578 | 280806 | 228 
1 | 281033 | 281261 | 281488 | 281715 | 281942] 282169 | 282396 | 282622 | 282849 | 283075| 227 
2 | 283301 | 283527 | 283753 | 283979 | 284205 | 284431 | 284656 | 284882 | 285107 | 285332| 226 
3 | 285557 | 285782 | 286007 | 286232 | 286456 | 286681 | 286905 | 287130 | 287354 | 287578| 225 
4 | 287802 | 288026 | 288249 | 288473 | 288696 | 288920 | 289143 | 289366 | 289589 | 289812] 223 
5 | 290035 | 290257 | 290480 | 290702 | 290925 | 291147 | 291369 | 291591 | 291813 | 292034] 222 
6 | 292256 | 292478 | 292699 | 292920} 293141 | 293363 | 293584 | 293804 | 294025 | 294246] 221 
7 | 294466 | 294687 | 294907 | 295127 | 295347 | 295567 | 295787 | 296007 | 296226 | 296446] 220 
8 | 296665 | 296884 | 297104 | 297323 | 297542] 297761 | 297979 | 298198 | 298416 | 298635| 219 
9 | 298853 | 299071 | 299289 | 299507 | 299725 | 299943 | 300161 | 300378 | 300595 | 300813] 218 


PROPORTIONAL PARTS 


S) 
Rm 
- 
bo 
eo 
~ 
a 
o 
«a 
ao 
o 


278 27,8 55.6 83.4 111.2 139,0 166.8 194.6 222.4 250.2 
276 27,6 5302 82.8 110.4 138.0 165.6 193,2 220.8 248.4 
274 27.4 54,8 82,2 109.6 137.0 164.4 191.8 219,2 246.6 
272 27,2 54,4 81,6 108.8 136.0 163.2 190.4 217.6 244.8 
270 27.0 54.0 81.0 108.0 135.0 162.0 189.0 216.0 243.0 
268 26.8 53.6 80.4 107.2 134.0 160.8 187.6 214.4 | 241.2 
266 26.6 Doe 79.8 106.4 133.0 159.6 186,2 212;8 239.4 
264 26.4 52.8 79,2 105.6 132.0 158.4 184.8 211.2 237.6 
262 26,2 52.4 78.6 104.8 131,0 157.2 183.4 209.6 235.8 
260 26.0 52.0 78.0 104.0 130,0 156.0 182.0 208.0 234.0 
258 25.8 51.6 77.4 103.2 129.0 154.8 180,6 206.4 232 
256 25.6 J1.2 76.8 102.4 128.0 153.6 179.2 204.8 330:4 
254 25.4 50.8 76.2 101.6 127.0 152.4 177.8 203.2 228.6 
252 25.2 50.4 75.6 100.8 126,0 151.2 176.4 201.6 226.8 
250 25.0 50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0 
248 24.8 49.6 74.4 99) 2 124.0 148.8 173.6 198.4 223 
246 24.6 49.2 73.8 98.4 123,0 147.6 172.2 196.8 314 
244 24.4 48.8 73.2 97.6 122.0 146.4 170,8 P9522 219.6 
242 24.2 48.4 72.6 96.8 121.0 145.2 169.4 193.6 217.8 
240 24.0 48.0 72.0 96.0 120.0 144.0 168.0 192.0 216.0 
238 23.8 47.6 71.4 95,2 119.0 142.8 166.6 190.4 

236 23.6 47.2 70.8 94.4 118.0 141.6 165.2 188.8 32:4 
234 23.4 46.8 70.2 93.6 117.0 140.4 163.8 187.2 210.6 
232 23.2 46.4 69.6 92,8 116.0 1B9NZ 162.4 185.6 208.8 
230 23.0 46.0 69.0 92.0 115.0 138.0 161.0 184.0 207.0 


200 | 301030 | 301247 | 301464 | 301681 | 301898 | 302114 | 302331 | 302547 | 302764 | 302980| 217 


303196 | 303412 | 303628 | 303844 | 304059 | 304275 | 304491 | 304706 | 304921 | 30513 216 
305351 | 305566 | 305781 | 305996 | 306211 | 306425 | 306639 | 306854 | 307068 307282 215 
307496 | 307710 | 307924 | 308137 | 308351 | 308564 | 308778 | 308991 | 309204] 309417] 213 


309630 | 309843 | 310056 | 310268 | 310481 | 310693 | 310906 | 311118] 311330] 311542] 212 
311754 | 311966 | 312177 | 312389 | 312600} 312812] 313023 | 313234 | 313445 | 313656] 211 
313867 | 314078 | 314289 | 314499 | 314710] 314920 | 315130 | 315340] 3155511315760] 210 


315970 | 316180} 316390 | 316599 | 316809 | 317018 | 317227 | 317436 | 317646 | 317854| 209 
318063 | 318272} 318481 | 318689 | 318898 | 319106 | 319314 | 319522 | 319730] 319938] 208 
320146 | 320354 | 320562 | 320769 | 320977 | 321184 | 321391 | 321598 | 321805 | 322012] 207 


322219 | 322426 | 322633 | 322839 | 323046 | 323252 | 323458 | 323665 | 323871 | 324077 | 206 


324282 | 324488 | 324694 | 324899 | 325105 | 325310 | 325516 | 325721 | 325926 | 326131| 205 
326336 | 326541 | 326745 | 326950 | 327155 | 327359 | 327563 | 327767 | 327972 | 328176} 204 
328380 | 328583 | 328787 | 328991 | 329194 | 329398 | 329601 | 329805 | 330008 | 330211 | 203 


330414 | 330617 | 330819 | 331022 | 331225 | 331427 | 331630 | 331832 | 332034 | 332236| 202 
332438 | 332640 | 332842 | 333044 | 333246 | 333447 | 333649 | 333850 | 334051 | 334253 
334454 | 334655 | 334856 | 335057 | 335257 | 335458 | 335658 | 335859 | 336059 | 336260] 201 


336460 | 336660 | 336860 | 337060 | 337260 | 337459 | 337659 | 337858 | 338058 | 338257| 200 
338456 | 338656 | 338855 | 339054 | 339253 | 339451 | 339650 | 339849 | 340047 | 340246} 199 
340444 | 340642 | 340841 | 341039 | 341237 | 341435 | 341632 | 341830 | 342028 | 342225] 198 


342423 | 342620 | 342817 | 343014 | 343212 | 343409 | 343606 | 343802 | 343999 | 344196] 197 


344392 | 344589 | 344785 | 344981 | 345178 | 345374 | 345570 | 345766 | 345962 | 346157] 196 
346353 | 346549 | 346744 | 346939 | 347135 | 347330 | 347525 | 347720 | 347915] 348110] 195 
348305 | 348500 | 348694 | 348889 | 349083 | 349278 | 349472 | 349666 | 349860 | 350054| 194 


350248 | 350442 | 350636 | 350829 | 351023 | 351216 | 351410 | 351603 | 351796 | 351989] 193 
352183 | 352375 | 352568 | 352761 | 352954 | 353147 | 353339 | 353532 | 353724 | 353916 
354108 | 354301 | 354493 | 354685 | 354876 | 355068 | 355260 | 355452 | 355643 | 355834| 192 


356026 | 356217 | 356408 | 356599 | 356790 | 356981 | 357172 | 357363 | 357554 | 357744] 191 
357935 | 358125 | 358316 | 358506 | 358696 | 358886 | 359076 | 359266 | 359456 | 359646] 190 
359835 | 360025 | 360215 | 360404 | 360593 | 360783 | 360972 | 361161 | 361350 | 361539] 189 


WOON AU WH— S&S COON] GAs Wr— E WON Auk wWh— 


930 | 361728] 361917 | 362105 | 362294 | 362482 | 362671 | 362859 | 363048 | 363236 | 363424| 188 
1 | 363612| 363800 | 363988 | 364176 | 364363 | 364551 | 364739 | 364926 | 365113] 365301 
2 | 365488 | 365675 | 365862 | 366049 | 366236 | 366423 | 366610 | 366796 | 366983; 367169| 187 
3 | 367356| 367542 | 367729 | 367915 | 368101 | 368287 | 368473 | 368659 | 368845 | 369030| 186 
4 | 369216 | 369401 | 369587 | 369772 | 369958] 370143 | 370328 | 370513 | 370698! 370883| 185 
5 | 371068] 371253 | 371437 | 371622 | 371806 | 371991 | 372175 | 372360 | 372544 | 372728| 184 
6 | 372912} 373096 | 373280 | 373464 | 373647 | 373831 | 374015 | 374198 | 374382 | 374565 
7 | 374748 | 374932 | 375115 | 375298 | 375481 | 375664 | 375846 | 376029 | 376212| 376394| 183 
8 | 376577 | 376759 | 376942 | 377124 | 377306 | 377488 | 377670 | 377852 | 378034 | 378216| 182 
9 | 378398 | 378580 | 378761 | 378943 | 379124 | 379306 | 379487 | 379668 | 379849 | 380030| 181 
PROPORTIONAL Parts 
Diff 1 2 3 4 5 6 7 8 9 
228 | 22.8 45.6 68.4 91.2 114.0 136.8 159.6 182.4 | 205.2 
226 | 22.6 45.2 67.8 90.4 113.0 135.6 158.2 180.8 | 203.4 
224| 22.4 44.8 67.2 89.6 112.0 134.4 156.8 179.2 | 201.6 
720220 2 44.4 66.6 88.8 111.0 18302 155.4 177.6 | 199.8 
220 | 22.0 44.0 66.0 88.0 110.0 132.0 154.0 176.0 | 198.0 
, 43.6 65.4 87.2 109.0 130.8 152.6 174.4 | 196.2 
ale ate 43.2 64.8 86.4 108.0 129.6 151.2 172.8 | 194.4 
214.| 21.4 42.8 64.2 85.6 107.0 128.4 149.8 Wee | 1G 
Di Qateee2 bag 42.4 63.6 84.8 106.0 127.2 148.4 169.6 | 190.8 
210 | 21.0 42.0 63.0 84.0 105.0 126.0 147.0 168.0 | 189.0 
0.8 41.6 62.4 83.2 104.0 124.8 145.6 166.4 | 187.2 
206 40.6 41.2 61.8 82.4 103.0 123.6 144.2 164.8 | 185.4 
204| 20.4 40.8 61.2 81.6 102.0 122.4 142.8 163.2 | 183.6 
202 | 20.2 40.4 60.6 80.8 101.0 121.2 141.4 161.6 | 181.8 
200 | 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 | 180.0 
j 39.6 59.4 79.2 99.0 118.8 138.6 158.4 | 178.2 
196 19:6 39.2 58.8 78.4 98.0 117.6 137.2 156.8 | 176.4 
194 19.4 38.8 58.2 77.6 97.0 116.4 135.8 155.2 | 174.6 
192 19.2 38.4 57.6 76.8 96.0 115.2 134.4 153.6 | 172.8: 
190 19.0 38.0 57.0 76.0 95.0 114.0 133.0 152.0 | 171.0 
7.6 56.4 75.2 94.0 112.8 131.6 150.4 | 169.2 
186 18:6 373 55.8 74.4 93.0 111.6 130.2 148.8 | 167.4 
184 | 18.4 36.8 55.2 73.6 92.0 110.4 128.8 147.2 165.6 
182 | 18.2 36.4 54.6 72.8 91.0 109.2 127.4 145.6 | 1 8 
180 | 18.0 36.0 54.0 72.0 90.0 108.0 126.0 144.0 | 162. 
; 


| a | nm 


240 | 380211 | 380392 | 380573 | 380754 | 380934 | 381115 | 381296 | 381476 | 381656 | 381837 181 


82017 | 382197 | 382377 | 382557 | 382737 | 382917 | 383097 | 383277 | 383456 | 383636| 180 
, 383815 383995 | 384174 | 384353 | 384533 | 384712] 384891 | 385070 | 385249 | 385428| 179 
3 | 385606 | 385785 | 385964 | 386142 | 386321 | 386499 | 386677 | 386856 | 387034 | 387212| 178 
387390 | 387568 | 387746 | 387924 | 388101 | 388279 | 388456 | 388634 | 388811 | 388989 

3 389166 389343 | 389520 | 389698 | 389875 | 390051 | 390228 | 390405 | 390582 | 390759| 177 

6 | 390935 | 391112 | 391288 | 391464 | 391641] 391817 | 391993 | 392169 | 392345 | 392521} 176 

7 | 392697 | 392873 | 393048 | 393224 | 393400 | 393575 | 393751 | 393926 | 394101 | 394277 

8 | 394452 | 394627 | 394802 | 394977 | 395152] 395326 | 395501 | 395676 | 395850 | 396025] 175 

9 | 396199 | 396374 | 396548 | 396722 | 396896 | 397071 | 397245 | 397419 | 397592 | 397766| 174 
250 | 397940 | 398114 | 398287 | 398461 | 398634 | 398808 | 398981 | 399154 | 399328 | 399501| 173 

1 |399674| 399847 | 400020 | 400192 | 400365 | 400538 | 400711 | 400883 | 401056 | 401228 

2 | 401401 | 401573 | 401745 | 401917 | 402089 | 402261 | 402433 | 402605 | 402777 | 402949| 172 

3 | 403121 | 403292 | 403464 | 403635 | 403807 | 403978 | 404149 | 404320 | 404492 | 404663| 171 

4 | 404834 | 405005 | 405176 | 405346 | 405517 | 405688 | 405858 | 406029 | 406199 | 406370 

5 | 406540] 406710| 406881 | 407051 | 407221 | 407391 | 407561 | 407731 | 407901 | 408070; 170 

6 | 408240] 408410 | 408579 | 408749 | 408918] 409087 | 409257 | 409426 | 409595 | 409764; 169 

7 | 409933 | 410102] 410271 | 410440 | 410609 | 410777 | 410946 | 411114 | 411283 | 411451 

8 | 411620] 411788 | 411956 | 412124 | 412293 | 412461 | 412629 | 412796 | 412964 | 413132] 168 

9 | 413300] 413467 | 413635 | 413303 | 413970 | 414137 | 414305 | 414472 | 414639 | 414806] 167 
260 | 414973 | 415140 | 415307 | 415474 | 415641 | 415808 | 415974 | 416141 | 416308 | 416474 

1 | 416641] 416807 | 416973 | 417139 | 417306 | 417472 | 417638 | 417804 | 417970| 418135] 166 

2 | 418301] 418467 | 418633 | 418798 | 418964 | 419129 | 419295 | 419460] 419625 | 419791| 165 

3 | 419956] 420121 | 420286 | 420451 | 420616 | 420781 | 420945 | 421110 | 421275 | 421439 

4 | 421604] 421768 | 421933 | 422097 | 422261 | 422426 | 422590 | 422754 | 422918] 423082] 164 

5 | 423246| 423410 | 423574 | 423737 | 423901 | 424065 | 424228 | 424392 | 424555 | 424718 

6 | 424882 | 425045 | 425208 | 425371 | 425534 | 425697 | 425860 | 426023 | 426186 | 426349] 163 

7 | 426511 | 426674 | 426836 | 426999 | 427161 | 427324 | 427486 | 427648 | 427811| 427973] 162 

8 | 428135 | 428297 | 428459 | 428621 | 428783 | 428944 | 429106 | 429268 | 429429 | 429591 

9 | 429752] 429914 | 430075 | 430236 | 430398 | 430559 | 430720 | 430881 | 431042| 431203] 161 
270 | 431364 | 431525 | 431685 | 431846 | 432007 | 432167 | 432328 | 432488 | 432649 | 432809 

1 | 432969 | 433130] 433290 | 433450 | 433610] 433770 | 433930 | 434090 | 434249] 434409| 160 

2 | 434569 | 434729 | 434888 | 435048 | 435207 | 435367 | 435526 | 435685 | 435844 | 436004| 159 

3 | 436163| 436322 | 436481 | 436640 | 436799 | 430957 | 437116 | 437275 | 437433 | 437592 

4 | 437751| 437909 | 438067 | 438226 | 438384 | 438542 | 438701 | 438859 | 439017| 439175| 158 

5 | 439333 | 439491 | 439648 | 439806 | 439964 | 440122 | 440279 | 440437 | 440594 | 440752 

6 | 440909 | 441066 | 441224 | 441381 | 441538 | 441695 | 441852| 442009 | 442166 | 442323] 157 

7 | 442480] 442637 | 442793 | 442950 | 443106 | 443263 | 443419 | 443576 | 443732 | 443889 

8 | 444045| 444201 | 444357 | 444513 | 444669 | 444825 | 444981 | 445137 | 445293 | 4454491 156 

9 | 445604 | 445760] 445915 | 446071 | 446226 | 446382 | 446537 | 446692 | 446848 | 447003] 155 
280 | 447158 | 447313 | 447468 | 447623 | 447778 | 447933 | 448088 | 448242 | 448397 | 448552 

1 | 448706 | 448861 | 449015 | 449170| 449324] 449478 | 449633 | 449787 | 449941| 450095| 154 

2 | 450249] 450403 | 450557 | 450711 | 450865] 451018] 451172] 451326| 451479 | 451633 

3 | 451786] 451940] 452093 | 452247 | 452400] 452553 | 452706 | 452859 | 453012| 453165] 153 

4 | 453318| 453471] 453624 | 453777| 453930] 454082 | 454235 | 454387 | 454540] 454692 

5 | 454845] 454997] 455150] 455302| 455454 | 455606 | 455758 | 455910| 456062| 4562141 152 

6 | 456366] 456518] 456670| 456821 | 456973 | 457125| 457276 | 457428 | 457579 | 457731 

7 | 457882| 458033 | 458184] 458336] 458487| 458638 | 458789 | 458940| 459091| 459242| 151 

8 | 459392] 459543 | 459694 | 459845 | 459995 | 460146 | 460296 | 460447 | 460597 | 460748 

9 | 460898 | 461048 | 461198} 461348 | 461499 | 461649 | 461799 | 461948 | 462098 | 462248 150 

PROPORTIONAL PARTS 

Sa ee 
Diff. 1 2 3 4 5 6 7 8 9 
182] 18.2 36.4 54.6 72.8 91.0 109.2 127.4 145.6 163.8 
180] 18.0 36.0 54.0 72.0 90.0 108.0 126.0 144.0 | 162.0 
178| 17.8 35.6 53.4 Wee 89.0 106.8 124.6 142.4 | 160 
Z6e 17.6 35.2 52.8 70.4 88.0 105.6 123.2 140.8 1s8.4 
174] 17.4 34.8 52.2 69.6 87.0 104.4 121.8 139.2 | 156.6 
725 Az? 34.4 51.6 68.8 86.0 103.2 120.4 137.6 | 154.8 © 
170] 17.0 34.0 51.0 68.0 85.0 102.0 119.0 136.0 | 153.0 
168] 16.8 33.6 50.4 67.2 84.0 100.8 117.6 134.4 | 151.2° 
166| 16.6 33.2 49.8 66.4 83.0 99.6 116.2 132.8 149.4 
164] 16.4 32.8 49.2 65.6 82.0 98.4 114.8 132 al) 14756 
162] 16.2 32.4 48.6 64.8 81.0 97.2 113.4 129.6 | 145.8 
160| 16.0 32.0 48.0 64.0 80.0 96.0 112.0 128.0 | 144.0 
158| 15.8 3186 47.4 63.2 79.0 94.8 110.6 126.4. | 142.2 


2 3 4 5 6 7 8 9 Diff 
290 | 462398 | 462548 | 462697 | 462847 | 462997 | 463146 | 463296 | 463445 | 463594 | 469744 
V | 463893 | 464042 | 464191 | 464340] 464490] 464639 | 464788] 464936 | 465085| 465234] 149 
2 | 465383 | 465532] 465680] 465829 | 465977] 466126| 466274 | 466423| 466571| 466719 
3 | 466868 | 467016 | 467164] 467312 | 467460] 467608 | 467756 | 467904] 468052| 468200] 148 
4 | 468347 | 468495 | 468643 | 468790 | 468938} 469085 | 469233 | 469380| 469527| 469675 
5 | 469822] 469969) 470116 | 470263 | 470410] 470557 | 470704] 470851 | 470998| 471145| 147 
6 | 471292) 471438 | 471585 | 471732 | 471878] 472025 | 472171 | 472318 | 472464 | 472610| 146 
7 | 472756 | 472903 | 473049 | 473195 | 473341 | 473487 | 473633 | 473779| 473925| 474071 
8 | 474216 | 474362 | 474508 | 474653 | 474799 | 474944 | 475090] 475235 | 475381 | 475526 
9 | 475671 | 475816 | 475962} 476107 | 476252] 476397 | 476542| 476687 | 476832| 476976| 145 
$00 | 477121 | 477266 | 477411 | 477555 | 477700 | 477844 | 477989 | 478133 | 478278 | 478422 
1 | 478566 | 478711 | 478855 | 478999 | 479143] 479287 | 479431| 479575| 479719| 479863| 144 
2 | 480007 | 480151 | 480294 | 480438 | 480582] 480725 | 480869 | 481012] 481156] 481299 
3 | 481443 | 481586 | 481729] 481872 | 482016 | 482159 | 482302| 482445| 4825881 482731| 143 
4 | 482874 | 483016 | 483159] 483302| 483445] 483587 | 483730| 483872] 484015| 484157 
5 | 484300] 484442] 484585 | 484727 | 484869 | 485011) 485153| 485295] 4854371 485579 | 142 
6 | 485721 | 485863 | 486005 | 486147 | 486289 | 486430] 486572| 486714| 486855 | 486997 
7 | 487138 | 487280 | 487421 | 487563 | 487704 | 487845 | 487986] 488127| 488269| 488410| 141 
8 | 488551 | 488692 | 488833 | 488974| 489114] 489255| 489396 | 489537] 489677 | 489818 
9 | 489958 | 490099 | 490239 | 490380] 490520] 490661 | 490801 | 490941] 491081| 491222| 140 
$10 | 491362 | 491502 | 491642 | 491782 | 491922 | 492062 | 492201 | 492341 | 492481 | 492621 
1 | 492760 | 492900] 493040] 493179 | 493319] 493458] 493597| 493737] 493876| 494015| 139 
2 | 494155 | 494294 | 494433 | 494572] 494711] 494850| 494989 | 495128| 495267| 495406 
3 | 495544 | 495683 | 495822 | 495960 | 496099 | 496238 | 496376 | 496515] 496653 | 496791 
4 | 496930 | 497068 | 497206 | 497344 | 497483 | 497621| 497759| 497897| 498035| 498173] 138 
5 | 498311] 498448] 498586 | 498724 | 498862] 498999 | 499137] 499275 | 499412| 499550 
6 | 499687 | 499824 | 499962| 500099 | 500236 | 500374 | 500511 | 500648] 500785] 500922| 137 
7 | 501059} 501196 | 501333 | 501470] 501607] 501744 | 501880] 502017| 502154] 502291 
8 | 502427 | 502564 | 502700 | 502837 | 502973 | 503109 | 503246 | 503382] 503518 | 503655] 136 
9 | 503791 | 503927 | 504063 | 504199 | 504335} 504471 | 504607 | 504743 | 504878 | 505014 
$20 | 505160 | 505286 | 505421 | 505557 | 505693 | 505828 | 505964 | 506099 | 506234 506370| 
1 | 506505 | 506640] 506776 | 506911 | 507046] 507181 | 507316| 507451 | 507586| 507721| 135 
2 | 507856 | 507991 | 508126] 508260] 508395] 508530] 508664 | 508799 | 508934 | 509068 
3 | 509203 | 509337 | 509471 | 509606 | 509740} 509874 | 510009| 510143] 510277] 510411| 134 
510545] 510679] 510813| 510947 | 511081] 511215| 511349] 511482] 511616] 511750 
3 511883 | 512017| 512151] 512284 | 512418] 512551 | 512684| 512818] 512951 | 513084! 133 
6 | 513218] 513351] 513484 | 513617] 513750} 513883 | 514016| 514149] 514282| 514415 
14548 | 514681 | 514813] 514946] 515079] 515211 | 515344 | 515476 | 515609] 515741 
H 2] 4] 516006 | 516139 | 516271 | 516403] 516535| 516668] 516800] 516932] 517064] 132 
9 | 517996] 517328] 517460| 517592] 517724 | 517855] 517987| 518119| 518251 | 518382 
330 | 618514 | 518646 | 518777 | 518909 | 519040 | 519171 | 519303 | 519434 | 519566 | 519697| 131 
519828 | 519959 | 520090] 520221 | 520353} 520484 | 520615| 520745 | 520876 | 521007 
} 521138] 521269} 521400] 521530| 521661 | 521792| 521922 | 522053 | 522183 | 522314 
3 | 522444 | 522575| 522705 | 522835 | 522966] 523096 | 523226 | 523356 | 523486| 523616| 130 
46 | 523876 | 524006 | 524136 | 524266} 524396 | 524526 | 524656 | 524785 | 524915 
3 333048 yer 525304 | 525434 | 525563) 525693 | 525822| 525951 | 526081 | 526210] 129 
6 | 526339 | 526469 | 526598 | 526727 | 526856] 526985 | 527114 | 527243 | 527372] 527501 
27759 | 527888 | 528016 | 528145} 528274 | 528402| 528531 | 528660| 528788 
H 25a8i7 250085 529174 | 529302 | 529430} 529559 | 529687 | 529815| 529943 | 530072] 128 
9 | 530200| 530328 | 530456 | 530584 | 530712] 530840 | 530968 | 531096 | 531223 | 531351 
PROPORTIONAL PARTS 
Diff. i 2 3 4 5 6 7 8 9 
46.2 61.6 77.0 92.4 107.8 123.2 138.6 
132 ae 30.4 45.6 60.8 76.0 91.2 106.4 121.6 136.8 
150 15.0 30.0 45.0 60.0 75.0 90.0 105.0 120.0 135.0 
44.4 59.2 74.0 88.8 103.6 118.4 133.2 
146 14.6 70.8 43.8 58.4 73.0 87.6 102.2 116.8 131.4 
144 14.4 28.8 43.2 57.6 72.0 86.4 100.8 115.2 129.6 
142 14.2 28.4 42.6 56.8 71.0 85.2 99.4 113.6 127.8 
140 14.0 28.0 42.0 56.0 70.0 84.0 98.0 112.0 126.0 
41.4 55.2 69.0 82.8 96.6 110.4 124.2 
Be 136 a3 40.8 54.4 68.0 81.6 95.2 108.8 122.4 
134 13.4 26.8 40.2 53.6 67.0 80.4 3.8 107.2 120:6 
: : 9.6 52.8 4 ; ( E i 
130 13.0 560 30.0 52.0 65.0 78.0 91.0 104.0 117.0 
128 12.8 25.6 38.4 51.2 64.0 76.8 89.6 102.4 115.2 
a 


28-12 COMMON LOGARITHMS OF NUMBERS 


N 0 1 2 3 4 5 6 7 8 


o 
S CON AUS WH OS OMNI AUS WN=— O YOON Aue Whe SO oor Ausf Whe $ 


Con Ava WHR— 


631479 


532754 
534026 
535294 


536558 
537819 
539076 


540329 
541579 
542825 


544068 


545307 
546543 
547775 


549003 
550228 
551450 


552668 
553883 
555094 


556303 


557507 
558709 
559907 


561101 
562293 
563481 


564666 
565848 
567026 


568202 


569374 
570543 
571709 


572872 
574031 
575188 


576341 
577492 
578639 


579784 


580925 
582063 
583199 


584331 
585461 
586587 


587711 
588832 
589950 


531607 


532882 
534153 
535421 


536685 
537945 
539202 


540455 
541704 
542950 


544192 


545431 
546666 
547898 


549126 
550351 
551572 


552790 
554004 
555215 


557627 
558829 
560026 


561221 
562412 
563600 


564784 
565966 
567144 


568319 


569491 
570660 
571825 


572988 
574147 
575303 


576457 
577607 
578754 


579898 


581039 
582177 
583312 


584444 
585574 
586700 


587823 
588944 
590061 


531734 


533009 
534280 
535547 


536811 
538071 
539327 


540580 
541829 
543074 


544316 


545555 
546789 
548021 


549249 
550473 
551694 


552911 
554126 
555336 


556544 


557748 
558948 
560146 


561340 
562531 
563718 


564903 
566084 
567262 


568436 


569608 
570776 
571942 


573104 
574263 
575419 


576572 
577722 
5/8868 


580012 


581153 
582291 
583426 


584557 
585686 
586812 


587935 
589056 
590173 


531862 


533136 
534407 
535674 


536937 
538197 
539452 


540705 
541953 
543199 


544440 


545678 
546913 
548144 


549371 
550595 
551816 


553033 
554247 
555457 


556664 


557868 
559068 
560265 


561459 
562650 
563837 


565021 
566202 
567379 


568554 


569725 
570893 
572058 


573220 
574379 
575534 


576687 
577836 
578983 


580126 


581267 
582404 
583539 


584670 
585799 
586925 


588047 
589167 
590284 


531990 


533264 
534534 
535800 


537063 
538322 
539578 


540830 
542078 
543323 


544564 


545802 
547036 
548267 


549494 
550717 
551938 


553155 
554368 
555578 


556785 


557988 
559188 
560385 


561578 
562769 
563955 


565139 
566320 
567497 


568671 


569842 
571010 
572174 


573336 
574494 
575650 


576802 
577951 
579097 


580241 


581381 
582518 
583652 


584783 
585912 
587037 


588160 
589279 
590396 


532117 


533391 
534661 
535927 


537189 
538448 
539703 


540955 
542203 
543447 


544688 


545925 
547159 
548389 


549616 
550840 
552060 


553276 
554489 
555699 


556905 


558108 
559308 
560504 


561698 
562887 
564074 


565257 
566437 
567614 


568783 


569959 
571126 
572291 


573452 
574610 
575765 


576917 
578066 
579212 


580355 


581495 
582631 
583765 


584896 
586024 
587149 


588272 
589391 
590507 


532245 


533518 
534787 
536053 


537315 
538574 
539829 


541080 
542327 
543571 


544812 


546049 
547282 
548512 


549739 
550962 
552181 


553398 
554610 
555820 


557026 


558228 
559428 
560624 


561817 
563006 
564192 


565376 
566555 
567732 


568905 


570076 
571243 
572407 


573568 
574726 
575880 


577032 
578181 
579326 


580469 


581608 
582745 
583879 


585009 
586137 
587262 


588384 
589503 
590619 


532372 


533645 
534914 
536180 


537441 
538699 
539954 


541205 
542452 
543696 


544936 


546172 
547405 
548635 


549861 
551084 
552303 


553519 
554731 
555940 


557146 


558349 
559548 
560743 


561936 
563125 
564311 


565494 
566673 
567849 


569023 


570193 
571359 
572523 


573684 
574841 
575996 


577147 
578295 
579441 


580583 


581722 
582858 
583992 


585122 
586250 
587374 


588496 
589615 
590730 


PROPORTIONAL Parts 


532500 


533772 
535041 
536306 


537567 
538825 
540079 


545060 


546296 
547529 
548758 


549984 
551206 
552425 


553640 
554852 
556061 


557267 


558469 
559667 


560863" 


562055 
563244 
564429 


565612 
566791 
567967 


569140 


570309 
571476 
572639 


573800 
574957 
576111 


579555 
580697 


581836 
582972 
584105 


585235 
586362 
587486 


588608 
589726 


590842 


532627 


533899 
535167 
536432 


537693 
538951 
540204 


541454 
542701 
543944 


545183 


546419 
547652 


548881 


550106 
551328 
552547 


553762 
554973 


556182 
557387 


558589 
559787 
560982 


562174 
563362 
564548 


565730 
566909 
568084 


569257 


570426 
571592 
572755 


573915 
575072 
576226 


577377 
578525 
579669 


580811 


581950 
583085 
584218 


585348 
586475 
587599 


588720 
589838 
590953 


118 


117 


116 


115 


114 


113 


112 


Diff 1 2 3 4 5 6 7 8 9 
128] 12.8 25 | 1 3a4 51.2 64.0 76.8 89.6 
126] 12.6 25.2 37.8 50.4 63.0 75.6 88.2 loo 8 13:4 
124] 12:4 24.8 37.2 49.6 62.0 74.4 86.8 99:2 | 111.6 
1221) | 1212 24.4 36.6 48.8 61.0 73.2 85.4 97.6 | 109.8 
120] 12.0 24.0 36.0 48.0 60.0 72.0 84.0 96.0 | 108.0 
118] 11.8 23.6 35.4 47.2 59.0 70.8 82.6 
16] 11.6 23) 2 34.8 46.4 58.0 69.6 81.2 ons long 
14] 11.4 22.8 34.2 45.6 57.0 68.4 79.8 91.2 | 10256 
: : 


390 | 591065 | 591176 | 591287 | 591399 | 591510 | 591621 | 591732 | 591843 | 591955 | 592066 


592177 | 592288 | 592399 | 592510 | 592621 | 592732 | 592843 | 592954 | 593064] 593175] 111 
593286 | 593397 | 593508 | 593618 | 593729 | 593840 | 593950 | 594061 | 594171 | 594282 
594393 | 594503 | 594614 | 594724 | 594834 | 594945 | 595055 | 595165 | 595276 | 595386 


595496 | 595606 | 595717 | 595827 | 595937 } 596047 | 596157 | 596267 | 596377 | 596487 
596597 | 596707 | 596817 | 596927 | 597037 | 597146 | 597256 | 597366 | 597476 | 597586] 110 
597695 | 597805 | 597914 | 598024 | 598134 | 598243 | 598353 | 598462 | 598572| 598681 


598791 | 598900 | 599009 | 599119 | 599228 | 599337 | 599446 | 599556 | 599665 | 599774 
599883 | 599992 | 600101 | 600210 | 600319 | 600428 | 600537 | 600646 | 600755 | 600864] 109 
600973 | 601082 | 601191 | 601299 | 601408 | 601517 | 601625 | 601734 | 601843 | 601951 


602060 | 602169 | 602277 | 602386 | 602494 | 602603.| 602711 | 602819 | 602928 | 603036 


603144 | 603253 | 603361 | 603469 | 603577 | 603686 | 603794 | 603902 | 604010] 604118} 108 
604226 | 604334 | 604442 | 604550 | 604658 | 604766 | 604874 | 604982 | 605089 | 605197 
605305 | 605413 | 605521 | 605628 | 605736 | 605844 | 605951 | 606059 | 606166 | 606274 


606381 | 606489 }| 606596 | 606704 | 606811 | 606919 | 607026 | 607133 | 607241 | 607348 
607455 | 607562 | 607669 | 607777 | 607884 | 607991 | 608098 | 608205 | 608312] 608419| 107 
608526 | 608633 | 608740 | 608847 | 608954 | 609061 | 609167 | 609274 | 609381 | 609488 


609594 | 609701 | 609808 | 609914 | 610021 | 610128 | 610234 | 610341 | 610447 | 610554 
610660 | 610767 | 610873 | 610979 | 611086 | 611192 | 611298 | 611405] 611511 | 611617 
611723 | 611829 | 611936 | 612042 | 612148] 612254 | 612360 | 612466 | 612572] 612678] 106 


612784 | 612890 | 612996 | 613102 | 613207 | 613313 | 613419 | 613525 | 613630 | 613736 


613842 | 613947 | 614053 | 614159 | 614264} 614370} 614475 | 614581 | 614686 | 614792 
614897 | 615003 | 615108 | 615213 | 615319 | 615424 | 615529 | 615634 | 615740 | 615845 
615950 | 616055 | 616160 | 616265 | 616370] 616476 | 616581 | 616686 | 616790| 616895] 105 


617000 | 617105 | 617210 | 617315 | 617420] 617525 | 617629 | 617734 | 617839 | 617943 
618048 | 618153 | 618257 | 618362 | 618466 | 618571 | 618676 | 618780 | 618884 | 618989 
619093 | 619198 | 619302 | 619406 | 619511 | 619615 | 619719 | 619824 | 619928 | 620032 


620136 | 620240 | 620344 | 620448 | 620552} 620656 | 620760 | 620864 | 620968 | 621072] 104 
621176 | 621280 | 621384 | 621488 | 621592 | 621695 | 621799 | 621903 | 622007 | 622110 
622214 | 622318 | 622421 | 622525 | 622628 | 622732 | 622835 | 622939 | 623042 | 623146 


623249 | 623353 | 623456 | 623559 | 623663 | 623766 | 623869 | 623973 | 624076 | 624179 


624282 | 624385 | 624488 | 624591 | 624695 | 624798 | 624901 | 625004 | 625107 | 625210) 103 
625312 | 625415 | 625518 | 625621 | 625724 | 625827 | 625929 | 626032 | 626135 | 626238 
626340 | 626443 | 626546 | 626648 | 626751 | 626853 | 626956 | 627058 | 627161 | 627263 


627366 | 627468 | 627571 | 627673 | 627775 | 627878 | 627980 | 628082 | 628185 | 628287 
628389 | 628491 | 628593 | 628695 | 628797 | 628900 | 629002 | 629104 | 629206 | 629308] 102 
629410 | 629512 | 629613 | 629715 | 629817 | 629919 | 630021 | 630123 | 630224 | 630326 


630428 | 630530 | 630631 | 630733 | 630835 | 630936 | 631038 | 631139 | 631241 | 631342 
631444 | 631545 | 631647 | 631748 | 631849 | 631951 | 632052 | 632153 | 632255 | 632356] 101 
632457 | 632559 | 632660 | 632761 | 632862 | 632963 | 633064 | 633165 | 633266 | 633367 


633468 | 633569 | 633670 | 633771 | 633872 | 633973 | 634074 | 634175 | 634276 | 634376 


634477 | 634578 | 634679 | 634779 | 634880 | 634981 | 635081 | 635182 | 635283 | 635383 
635484 | 635584 | 635685 | 635785 | 635886 | 635986 | 636087 | 636187 | 636287 | 636388 
636488 | 636588 | 636688 | 636789 | 636889 } 636989 | 637089 | 637189 | 637290 | 637390 


637490 | 637590 | 637690 | 637790 | 637890 | 637990 | 638090 | 638190 | 638290 | 638389] 100 
638489 | 638589 | 638689 | 638789 | 638888 } 638988 | 639088 | 639188 | 639287 | 639387 
639486 | 639586 | 639686 | 639785 | 639885 | 639984 | 640084 | 640183 | 640283 | 640382 


640481 | 640581 | 640680 | 640779 | 640879 | 640978 | 641077 | 641177 | 641276 | 641375 
641474 | 641573 | 641672 | 641771 | 641871 | 641970 | 642069 | 642168 | 642267 | 642366 
642465 | 642563 | 642662 | 64276! | 642860 | 642959 | 643058 | 643156 | 643255 | 643354 99 


———E 


CON ANNs WKH— 


40 


—) 


CON AU Wrh— 


41 


SO CON AUS WH= OF CON AUS WRH=— Oo 


COON AUS WH— 


PROPORTIONAL PaRTS 


Diff. 1 2 3 4 5 6 7 8 9 
22.4 33.6 44.8 56.0 67.2 78.4 89.6 100.8 
Ha M0 22.0 33.0 44.0 55.0 66.0 77.0 86.0 99.0 
32.4 43.2 54.0 64.8 75.6 86.4 97.2 
106 106 a2 31.8 42.4 53.0 63.6 74.2 84.8 95.4 
104| 10.4 20.8 31.2 41.6 52.0 62.4 72.8 83.2 93.6 
102] 10.2 20.4 30.6 40.8 51.0 61.2 71.4 81.6 9. 
100 | 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 0.0 
98 9.8 19.6 29.4 39.2 49.0 58.8 68.6 78.4 88, 2 


28-14 


643453 


646404 


647383 
648360 
649335 


650308 
651278 
652246 


653213 


654177 
655138 
656098 


657056 
658011 
658965 


659916 
660865 
661813 


662758 


663701 
664642 
665581 


666518 
667453 
668386 


669317 
670246 
671173 


672098 


673021 
673942 
674861 


675778 
676694 
677607 


678518 
679428 
680336 


681241 


682145 
683047 
683947 


684845 
685742 
686636 


687529 
688420 
689309 


690196 


691081 
691965 
692847 


693727 
694605 
695482 


696356 
697229 
698100 


WOON AUS WKH— 
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48 
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644439 
645422 


COMMON LOGARITHMS OF NUMBERS 


1 


643651 


644537 
645521 
646502 


647481 
648458 
649432 


650405 
651375 
652343 


653309 


654273 
655235 
656194 


657152 
658107 
659060 


660011 
660960 
661907 


662852 


663795 
664736 
665675 


666612 
667546 
668479 


669410 
670339 
671265 


672190 


673113 
674034 
674953 


675870 
676785 
677698 


678609 
679519 
680426 


681332 


682235 
683137 
684037 


684935 
685831 
686726 


687618 
688509 
689398 


690285 


691170 
692053 
692935 


693815 
694693 
695569 


696444 
697317 
698188 


643650 


644636 
645619 
646600 


647579 
648555 
649530 


650502 
651472 
652440 


653405 


654369 
655331 
656290 


657247 
658202 
659155 


660106 
661055 
662002 


662947 


663889 
664830 
665769 


666705 
667640 
668572 


669503 
670431 
671358 


672283 


673205 
674126 
675045 


675962 
676876 
677789 


678700 
679610 
680517 


681422 


682326 
683227 
684127 


685025 
685921 
686815 


687707 
688598 
689486 


690373 


691258 
692142 
693023 


693903 
694781 
695657 


696531 
697404 
698275 


3 


643749 


644734 
645717 
646698 


647676 
648653 
649627 


650599 
651569 
652536 


653502 


654465 
655427 
656386 


657343 
658298 
659250 


660201 
661150 
662096 


663041 


663983 
664924 
665862 


666799 
667733 
668665 


669596 
670524 
671451 


672375 


673297 
674218 
675137 


676053 
676968 
677881 


678791 
679700 
680607 


681513 


682416 
683317 
684217 


685114 
686010 
6860904 


687796 
688687 
689575 


690462 


691347 
692230 
693111 


693991 
694868 
695744 


696618 
697491 
698362 


676145 
677059 
677972 


678882 
679791 
680698 


681603 


682506 
683407 
684307 


685204 
686100 
686994 


687886 
688776 
689664 


690550 


691435 
692318 
693199 


694078 
694956 
695832 


696706 
697578 
698449 


643946 


644931 
645913 
646894 


647872 
648848 
649821 


650793 
651762 
652730 


653695 


654658 
655619 
656577 


657534 
658488 
659441 


660391 
661339 
662286 


663230 


664172 
665112 
666050 


666986 
667920 
668852 


669782 
670710 
671636 


672560 


673482 
674402 
675320 


676236 
677151 
678063 


678973 
679882 
680789 


681693 


682596 
683497 
684396 


685294 
686189 
687083 


687975 
688865 
689753 


690639 


691524 
692406 
693287 


694166 
695044 
695919 


696793 
697665 
698535 


644044 


645029 
646011 
646992 


647969 
648945 
649919 


650890 
651859 
652826 


653791 


654754 
655715 
656673 


657629 
658584 
659536 


660486 
661434 
662380 


663324 


664266 
665206 
666143 


667079 
668013 
668945 


669875 
670802 
671728 


672652 


673574 
674494 
675412 


676328 
677242 
678154 


679064 
679973 
680879 


681784 


682686 
683587 
684486 


685383 
686279 
687172 


688064 
688953 
689841 


690728 


691612 
692494 
693375 


694254 
695131 
696007 


696880 
697752 
698622 


Proportionau Parts 


7 


644143 


645127 
646110 
647089 


648067 
649043 
650016 


650987 
651956 
652923 


653888 


654850 
655810 
656769 


657725 
653679 
659631 


660581 
661529 
662475 


663418 


664360 
665299 
666237 


667173 
668106 
669038 


669967 
670895 
671821 


672744 


673666 
6745386 
675503 


676419 
677333 
678245 


679155 
680063 
680970 


681874 


682777 
683677 
684576 


685473 
686368 
687261 


688153 
689042 
689930 


690816 


691700 
692583 
693463 


694342 
695219 
696094 


696968 
697839 
698709 


8 


644242 


645226 
646208 
647187 


648165 
649140 
650113 


651084 
652053 
653019 


653984 


654946 
655906 
655864 


657820 
658774 
659726 


660676 
661623 
662569 


663512 


664454 
665393 
666331 


667266 
6638199 
669131 


670060 
670988 
671913 


672836 


673758 
674677 
675595 


676511 
677424 
678336 


679246 
680154 
681060 


681964 


682867 
683767 
684666 


685563 
686458 
687351 


688242 
689131 
690019 


690905 


691789 
692671 
693551 


694430 
695307 
696182 


697055 
697926 
698796 


9 


644340 


645324 
646306 
647285 


648262 
649237 
650210 


651181 
652150 
653116 


654080 


655042 
656002 
656960 


657916 
658870 
659821 


660771 
661718 
662663 


663607 


664548 
665487 
666424 


667360 
668293 
609224 


670153 
671080 
672005 


672929 


673850 
674769 
675687 


676602 
677516 
678427 


679337 
680245 
681151 


682055 


682957 
683857 
684756 


685652 
686547 
687440 


688331 
689220 
690107 


690993 


691877 
692759 
693639 


694517 
695394 
696269 


697142 
698014 
698883 


98 


97 


96 


95 


94 


93 


92 


91 


90 


89 


88 


87 


4 5 6 7 
392 49.0 58.8 68.6 
38.4 48.0 57.6 67.2 
37.6 47.0 56.4 65.8 
36.8 46.0 DDL 2 64.4 
36.0 45.0 54.0 63.0 

52.8 


COMMON LOGARITHMS OF NUMBERS 28-15. 
Sa ee ee 


0 1 2 3 4 5 6 7 8 9 Diff. 


Z 


_— | __|_____, 


698970 | 699057 | 699144 | 699231 | 699317 | 699404 | 699491 | 699578 699664 | 699751 


699838 | 699924 | 700011 | 700098 | 700184 | 700271 | 700358 | 700444 | 7005 
700704 | 700790 | 700877 | 700963 | 701050] 701136 | 701222 | 701309 701395 701482 
701568 | 701654 | 701741 | 701827 | 701913 | 701999 | 702086 | 702172 | 702258 702344 


702431 | 702517 | 702603 | 702689 | 702775 | 702861 | 702947 | 703033 | 703119 
703291 | 703377 | 703463 | 703549 | 703635 | 703721 | 703807 | 703893 | 703979 704068 86 
704151 | 704236 | 704322 | 704408 | 704494 | 704579 | 704665 | 704751 | 704837 704922 


705008 | 705094 | 705179 | 705265 | 705350 | 705436 | 705522 | 705607 
705864 | 705949 | 706035 | 706120 | 706206 | 706291 | 706376 | 706462 r06S47 706632 
706718 | 706803 | 706888 | 706974 | 707059 | 707144 | 707229'| 707315 | 707400 | 707485 


707570 | 707655 | 707740 | 707826 | 707911 | 707996 | 708081 | 708166 | 708251 | 708336 


708421 | 708506 | 708591 | 708676 | 708761 | 708846 | 708931 | 709015 | 709100| 709185 
709270 | 709355 | 709440 | 709524 | 709609 | 709694 | 709779 | 709863 709948 710033 
710117 |: 710202 | 710287 | 710371 | 710456 | 710540 | 710625 | 710710 | 710794 | 710879 


710963 | 711048 | 711132] 711217] 711301) 711385 | 711470] 711554 | 711639 | 711723 
711807 | 711892 | 711976 | 712060 | 712144} 712229 | 712313 | 712397 | 712481 | 712566 
712650 | 712734 |.712818 | 712902 | 712986 | 713070 | 713154 | 713238 | 713323 | 713407 


713491 | 713575 | 713659 | 713742] 713826 | 713910 | 713994 | 714078] 714162] 714246 84 
714330 | 714414 | 714497 | 714581 | 714665 | 714749 | 714833 | 714916 | 715000] 715084 
715167 | 715251 | 715335 | 715418 | 715502} 715586 | 715669 | 715753 | 715836 | 715920 


716003 | 716087 | 716170 | 716254 | 716337 | 716421 | 716504 | 716588 | 716671 | 716754 


716838 | 716921 | 717004 | 717088 | 717171 | 717254 | 717338 | 717421 | 717504 | 717587 
717671 | 717754 | 717837 | 717920 | 718003 | 718086 | 718169 | 718253 | 718336 | 718419 83 
718502 | 718585 | 718668 | 718751 | 718834 | 718917 | 719000 | 719083 | 719165 | 719248 


719331 | 719414 | 719497 | 719580 | 719663 | 719745 | 719828] 719911 | 719994 | 720077 
720159 | 720242 | 720325 | 720407 | 720490 | 720573 | 720655 | 720738 | 720821 | 720903 
720986 | 721068 | 721151 | 721233 | 721316} 721398 | 721481 | 721563 | 721646 | 721728 


721811 | 721893 | 721975 | 722058 | 722140 | 722222 | 722305 | 722387 | 722469 | 722552 
722634 | 722716 | 722798 | 722881 | 722963 | 723045 | 723127 | 723209 | 723291 | 723374 
723456 | 723538 | 723620 | 723702 | 723784 | 723866 | 723948 | 724030 | 724112 | 724194 82 


724276 | 724358 | 724440 | 724522 | 724604 | 724685 | 724767 | 724849 | 724931 | 725013 


725095 | 725176 | 725258 | 725340 | 725422 | 725503 | 725585 | 725667 | 725748 | 725830 
725912 | 725993 | 726075 | 726156 | 726238 | 726320 | 726401 | 726483 | 726564 | 726646 
726727 | 726809 | 726890 | 726972 | 727053 | 727134 | 727216 | 727297 | 727379 | 727460 


727541 | 727623 | 727704 | 727785 | 727866 | 727948 | 728029 | 728110 | 728191 | 728273 
728354 | 728435 | 728516 | 728597 | 728678 | 728759 | 728841 | 728922 | 729003 | 729084 
729165 | 729246 | 729327 | 729408 | 729489 | 729570 | 729651 | 729732 | 729813 | 729893 81 


729974 | 730055 | 730136 | 730217 | 730298 | 730378 | 730459 | 730540 | 730621 | 730702 
730782 | 730863 | 730944 | 731024 | 731105 | 731186 | 731266 | 731347 | 731428 | 731508 
731589 | 731669 | 731750 | 731830 | 731911 | 731991 | 732072 | 732152 | 732233 | 732313 


732394 | 732474 | 732555 | 732635 | 732715 | 732796 | 732876 | 732956 | 733037 | 733117 


733197 | 733278 | 733358 | 733438 | 733518 | 733598 | 733679 | 733759 | 733839 | 733919 
733999 | 734079 | 734160 | 734240 | 734320 | 734400 | 734480 | 734560 | 734640 | 734720 80 
734800 | 734880 | 734960 | 735040 | 735120 | 735200 | 735279 | 735359 | 735439 | 735519 


735599 | 735679 | 735759 | 735838 | 735918] 735998 | 736078 | 736157 | 736237 | 736317 
736397 | 736476 | 736556 | 736635 | 736715 | 736795 | 736874 | 736954 | 737034 | 737113 
737193 | 737272 | 737352 | 737431 | 737511 | 737590 | 737670 | 737749 | 737829 | 737908 


737987 | 738067 | 738146 | 738225 | 738305 | 738384 | 738463 | 738543 | 738622 | 738701 
738781 | 738860 | 738939 | 739018 | 739097 | 739177 | 739256 | 739335 | 739414 | 739493 
739572 | 739651 | 739731 | 739810 | 739889 } 739968 | 740047 | 740126 | 740205 | 740284 79 


740363 | 740442 | 740521 | 740600 | 740678 | 740757 | 740836 | 740915 | 740994 | 741073 


741152 | 741230 | 741309 | 741388 | 741467 | 741546 | 741624 | 741703 | 741782 | 741860 
741939 | 742018 | 742096 | 742175 | 742254 | 742332 | 742411 | 742489 | 742568 | 742647 
742725 | 742804 | 742882 | 742961 | 743039 | 743118 | 743196 | 743275 | 743353 | 743431 


743510 | 743588 | 743667 | 743745 | 743823 | 743902 | 743980 | 744058 | 744136 | 744215 
744293 | 744371 | 744449 | 744528 | 744606 | 744684 | 744762 | 744840 | 744919 | 744997 
745075 | 745153 | 745231 | 745309 | 745387 | 745465 | 745543 | 745621 | 745699 | 745777 78 


745855 | 745933 | 746011 | 746089 | 746167 | 746245 | 746323 | 746401 | 746479 | 746556 
746634 | 746712 | 746790 | 746868 | 746945 | 747023 | 747101 | 747179 | 747256 | 747334 
747412 | 747489 | 747567 | 747645 | 747722 | 747800 | 747878 | 747955 | 748033 | 748110 
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748963 
749736 
750508 


751279 
752048 
752816 


753583 
754348 
755112 


155875 


756636 
757396 
758155 


758912 
759668 
760422 


761176 
761928 
762679 


7163428 


764176 
764923 
765669 


766413 
767156 
767898 


768638 
769377 
770115 


770852 


771587 
772322 
773055 


773786 
774517 
775246 


775974 
776701 
777427 


778151 


778874 
779596 
780317 


781037 
781755 
782473 


783189 
783904 
784617 


785330 


786041 
786751 
787460 


788168 
788875 
789581 


790285 
790988 
791691 


749040 
749814 
750586 


751356 
752125 
752893 


753660 
754425 
755189 


755951 


756712 
757472 
758230 


758988 
759743 
760498 


761251 
762003 
762754 


763503 


764251 
764998 
765743 


766487 
767230 
767972 


768712 
769451 
770189 


770926 


771661 
772395 
773128 


773860 
774590 
775319 


776047 
776774 
777499 


T18224 


778947 
779669 
780389 


781109 
781827 
782544 


783260 
783975 
784689 


785401 


786112 
786822 
787531 


788239 
788946 
789651 


790356 
791059 
791761 


749118 
749891 
750663 


751433 
752202 
752970 


753736 
754501 
755265 


756027 


756788 
757548 
758306 


759063 
759819 
760573 


761326 
762078 
762829 


763578 


764326 
765072 
765818 


766562 
767304 
768046 


768786 
769525 
770263 


770999 


771734 
772468 
773201 


773933 
774663 
775392 


776120 
776846 
777572 


778296 


779019 
779741 
780461 


781181 
781899 
782616 


783332 
784046 
784760 


785472 


786183 
786893 
787602 


788310 
789016 
789722 


790426 
791129 
791831 


749195 
749968 
750740 


751510 
752279 
753047 


753813 
754578 
755341 


756103 


756864 
757624 
758382 


759139 
759894 
760649 


761402 
762153 
762904 


763653 


764400 
765147 
765892 


766636 
767379 
768120 


768860 
769599 
770336 


771073 


771808 
772542 
773274 


774006 
774736 
775465 


776193 
776919 
777644 


TT8368 


779091 
779813 
780533 


781253 
781971 
782688 


783403 
784118 
784831 


785543 


786254 
786964 
787673 


788381 
789087 
789792 


790496 
791199 
791901 


749272 
750045 
750817 


751587 
752356 
753123 


753889 
754654 
755417 


756180 
756940 


760724 


761477 
762228 
762978 


763727 


764475 
765221 
765966 


766710 
767453 
768194 


768934 
769673 
770410 


T71146 


771881 
772615 
773348 


774079 
774809 
775538 


776265 
776992 
777717 


TT8441 


779163 
779885 
780605 


781324 
782042 
782759 


783475 
784189 
784902 


785615 


786325 
787035 
787744 


788451 
789157 
789863 


790567 
791269 
791971 


748576 


749350 
750123 
750894 


751664 
752433 
753200 


753966 
754730 
755494 


756256 


757016 
757775 
758533 


759290 
760045 
760799 


761552 
762303 
763053 


163802 


764550 
765296 
766041 


766785 
767527 
768268 


769008 
769746 
770484 


771220 


771955 
772688 
773421 


774152 
774882 
775610 


776338 
777064 
777789 


TT8513 


779236 
779957 
780677 


781396 
782114 
782831 


783546 
784261 
784974 


785686 


786396 
787106 
787815 


788522 
789228 
789933 


790637 
791340 
792041 


748653 


749427 
750200 
750971 


751741 
752509 
753277 


754042 
754807 
755570 


756332 


757092 
757851 
758609 


759366 
760121 
760875 


761627 
762378 
763128 


763877 


764624 
765370 
766115 


766859 
767601 
768342 


769082 
769820 
770557 


771293 


772028 
772762 
773494 


774225 
774955 
775683 


776411 
777137 
777862 


778585 


779308 
780029 
780749 


781468 
782186 
782902 


783618 
784332 
785045 


785757 


786467 
787177 
787885 


788593 
789299 
790004 


790707 
791410 
792111 


PROPORTIONAL Parts 


7 


748731 


749504 
750277 
751048 


751818 
752586 
753353 


754119 
754883 
755646 


7156408 


757168 
757927 
758685 


759441 
760196 
760950 


761702 
762453 
763203 


763952 


764699 
765445 
766190 


766933 
767675 
768416 


769156 
769894 
770631 


TT1367 


772102 
772835 
773567 


774298 
775028 
775756 


776483 
777209 
777934 


778658 


779380 
780101 
780821 


781540 
782258 
782974 


783689 
784403 
785116 


785828 


786538 
787248 
787956 


788663 
789369 
790074 


790778 


748808 


749582 
750354 
751125 


751895 
752663 
753430 


754195 
754960 
755722 


756484 


757244 
758003 
758761 


759517 
760272 
761025 


761778 
762529 
763278 


764027 


764774 
765520 
766264 


767007 
767749 
768490 


769230 
769968 
770705 


771440 


772175 
772908 
773640 


774371 
775100 
775829 


776556 
777282 
778006 


778730 


779452 
780173 
780893 


781612 
782329 
783046 


783761 
784475 
785187 


785899 


786609 
787319 
788027 


788734 
789440 
790144 


790848 


791480 | 791550 


792181 


748885 


749659 
750431 
751202 


751972 
752740 
753506 


754272 
755036 
755799 


756560 


757320 
758079 
758836 


759592 
760347 
761101 


761853 
762604 
763353 


764101 


764848 
765594 
766338 


767082 
767823 
768564 


769303 
770042 
770778 


771614 


772248 
772981 
773713 


774444 
775173 
775902 


776629 
777354 
778079 


778802 


779524 
780245 
780965 


781684 
782401 
783117 


783832 
784546 
785259 


785970 


786680 
787390 
788098 


788804 
789510 
790215 


790918 
791620 


792252 | 792322 


Diff. 


77 


76 


75 


74 


73 


72 


71 


COMMON LOGARITHMS OF NUMBERS 28-17 


620 | 792392 | 792462 | 792532 | 792602 | 792672 | 792742 | 792812 | 792882 | 792952 | 793022 70 


793092 | 793162 | 793231 | 793301 | 793371 | 793441 | 793511 | 793581 | 793651 
793790 | 793860 | 793930 | 794000 | 794070} 794139 | 794209 | 794279 794349 194418 
794488 | 794558 | 794627 | 794697 | 794767 | 794836 | 794906 | 794976 | 795045 | 795115 


795185 | 795254 | 795324 | 795393 | 795463 | 795532 | 795602 | 795672 | 795741 
795880 | 795949 | 796019 | 796088 | 796158 | 796227 | 796297 | 796366 496436 796305 
796574 | 796644 | 796713 | 796782 | 796852 | 796921 | 796990 | 797060 | 797129 | 797198 


797268 | 797337 | 797406 | 797475 | 797545 | 797614 | 797683 | 797752 | 797821 
797960 | 798029 | 798098 | 798167 | 798236 | 798305 | 798374 | 798443 | 798513 798582 
798651 | 798720 | 798789 | 798858 | 798927 | 798996 | 799065 | 799134 | 799203 | 799272 69 


799341 | 799409 | 799478 | 799547 | 799616 | 799685 |.799754 | 799823 | 799892 | 799961 


800029 | 800098 | 800167 | 800236 | 800305 | 800373 | 800442 | 800511 | 800580 | 800648 
800717 | 800786 | 800854 | 800923 | 800992 | 801061 | 801129 | 891198 | 801266 | 801335 
801404 | 801472 | 801541 | 801609 | 801678 | 801747 | 801815 | 801884 | 801952 | 802021 


802089 | 802158 | 802226 | 802295 | 802363 | 802432 | 802500] 802568 | 802637 | 802705 
802774 | 802842 | 802910 | 802979 | 803047 | 803116 | 803184 | 803252 | 803321 | 803389 
803457 | 803525 | 803594 | 803662 | 803730 | 803798 | 803867 | 803935 | 804003 | 804071 


804139 | 804208 | 804276 | 804344 | 804412 | 804480 | 804548 | 804616 | 804685 | 804753 
804821 | 804889 | 804957 | 805025 | 805093 | 805161 | 805229 | 805297 | 805365 | 805433 68 
805501 | 805569 | 805637 | 805705 | 805773 § 805841 | 805908 | 805976 | 806044 | 806112 


806180 | 806248 | 806316 | 806384 | 806451 | 806519 | 806587 | 806655 | 806723 | 806790 


806858 | 806926 | 806994 | 807061 | 807129 | 807197 | 807264 | 807332 | 807400 | 807467 
807535 | 807603 | 807670 | 807738 | 807806 | 807873 | 807941 | 808008 | 808076 | 808143 
808211 | 808279 | 808346 | 808414 | 808481 | 808549 | 808616 | 808684 | 808751 | 808818 


808886 | 808953 | 809021 | 809088 | 809156 | 809223 | 809290 | 809358 | 809425 | 809492 
809560 | 809627 | 809694 | 809762 | 809829 | 809896 | 809964 | 810031 | 810098 | 810165 
810233 | 810300 | 810367 | 810434 | 810501 | 810569 | 810636 | 810703 | 810770 | 810837 


810904 | 810971 | 811039 | 811106 | 811173 | 811240} 811307 | 811374 | 811441 | 811508 67 
811575 | 811642 | 811709 | 811776 | 811843} 811910] 811977 | 812044 | 812111 | 812178 
812245 | 812312 | 812379 | 812445 | 812512 | 812579 | 812646 | 812713 | 812780 | 812847 


812913 | 812980 | 813047 | 813114 | 813181 | 813247 | 813314 | 813381 | 813448 | 813514 


813581 | 813648 | 813714 | 813781 | 813848 | 813914 | 813981 | 814048 | 814114 | 814181 
814248 | 814314 | 814381 | 814447 | 814514 | 814581 | 814647 | 814714 | 814780 | 814847 
814913 | 814980 | 815046 | 815113 | 815179 | 815246 | 815312 | 815378 | 815445 | 815511 


815578 | 815644 | 815711 | 815777 | 815843 | 815910] 815976 | 816042 | 816109 | 816175 
816241 | 816308 | 816374 | 816440 | 816506 | 816573 | 816639 | 816705 | 816771 | 816838 
816904 | 816970 | 817036 | 817102 | 817169 | 817235 | 817301 | 817367 | 817433 | 817499 


817565 | 817631 | 817698 | 817764 | 817830 | 817896 | 817962] 818028 | 818094 | 818160 
818226 | 818292 | 818358 | 818424 | 818490 | 818556 | 818622 | 818688 | 818754 | 818820 66 
818885 | 818951 | 819017 | 819083 | 819149 | 819215 | 819281 | 819346 | 819412 | 819478 


819544 | 819610 | 819676 | 819741 | 819807 | 819873 | 819939 | 820004 | 820070 | 820136 


820201 | 820267 | 820333 | 820399 | 820464 | 820530 | 820595 | 820661 | 820727 | 820792 
820858 | 820924 | 820989 | 821055 | 821120} 821186 | 821251 | 821317 | 821382 | 821448 
821514 | 821579 | 821645 | 821710] 821775 | 821841 | 821906 | 821972 | 822037 | 822103 


822168 | 822233 | 822299 | 822364 | 822430} 822495 | 822560 | 822626 | 822691 | 822756 
822822 | 822887 | 822952 | 823018 | 823083 | 823148 | 823213 | 823279 | 823344 | 823409 
823474 | 823539 | 823605 | 823670] 823735 | 823800 | 823865 | 823930 | 823996 | 824061 


824126 | 824191 | 824256 | 824321 | 824386 | 824451 | 824516 | 824581 | 824646 | 824711 
824776 | 824841 | 824906 | 824971 | 825036 | 825101 | 825166 | 825231 | 825296 | 825361 65 
825426 | 825491 | 825556 | 825621 | 825686 | 825751 | 825815 | 825880 | 825945 | 826010 


826075 | 826140 | 826204 | 826269 | 826334 | 826399 | 826464 | 826528 | 826593 | 826658 


826723 | 826787 | 826852 | 826917 | 826981 | 827046 | 827111 | 827175 | 827240] 827305 
827369 | 827434 | 827499 | 827563 | 827628} 827692 | 827757 | 827821 | 827886 | 827951 
828015 | 828080 | 828144 | 828209 | 828273 | 828338 | 828402 | 828467 | 828531 | 828595 


828660 | 828724 | 828789 | 828853 | 828918] 828982 | 829046 | 829111 | 829175 | 829239 
829304 | 829368 | 829432 | 829497 | 829561 | 829625 | 829690 | 829754 | 829818 | 829882 
829947 | 830011 | 830075 | 830139 | 830204 | 830268 | 830332 | 830396 | 830460 | 830525 


830589 | 830653 | 830717 | 830781 | 830845 | 830909 | 830973 | 831037 | 831102 | 831166 
831230 | 831294 | 831358 | 831422 | 831486 | 831550] 831614 | 831678 | 831742 | 831806 64 
831870 | 831934 | 831998 | 832062 | 832126 | 832189 | 832253 | 832317 | 832381 | 832445 


WOON ANS WHh— 


63 


° 


CON DUS WH— 


64 


o 


WOON AUS WH— 


oS 


CON AUS WH— 


So 


WOON DAUR WH— 


67 


i) 


CON AUNe® Wh— 


PROPORTIONAL PARTS 


Diff 1 2 3 4 5 6 8 9 
70 7.0 14,0 21.0 28.0 35.0 42.0 49.0 56.0 63.0 
° 13.6 20.4 27.2 34.0 40.8 47.6 54.4 61.2 
6 ec 13,2 19.8 26.4 33.0 39.6 46,2 52.8 59.4 
64 6.4 12.8 19.2 25.6 32.0 38.4 44.8 51.2 57.6 
62 6.2 12.4 18.6 24.8 31.0 37.2 43.4 49.6 55.8 


28-18 COMMON LOGARITHMS OF NUMBERS 


i  ——————————————__——— 
N 0 1 2 3 4 5 6 7 8 9 Diff. 


680 | 832509 | 832573 | 832637 | 832700 | 832764 | 832828 | 832892 | 832956 | 833020 | 833083 


833147 | 833211 | 833275 | 833338 | 833402] 833466 | 833530 | 833593 | 833657 | 833721 
833784 | 833848 | 833912] 833975 | 834039 | 834103 | 834166 | 834230 | 834294 | 834357 
834421 | 834484 | 834548 | 834611 | 834675 | 834739 | 834802 | 834866 | 834929 | 834993 


835056 | 835120| 835183 | 835247 | 835310] 835373 | 835437 835500 | 835564 | 835627 
835691 | 835754 | 835817 | 835881 | 835944] 836007 | 836071 | 836134 | 836197 | 836261 
836324 | 836387 | 836451 | 836514 | 836577 | 836641 | 836704 | 836767 | 836830 | 836894 


836957 | 837020 | 837083 | 837146 | 837210] 837273 | 837336 | 837399 | 837462 | 837525 
837588 | 837652| 837715 | 837778 | 837841 | 837904 | 837967 | 838030 | 838093 | 858156 63 
838219 | 838282 | 838345 | 838408 | 838471 | 838534) 838597 | 838660 | 838723 | 838786 


838849 | 838912 | 838975 | 839038 | 839101 | 839164 | 839227 | 839289 | 839352 | 839415 


839478 | 839541 | 839604 | 839667 | 839729 | 839792 | 839855 | 839918 | 839981 | 840043 
840106 | 840169 | 840232 | 840294 | 840357 | 840420 | 840482 | 840545 | 840608 | 840671 
840733 | 840796 | 840859 | 840921 | 840984 | 841046 | 841109 | 841172) 841234 | 841297 


841359 | 841422] 841485 | 841547 | 841610] 841672] 841735 | 841797 | 841860) 841922 
841985] 842047 | 842110] 842172 | 842235 | 842297 | 842360 | 842422 | 842484 | 842547 
842609 | 842672 | 842734 | 842796 | 842859 | 842921 | 842983 | 843046 | 843108 | 843170 


843233 | 843295 | 843357 | 843420 | 8434821 843544 | 843606 | 843669 | 843731 | 843793 
843855 | 843918] 843980} 844042 | 844104] 844166 | 844229 | 844291 | 844353 | 844415 
844477 | 844539 | 844601 | 844664 | 844726 | 844788 | 844850 | 844912; 844974 | 845036 


845098 | 845160 | 845222 | 845284 | 845346 | 845408 | 845470 | 845532 | 845594 | 845656 62 


845718] 845780] 845842 | 845904 | 845966 | 846028 | 846090 | 846151 | 846213 | 846275 
846337 | 846399 | 846461 | 846523 | 846585 | 846646 | 846708 | 846770 | 846832 | 846894 
846955 | 847017 | 847079 | 847141 | 847202] 847264 | 847326 | 847388 | 847449 | 847511 


847573 | 847634 | 847696 | 847758 | 847819 | 847881 | 847943 | 848004 | 848066 | 848128 
848189 | 848251 | 848312 | 848374 | 848435 | 848497 | 848559 | 848620 | 848682! 848743 
848805 | 848866 | 848928 | 848989 | 849051 | 849112 | 849174 | 849235 | 849297 | 849358 


849419] 849481 | 849542] 849604 | 849665 | 849726 | 849788 | 849849 | 849911 | 849972 
850033 | 850095 | 850156 | 850217 | 850279 | 850340 | 850401 | 850462 | 850524] 850585 
850646 | 850707 | 850769 | 850830 | 850891 | 850952 | 851014 | 851075 | 851136 | 851197 


851258 | 851320 | 851381 | 851442 | 851503 | 851564 | 851625 | 851686 | 851747 | 851809 


851870} 851931 | 851992] 852053 | 852114] 852175 | 852236 | 852297 | 852358] 852419 61 
852480 | 852541 | 852602} 852663 | 852724 | 852785 | 852846 | 852907 | 852968 | 853029 
853090 | 853150} 853211 | 853272 | 853333 | 853394 | 853455 | 853516] 853577 | 853637 


853698 | 853759 | 853820] 853881 | 853941 | 854002 | 854063 | 854124] 854185 | 854245 
854306 | 854367 | 854428 | 854488 | 854549 | 854610 | 854670 | 854731 | 854792 | 854852 
854913 | 854974 | 855034 | 855095 | 855156] 855216 | 855277 | 855337 | 855398 | 855459 


855519} 855580 | 855640 | 855701 | 855761 | 855822 | 855882 | 855943] 856003 | 856064 
856124 | 856185 | 856245 | 856306 | 856366 | 856427 | 856487 | 856548 | 856608 | 856668 
856729 | 856789 | 856850 | 856910 | 856970} 857031 | 857091 | 857152] 857212} 857272 


857332 | 857393 | 857453 | 857513 | 857574 | 857634 | 857694 | 857755 | 857815 | 857875 


857935 | 857995 | 858056 | 858116 | 858176 | 858236 | 858297 | 858357 | 858417 | 858477 
858537 | 858597 | 858657 | 858718) 858778 | 858838 | 858898 | 858958 | 859018] 859078 
859138 | 859198 | 859258 | 859318 | 859379 | 859439 | 859499 | 859559 | 859619] 859679| ~ 60 


859739 | 859799 | 859859 | 859918 | 859978 | 860038 | 860098 | 860158 | 860218} 860278 
860338 | 860398 | 860458 | 860518 | 860578 | 860637 | 860697 | 860757 | 869817 | 860877 
860937 | 860996 | 861056 | 861116 | 861176 | 861236 | 861295 | 861355 | 861415] 861475 


861534 | 861594 | 861654 | 861714 | 861773 | 861833 | 861893 | 861952} 862012 | 862072 
862131 | 862191 | 862251 | 862310 | 862370} 862430 | 862489 | 862549 | 862608 | 862668 
862728 | 862787 | 862847 | 862906 | 862966 | 863025 | 863085 | 863144 | 863204 | 863263 


863323 | 863382 | 863442 | 863501 | 863561 | 863620 | 863680 | 863739 | 863799 | 863858 


863917 | 863977 | 864036 | 864096 | 864155] 864214 | 864274 | 864333 | 864392 | 864452 
864511 | 864570 | 864630 | 864689 | 864748 | 864808 | 864867 | 864926 | 864985 | 865045 
865104 | 865163 | 865222 | 865282 | 865341 | 865400 | 865459 | 865519 | 865578 | 865637 


865696 | 865755 | 865814 | 865874 | 865933 | 865992 | 866051 | 866110] 866169 6 
866287 | 866346 | 866405 | 866465 | 866524 }| 866583 | 866642 | 866701 | 866760 Bee819 
866878 | 866937 | 866996 | 867055 | 867114] 867173 | 867232] 867291 | 867350 | 867409 Sy 


867467 | 867526 | 867585 | 867644 | 867703 | 867762 | 867821 | 867880| 867939 
868056 | 868115 | 868174 | 868233 | 868292 | 868350 | 868409 | 868468 | 868527 Bebs8e 
868644 | 868703 | 868762 | 868821 | 868879 | 868938 | 868997 | 869056 | 869114 | 869173 


CON AUD Wr— 


Cc 


7 


CON AUS WKH— s CON AUS Wr— 


71 


i 


CON AUS WH— 


72 


J 


CON AUS WH— 


73 


i] 


CON Aus WH— 


PROPORTIONAL Parts 


Diff 1 2 3 4 5 6 7 8 9 
64 6.4 12.8 19.2 25.6 32.0 38.4 44.8 
62 6.2 12.4 18.6 24.8 31.0 37.2 43.4 49. 358 
60 6.0 12.0 18.0 24.0 30.0 36.0 42.0 48.0 54.0 
__58 5.8 11.6 17.4 23.2 29.0 34.8 40.6 46.4 52.2 
f : 


COMMON LOGARITHMS OF NUMBERS 28-19 


[a] | a] |GET (GE ec eee OE ——EeEEE———————eee 
N 0 1 2 3 4 5 oF 7 8 9 Diff. 


|—_—_—_S$P | A J | — 


740 | 869232 | 869290 | 869349 | 869408 | 869466 | 869525 | 869584 | 869642 | 869701 869760 


869818 | 869877 | 869935 | 869994 | 870053] 870111 | 870170| 870228 | 87 
870404 | 870462 | 870521 | 870579 | 870638 | 870696 | 870755 | 870813 870872 370930 
870989 | 871047 | 871106 | 871164 | 871223] 871281 | 871339 | 871398 | 871456 | 871515 


871573 | 871631 | 871690} 871748 | 871806} 871865 | 871923 | 871981 | 872 
872156 | 872215 | 872273 | 872331 | 872389 | 872448 | 872506 | 872564 872622 87268 
872739 | 872797 | 872855 | 872913 | 872972] 873030| 873088 | 873146 | 873204 | 873262 


873321 | 873379 | 873437 | 873495 | 873553] 873611 | 873669 | 873727 | 873785 | 873 
873902 | 873960 | 874018 | 874076 | 874134 | 874192] 874250] 874308 | 874366 874424 58 
874482 | 874540 | 874598 | 874656 | 874714] 874772 | 874830] 874888 | 874945 | 875003 


875061 | 875119 | 875177 | 875235 | 875293 | 875351 | 875409 | 875466 | 875524 | 875582 


875640 | 875698 | 875756 | 875813 | 875871] 875929 | 875987 | 876045 | 876102] 876160 
876218 | 876276 | 876333 | 876391 | 876449] 876507 | 876564 | 876622 | 876680 | 876737 
876795 | 876853 | 876910 | 876968 | 877026 | 877083 | 877141 | 877199 | 877256 | 877314 


877371 | 877429 | 877487 | 877544 | 877602] 877659 | 877717 | 877774 | 877832 | 877889 
877947 | 878004 | 878062 | 878119 | 878177] 878234 | 878292] 878349 | 878407 | 878464 
878522 | 878579 | 878637 | 878694 | 878752} 878809 | 878866 | 878924 | 878981 | 879039 


879096 | 879153 | 879211 | 879268 | 879325] 879383 | 879440 | 879497 | 879555 | 879612 
879669 | 879726 | 879784 | 879841 | 879898 | 879956 | 880013 | 880070] 880127 | 880185 
880242 | 880299 | 880356 | 880413 | 880471 | 880528 | 880585 | 880642] 880699 | 880756 


880814 | 880871 | 880928 | 880985 | 881042 | 881099 | 881156 | 881213 | 881271 | 881328 


881385 | 881442) 881499 | 881556 | 881613] 881670] 881727 | 881784 | 881841 | 881898 
881955 | 882012 | 882069 | 882126 | 882183] 882240] 882297 | 882354 | 882411 | 882468 57 
882525 | 882581 | 882638 | 882695 | 882752] 882809 | 882866 | 882923 | 882980 | 883037 


883093 | 883150] 883207 | 883264 | 883321] 883377 | 883434 | 883491 | 883548 | 883605 | 
883661 | 883718 | 883775 | 883832 | 883888 | 883945 | 884002 | 884059 | 884115 | 884172 
884229 | 884285 | 884342 | 884399 | 884455 | 884512) 884569 | 884625 | 884682 | 884739 


884795 | 884852 | 884909 | 884965 | 885022] 885078 | 885135 | 885192} 885248 | 885305 
885361 | 885418 | 885474 | 885531 | 885587 | 885644 | 885700 | 885757 | 885813 | 885870 
885926 | 885983 | 886039 | 886096 | 886152] 886209 | 886265 | 886321 | 886378 | 886434 


886491 | 886547 | 886604 | 886660 | 886716 | 886773 | 886829 | 886885 | 886942 | 886998 


887054} 887111] 887167 | 887223 | 887280} 887336 | 887392 | 887449 | 887505 | 887561 
887617 } 887674 | 887730 | 887786 | 887842} 887898 | 887955 | 888011 | 888067 | 888123 
888179 | 888236 | 888292 | 888348 | 888404 | 888460 | 888516 | 888573 | 888629 | 888685 


888741 | 888797 | 888853 | 888909 | 888965] 889021 | 889077 | 889134} 889190 | 889246 
889302 | 889358 | 889414 | 889470 | 889526] 889582 | 889638 | 889694 | 889750 | 889806 56 
889862 | 889918 | 889974 | 890030 | 890086 | 890141 | 890197 | 890253 | 890309 | 890365 


890421 | 890477 | 890533 | 890589 | 890645} 890700 | 890756 | 890812] 890868 | 890924 
890980} 891035} 891091 | 891147 | 891203 | 891259 | 891314} 891370| 891426) 891482 
891537 | 891593 | 891649 | 891705 | 891760] 891816 | 891872) 891928 | 891983 | 892039 


892095 | 892150 | 892206 | 892262 | 892317 | 892373 | 892429 | 892484 | 892540 | 892595 


892651 | 892707 | 892762 | 892818 | 892873 | 892929 | 892985 | 893040 | 893096 | 893151 
893207 | 893262 | 893318 | 893373 | 893429 | 893484 | 893540 | 893595 | 893651 | 893706 
893762 | 893817 | 893873 | 893928 | 893984 | 894039 | 894094 | 894150 | 894205 | 894261 


894316 | 894371] 894427 | 894482 | 894538 | 894593 | 894648 | 894704 | 894759 | 894814 
894870 | 894925 | 894980 | 895036 | 895091 | 895146 | 895201 | 895257 | 895312 | 895367 
895423 | 895478 | 895533 | 895588 | 895644 | 895699 | 895754 | 895809 | 895864 | 895920 


895975 | 896030 | 896085 | 896140 | 896195 | 896251 | 896306 | 896361 | 896416 | 896471 
896526 | 896581 | 896636 | 896692 | 896747 | 896802 | 896857 | 896912 | 896967 | 897022 
897077 | 897132 | 897187 | 897242 | 897297 | 897352 | 897407 | 897462 | 897517 | 897572 


897627 | 897682 | 897737 | 897792 | 897847 | 897902 | 897957 | 898012 | 898067 | 898122 


898176 | 898231 | 898286 | 898341 | 898396 | 898451 | 898506 | 898561 | 898615 | 898670 
898725 | 898780 | 898835 | 898890 | 898944 | 898999 | 899054 | 899109 | 899164 | 899218 
899273 | 899328 | 899383 | 899437 | 899492 | 899547 | 899602 | 899656 | 899711 | 899766 


899821 | 899875 | 899930 | 899985 | 900039 | 900094 | 900149 | 900203 | 900258 | 900312 
900367 | 900422 | 900476 | 900531 | 900586 | 900640 | 900695 | 900749 | 900804 | 900859 
900913 | 900968 | 901022 | 901077 | 901131 | 901186 | 901240 | 901295 | 901349 | 901404 


901458 | 90513 | 901567 | 901622 | 901676 | 901731 | 901785 | 901840 | 901894 | 901948 
902003 | 902057 | 902112 | 902166 | 902221 | 902275 | 902329 | 902384 | 902438 | 902492 
902547 | 902601 | 902655 | 902710 | 902764 | 902818 | 902873 | 902927 | 902981 | 903036 
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PROPORTIONAL Parts 


Diff 1 2 8 4 5 6 7 8 9 
60 6.0 12.0 18.0 24.0 30.0 36.0 42.0 48.0 54.0 
8 5.8 11.6 17.4 23.2 29.0 34.8 40.6 46.4 52.2 
36 5.6 11.2 16.8 7H Ne | 28.0 33.6 39.2 44.8 50.4 
54 5.4 10.8 16,2 21.6 27.0 32.4 37.8 43.2 48.6 
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903633 
904174 
904716 


905256 
905796 
906335 


906874 
907411 
907949 


908485 


909021 
909556 
910091 


910624 
911158 
911690 


912222 
912753 
913284 


913814 


914343 
914872 
915400 


915927 
916454 
916980 


917506 
918030 
918555 


919078 


919601 
920123 
920645 


921166 
921686 
922206 


922725 
923244 
923762 


924279 


924796 
925312 
925828 


926342 
926857 
927370 


927883 
928396 
928908 


929419 


929930 
930440 
930949 


931458 
931966 
932474 


932981 
933487 
933993 


903144 


903687 
904229 
904770 


905310 
905850 
906389 


906927 
907465 
908002 


908539 


909074 
909610 
910144 


910678 
911211 
911743 


912275 
912806 
913337 


913867 


914396 
914925 
915453 


915980 
916507 
917033 


917558 
918083 
918607 


919130 


919653 
920176 
920697 


921218 
921738 
922258 


922777 
923296 
923814 


924331 


924848 
925364 
925879 


926394 
926908 
927422 


927935 
928447 
928959 


929470 


929981 
930491 
931000 


931509 
932017 
932524 


933031 
933538 
934044 


903199 


903741 
904283 
904824 


905364 
905904 
906443 


906981 
907519 
908056 


908592 


909128 
909663 
910197 


910731 
911264 
911797 


912328 
912859 
913390 


913920 


914449 
914977 
915505 


916033 
916559 
917085 


917611 
918135 
918659 


919183 


919706 
920228 
920749 


921270 
921790 
922310 


922829 
923348 
923865 


924383 


924899 
925415 
925931 


926445 
926959 
927473 


927986 
928498 
929010 


929521 


930032 
930542 
931051 


931560 
932068 
932575 


933082 
933589 
934094 


903253 


903795 
904337 
904878 


905418 
905958 
906497 


907035 
907573 
908110 


908646 


909181 
909716 
910251 


910784 
911317 
911850 


912381 
912913 
913443 


913973 


914502 
915030 
915558 


916085 
916612 
917138 


917663 
918188 
918712 


919235 


919758 
920280 
920801 


921322 
921842 
922362 


922881 
923399 
923917 


924434 


924951 
925467 
925982 


926497 
927011 
927524 


928037 
928549 
929061 


929572 


930083 
930592 
931102 


931610 
932118 
932626 


933133 
933639 
934145 


906551 


907089 
907626 
908163 


908699 


909235 
909770 
910304 


910838 
911371 
911903 


912435 
912966 
913496 


914026 


914555 
915083 
915611 


916138 
916664 
917190 


917716 
918240 
918764 


919287 


919810 
920332 
920853 


921374 
921894 
922414 


922933 
923451 
923969 


924486 


925003 
925518 
926034 


926548 
927062 
927576 


928088 
928601 
929112 


929623 
930134 


903361 


903904 
904445 
904986 


905526 
906066 
906604 


907143 
907680 
908217 


908753 


909289 
909823 
910358 


910891 
911424 
911956 


912488 
913019 
913549 


914079 


914608 
915136 
915664 


916191 
916717 
917243 


917768 
918293 
918816 


919340 


919862 
920384 
920906 


921426 
921946 
922466 


922985 
923503 
924021 


924538 


925054 
925570 
926085 


926600 
927114 
927627 


928140 
928652 
929163 


929674 


930185 
930694 
931204 


931712 
932220 
932727 


933234 


933740 
934246 


903416 


903958 
904499 
905040 


905580 
906119 
906658 


907196 
907734 
908270 


908807 


909342 
909877 
910411 


910944 
911477 
912009 


912541 
913072 
913602 


914132 


914660 
915189 
915716 


916243 
916770 
917295 


917820 
918345 
918869 


919392 


919914 
920436 
920958 


921478 
921998 
922518 


923037 
923555 
924072 


924589 


925106 
925621 
926137 


926651 
927165 
927678 


928191 
928703 
929215 


929725 


930236 
930745 
931254 


931763 
932271 
932778 


933285 
933791 
934296 


903470 


904012 
904553 
905094 


905634 
906173 
906712 


907250 
907787 
908324 


908860 


909396 
909930 
910464 


910998 
911530 
912063 


912594 
913125 
913655 


914184 


914713 
915241 
915769 


916296 
916822 
917348 


917873 
918397 
918921 


919444 


919967 
920489 
921010 


921530 
922050 
922570 


923089 
923607 
924124 


924641 


925157 
925673 
926188 


926702 
927216 
927730 


928242 
928754 
929266 


929776 


930287 
930796 
931305 


931814 
932322 
932829 


933335 
933841 
934347 


903524 


904066 
904607 
905148 


905688 
906227 
906766 


907304 
907841 
908378 


908914 


909449 
909984 
910518 


911051 
911584 
912116 


912647 
913178 
913708 


914237 


914766 
915294 
915822 


916349 
916875 
917400 


917925 
918450 
918973 


919496 


920019 
920541 
921062 


921582 
922102 
922622 


923140 
923658 
924176 


924693 


925209 
925725 
926240 


926754 
927268 
927781 


928293 
928805 
929317 


929827 


930338 
930847 
931356 


931865 
932372 
932879 


933386 
933892 
934397 


903578 


904120 
904661 
905202 


905742 
906281 
906820 


907358 
907895 
908431 


908967 


909503 
910037 
910571 


911104 
911637 
912169 


912700 
913231 
913761 


914290 


914819 
915347 
915875 


916401 
916927 
917453 


917978 
918502 
919026 


919549 


920071 
920593 
921114 


921634 
922154 
922674 


923192 
923710 
924228 


924744 


925261 
925776 
926291 


926805 
927319 
927832 


928345 
928857 
929368 


929879 


930389 
930898 
931407 


931915 
932423 
932930 


933437 
933943 
934448 


54 


53 
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935003 
935507 
936011 


936514 
937016 
937518 


938019 
938520 
939020 


939519 


940018 
940516 
941014 


941511 
942008 
942504 


943000 
943495 
943989 


944483 


944976 
945469 
945961 


946452 
946943 
947434 


947924 
948413 
948902 


949390 


949878 
950365 
950851 


951338 
951823 
952308 


952792 
953276 
953760 


954243 


954725 
955207 
955688 


956168 
956649 
957128 


957607 
958086 
958564 


959041 


959518 
959995 
960471 


960946 
961421 
961895 


962369 
962843 
963316 
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COMMON LOGARITHMS OF NUMBERS 


934549 


935054 
935558 
936061 


936564 
937066 
937568 


938069 
938570 
939070 


939569 


940068 
940566 
941064 


941561 
942058 
942554 


943049 
943544 
944038 


944532 


945025 
945518 
946010 


946501 
946992 
947483 


947973 
948462 
948951 


949439 


949926 
950414 
950900 


951386 
951872 
952356 


952841 
953325 
953808 


954291 


954773 
955255 
955736 


956216 
956697 
957176 


957655 
958134 
958612 


959089 


959566 
960042 
960518 


960994 
961469 
961943 


962417 
962890 
963363 


934599 


935104 
935608 
936111 


936614 
937116 
937618 


938119 
938620 
939120 


939619 


940118 
940616 
941114 


941611 
942107 
942603 


943099 
943593 
944088 


944581 


945074 
945567 
946059 


946551 
947041 
947532 


948022 
948511 
948999 


949488 


949975 
950462 
950949 


951435 
951920 
952405 


952889 
953373 
953856 


954339 


954821 
955303 
955784 


956265 
956745 
957224 


957703 
958181 
958659 


959137 


959614 
960090 
960566 


961041 
961516 
961990 


962464 
962937 
963410 


934650 


935154 
935658 
936162 


936665 
937167 
937668 


938169 
938670 
939170 


939669 


940168 
940666 
941163 


941660 
942157 
942653 


943148 
943643 
944137 


944631 


945124 
945616 
946108 


946600 
947090 
947581 


948070 
948560 
949048 


949536 


950024 
950511 
950997 


951483 
951969 
952453 


952938 
953421 
953905 


954387 


954869 
955351 
955832 


956313 
956793 
957272 


957751 
958229 
958707 


959185 


959661 
960138 
960613 


961089 
961563 
962038 


962511 
962985 
963457 


935205 
935709 
936212 


936715 
937217 
937718 


938219 
938720 
939220 


939719 


940218 
940716 
941213 


941710 
942207 
942702 


943198 
943692 
944186 


944680 


945173 
945665 
946157 


946649 
947140 
947630 


948119 
948608 
949097 


949585 


950073 
950560 
951046 


951532 
952017 
952502 


952986 
9534790 
953953 


954435 


954918 
955399 
955880 


956361 
956840 
957320 


957799 
958277 
958755 


959232 


959709 
960185 
960661 


961136 
961611 
962085 


962559 
963032 
963504 


934751 


935255 
935759 
936262 


936765 
937267 
937769 


938269 
938770 
939270 


939769 


940267 
940765 
941263 


941760 
942256 
942752 


943247 
943742 
944236 


944729 


945222 
945715 
946207 


946698 
947189 
947679 


948168 
948657 
949146 


949634 


950121 
950608 
951095 


951580 
952066 
952550 


953034 
953518 
954001 


954484 


954966 
955447 
955928 


956409 
956888 
957368 


957847 
958325 
958803 


959280 


959757 
960233 
960709 


961184 
961658 
962132 


962606 
963079 
963552 


935306 
935809 
936313 


936815 
937317 
937819 


938320 
938820 
939320 


939819 


940317 
940815 
941313 


941809 
942306 
942801 


943297 
943791 
944285 


944779 


945272 
945764 
946256 


946747 
947238 
947728 


948217 
948706 
949195 


949683 


950170 
950657 
951143 


951629 
952114 
952599 


953083 
953566 
954049 


954532 


955014 
955495 
955976 


956457 
956936 
957416 


957894 
958373 
958850 


959328 


959804 
960280 
960756 


961231 
961706 
962180 


962653 
963126 
963599 


ProporTIONAL Parts 


934852 


935356 
935860 
936363 


936865 
937367 
937869 


938370 
938870 
939369 


939869 


940367 
940865 
941362 


941859 
942355 
942851 


943346 
943841 
944335 


944828 


945321 
945813 
946305 


946796 
947287 
947777 


948266 
948755 
949244 


949731 


950219 
950706 
951192 


951677 
952163 
952647 


953131 
953615 
954098 


954580 


955062 
955543 
956024 


956505 
956984 
957464 


957942 
958421 
958898 


959375 


959852 
960328 
960804 


961279 
961753 
962227 


962701 
963174 
963646 
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935406 
935910 
936413 


936916 
937418 
937919 


938420 
938920 
939419 


939918 


940417 
940915 
941412 


941909 
942405 
942901 


943396 
943890 
944384 


944877 


945370 
945862 
946354 


946845 
947336 
947826 


948315 
948804 
949292 


949780 


950267 
950754 
951240 


951726 
952211 
952696 


953180 
953663 
954146 


954628 


955110 
955592 
956072 


956553 
957032 
957512 


957990 
958468 
958946 


959423 


959900 
960376 
960851 


961326 
961801 
962275 


962748 
963221 
963693 


934953 


935457 
935960 
936463 


936966 
937468 
937969 


938470 
938970 
939469 


939968 


940467 
940964 
941462 


941958 
942455 
942950 


943445 
943939 
944433 


944927 


945419 
945912 
946403 


946894 
947385 
947875 


948364 
948853 
949341 


949829 


950316 
950803 
951289 


951775 
952260 
952744 


953228 
953711 
954194 


954677 


955158 
955640 
956120 


956601 
957080 
957559 


958038 
958516 
958994 


959471 


959947 
960423 
960899 


961374 
961848 
962322 


962795 
963268 
963741 


| | | | | | 


50 


49 


48 


WON AUS WhH— 


93 


o 


WON Ant WH— 


94 


o 


WON AUS WH— 


CON AOU WH— & 


o 


96 


WOON AUS WH— 


97 


i=) 


CON OUsa Wh— 


963788 


964260 
964731 
965202 


965672 
966142 
966611 


967080 
967548 
968016 


968483 


968950 
969416 
969882 


970347 
970812 
971276 


971740 
972203 
972666 


973128 


973590 
974051 
974512 


974972 
975432 
975891 


976350 
976808 
977266 


977724 


978181 
978637 
979093 


979548 
980003 
980458 


980912 
981366 
981819 


982271 


982723 
983175 
983626 


984077 
984527 
984977 


985426 
985875 
986324 


986772 


987219 
987666 
988113 


988559 
989005 
989450 


989895 
990339 
990783 


964307 
964778 
965249 


965719 
966189 
966658 


967127 
967595 
968062 


968530 


968996 
969463 
969928 


970393 
970858 
971322 


971786 
972249 
972712 


973174 


973636 
974097 
974558 


975018 
975478 
975937 


976396 
976854 
977312 


977769 


978226 
978683 
979138 


979594 
980049 
980503 


980957 
981411 
981864 


982316 


982769 
983220 
983671 


984122 
984572 
985022 


985471 
985920 
986369 


986817 


987264 
987711 
988157 


988604 
989049 
989494 


989939 
990383 
990827 


963882 


964354 
964825 
965296 


965766 
966236 
966705 


967173 
967642 
968109 


968576 


969043 
969509 
969975 


970440 
970904 
971369 


971832 
972295 
972758 


973220 


973682 
974143 
974604 


975064 
975524 
975983 


976442 
976900 
977358 


977815 


978272 
978728 
979184 


979639 
980094 
980549 


981003 
981456 
981909 


982362 


982814 
983265 
983716 


984167 
984617 
985067 


985516 
985965 
986413 


986861 


987309 
987756 
988202 


988648 
989094 
989539 


989983 
990428 
990871 


963929 


964401 
964872 
965343 


965813 
966283 
966752 


967220 
967688 
968156 


968623 


969090 
969556 
970021 


970486 
970951 
971415 


971879 
972342 
972804 


973266 


973728 
974189 
974650 


975110 
975570 
976029 


976488 
976946 
977403 


977861 


978317 
978774 
979230 


979685 
980140 
980594 


981048 
981501 
981954 


982407 


982859 
983310 
983762 


984212 
984662 
985112 


985561 
986010 
986458 


986906 


987353 
987800 
988247 


988693 
989138 
989583 


990028 
990472 
990916 


963977 


964448 
964919 
965390 


965860 
966329 
966799 


967267 
967735 
968203 


968670 


969136 
969602 
970068 


970533 
970997 
971461 


971925 
972388 
972851 


973313 


973774 
974235 
974696 


975156 
975616 
976075 


976533 
976992 
977449 


977906 


978363 
978819 
979275 


979730 
980185 
980640 


981093 
981547 
982000 


982452 


982904 
983356 
983807 


984257 
984707 
985157 


985606 
986055 
986503 


986951 


987398 
987845 
988291 


988737 
989183 
989628 


990072 
990516 
990960 


964024 


964495 
964966 
965437 


965907 
966376 
966845 


967314 
967782 
968249 


968716 


969183 
969649 
970114 


970579 
971044 
971508 


971971 
972434 
972897 


973359 


973820 
974281 
974742 


975202 
975662 
976121 


976579 
977037 
977495 


977952 


978409 
978865 
979321 


979776 
980231 
980685 


981139 
981592 
982045 


982497 


982949 
983401 
983852 


984302 
984752 
985202 


985651 
986100 
986548 


986996 


987443 
987890 
988336 


988782 
989227 
989672 


990117 
990561 
991004 


964071 


964542 
965013 
965484 


965954 
966423 
966892 


967361 
967829 
968296 


968763 


969229 
969695 
970161 


970626 
971090 
971554 


972018 
972481 
972943 


973405 


973866 
974327 
974788 


975248 
975707 
976167 


976625 
977083 
977541 


977998 


978454 
978911 
979366 


979821 
980276 
980730 


981184 
981637 
982090 


982543 


982994 
983446 
983897 


984347 
984797 
985247 


985696 
986144 
986593 


987040 


987488 
987934 
988381 


988826 
989272 
989717 


990161 
990605 
991049 


ProportionaL Parts 


964118 


964590 
965061 
965531 


966001 
966470 
966939 


967408 
967875 
968343 


968810 


969276 
969742 
970207 


970672 
971137 
971601 


972064 
972527 
972989 


973451 


973913 
974374 
974834 


975294 
975753 
976212 


976671 
977129 
977586 


978043 


978500 
978956 
979412 


979867 
980322 
980776 


981229 
981683 
982135 


982588 


983040 
983491 
983942 


984392 
984842 
985292 


985741 
986189 
986637 


987085 


987532 
987979 
988425 


988871 
989316 
989761 


990206 
990650 
991093 


964165 


964637 
965108 
965578 


966048 
966517 
966986 


967454 
967922 
968390 


968856 


969323 
969789 
970254 


970719, 


971183 
971647 


972110 
972573 
973035 


973497 


973959 
974420 
974880 


975340 
975799 
976258 


976717 
977175 
977632 


978089 


978546 
979002 
979457 


979912 
980367 
980821 


981275 
981728 
982181 


982633 


983085 
983536 
983987 


984437 
984887 
985337 


985786 
986234 
986682 


987130 


987577 
988024 
988470 


988916 
989361 
989806 


990250 
990694 
991137 


9 


964212 


964684 
965155 
965625 


966095 
966564 
967033 


967501 
967969 
968436 


968903 


969369 
969835 
970300 


970765 
971229 
971693 


972157 
972619 
973082 


973543 


974005 
974466 
974926 


975386 
975845 
976304 


976763 
977220 
977678 


978135 


978591 
979047 
979503 


979958 
980412 
980867 


981320 
981773 
982226 


982678 


983130 
983581 
984032 


984482 
984932 
985382 


985830 
986279 
986727 


987175 


987622 
988068 
988514 


988960 
989405 
989850 


990294 
990738 
991182 


Diff. 


47 


46 


45 


980 | 991226 | 991270 | 991315 | 991359 | 991403 | 991448 | 991492 | 991536 | 991580 | 991625 


991669 | 991713 | 991758 | 991802 | 991846 | 991890 | 991935 | 991979 
992111 | 992156 | 992200 | 992244 | 992288 | 992333 | 992377 992421 992463 992509 
992554 | 992598 | 992642 | 992686 | 992730 | 992774 | 992819 | 992863 | 992907 | 99295] 


992995 | 993039 | 993083 | 993127 | 993172 | 993216 | 993260 | 9933 
993436 | 993480 | 993524 | 993568 | 993613 | 993657 | 993701 993743 993789 993833 
993877 | 993921 | 993965 | 994009 | 994053 | 994097 | 994141 | 994185 | 994229 | 994273 


994317 | 994361 | 994405 | 994449 | 994493 | 994537 | 994581 | 994625 
994757 | 994801 | 994845 | 994889 | 994933 | 994977 | 995021 | 995065 995108 993152 oa 
995196 | 995240 | 995284 | 995328 | 995372 | 995416 | 995460 | 995504 | 995547 | 995591 


995635 | 995679 | 995723 | 995767 | 996811 | 995854 | 995898 | 995942 | 995986 | 996030 


996074 | 996117 | 996161 | 996205 | 996249 | 996293 | 996337 | 996380 
996512 | 996555 | 996599 | 996643 | 996687 | 996731 | 996774 | 996818 99686 996906 
996949 | 996993 | 997037 | 997080 | 997124 | 997168 | 997212 | 997255 | 997299 | 997343 


997386 | 997430 | 997474 | 997517 | 997561 | 997605 | 997648 | 997692 | 99 9 
997823 | 997867 | 997910 | 997954 | 997998 | 998041 | 998085 | 998129 998179 998216 
998259 | 998303 | 998347 | 998390 | 998434 | 998477 | 998521 | 998564 | 998608 | 998652 


998695 | 998739 | 998782 | 998826 | 998869 | 998913 | 998956 | 999000 | 999043 | 999087 
999131 | 999174 | 999218} 999261 | 999305 | 999348 | 999392 | 999435 | 999479 | 999522 
999565 | 999609 | 999652 | 999696 | 999739 | 999783 | 999826 | 999870 | 999913 | 999957 


1000 | 000000 | 000943 | 000087 | 000130 | 000174 | 000217 | 000260 | 000304 | 000347 | 000291 43 
Table 3.—Natural (Napierian or Hyperbolic) Logarithms of Numbers 


Table gives natural logarithms of numbers from 1.0 to 9.99 directly. To find logarithms of 
numbers outside that range add or subtract natural logarithm of the powers of 10 as follows: 


WOON AUS Wh— 


°o 


CON AUS Whe 


loge 10 = 2.302585 loge 104 = 9.210340 loge 107 = 16.118096 

loge 102 = 4.605170 loge 105 = 11.512925 loge 108 = 18.420681 

loge 103 = 6.907755 loge 106 = 13.815511 loge 109 = 20.703266 
“EXAMPLE.—loge 679. = loge 6.79 + loge 102 = 1.9155 + 4.6052 = 6.5207 
loge .0679 = loge 6.79 — loge 102 = 1.9155 — 4.6052 = — 2.6897 


The common logarithm is the natural logarithm multiplied by the modulus of logio; log:p N = 
0.434294 log. N. 


N| 0 1 2 Siishiar4 5 6 7 | Sia ncs 
1.0 | 0.0000 | 0.0100 | 0.0198 | 0.0296 | 0.0392 | 0.0488 | 0.0583 | 0.0677 | 0.0770 | 0.0862 
1.1 | 0.0953 | 0.1044 | 0.1133 | 0.1222 | 0.1310 | 0.1398 | 0.1484 | 0.1570 | 0.1655 | 0.1740 
1.2 | 0.1823 | 0.1906 | 0.1989 | 0.2070 | 0.2151 | 0.2231 | 0.2311 | 0.2390 | 0.2469 | 0. 2546 
1.3 | 0.2624 | 0.2700 | 0.2776 | 0.2852 | 0.2927 | 0.3001 | 0.3075 | 0.3148 | 0.3221 | 0.3293 
1.4 | 0.3365 | 0.3436 | 0.3507 | 0.3577 | 0.3646 | 0.3716 | 0.3784 | 0.3853 | 0.3920 | 0.3988 
1.5 | 0.4055 | 0.4121 | 0.4187 | 0.4253 | 0.4318 | 0.4383 | 0.4447 | 0.4511 | 0.4574 | 0.4637 
1.6 | 0.4700 | 0.4762 | 0.4824 | 0.4886 | 0.4947 | 0.5008 | 0.5068 | 0.5128 | 0.5188 | 0.5247 
“1.7 | 0.5306 | 0.5365 | 0.5423 | 0.5481 | 0.5539 | 0.5596 | 0.5653 | 0.5710 | 0.5766 | 0.5822 
1.8 | 0.5878 | 0.5933 | 0.5988 | 0.6043 | 0.6098 | 0.6152 | 0.6206 } 0.6259 | 0.6313 | 0.6366 
1.9 | 0.6419 | 0.6471 | 0.6523 | 0.6575 | 0.6627 | 0.6678 | 0.6729 | 0.6780 | 0.6831 | 0.6881 
2.0 | 0.6931 | 0.6981 | 0.7031 | 0.7080 | 0.7129 | 0.7178 | 0.7227 | 0.7275 | 0.7324 | 0.7372 
2.1 | 0.7419 | 0.7467 | 0.7514 | 0.7561 | 0.7608 | 0.7655 | 0.7701 | 0.7747 | 0.7793 | 0.7839 
2.2 | 0.7885 | 0.7930 | 0.7975 | 0.8020 | 0.8065 | 0.8109 | 0.8154 | 0.8198 | 0.8242 | 0.8286 
2:3 | 0.8329 | 0.8372 | 0.8416 | 0.8459 | 0.8502 | 0.8544 | 0.8587 | 0.8629 | 0.8671 | 0.8713 
2.4 | 0.8755 | 0.8796 | 0.8838 | 0.8879 | 0.8920 | 0.8961 | 0.9002 | 0.9042 | 0.9083 | 0.9123 
2.5 | 0.9163 | 0.9203 | 0.9243 | 0.9282 | 0.9322 | 0.9361 | 0.9400 | 0.9439 | 0.9478 | 0.9517 
2.6 | 0.9555 | 0.9594 | 0.9632 | 0.9670 | 0.9708 | 0.9746 | 0.9783 | 0.9821 | 0.9858 | 0.9895 
2.7 | 0.9933 | 0.9969 | 1.0006 | 1.0043 | 1.0080 | 1.0116 | 1.0152 | 1.0188 | 1.0225 | 1.0260 
2.3 | 1.0296 | 1.0332 | 1.0367 | 1.0403 | 1.0438 | 1.0473 | 1.0508 | 1.0543 | 1.0578 | 1.0613 
2.9 | 1.0647 | 1.0682 | 1.0716 | 1.0750 | 1.0784 | 1.0818 | 1.0852 | 1.0886 | 1.0919 | 1.0953 
3.0 | 1.0986 | 1.1019 | 1.1053 | 1.1086 | 1.1119 | 1.1161 | 1.1184 | 1.1217 | 1.1249 | 1.1282 
3.1 | 1.1314 | 1.1346 | 1.1378 | 1.1410 | 1.1442 | 1.1474 | 1.1506 | 1.1537 | 1.1569 | 1.1600 
3.2. | 1.1632 | 1.1663 | 1.1694 | 1.1725 | 1.1756 | 1.1787 | 1.1817 | 1.1848 | 1.1878 | 1.1909 
3.3 | 1.1939 | 1.1969 | 1.2000 | 1.2030 | 1.2060 | 1.2090 | 1.2119 | 1.2149 | 1.2179 | 1.2208 
3,4 | 1.2238 | 1.2267 | 1.2296 | 1.2326 | 1.2355 | 1.2384 | 1.2413 | 1.2442] 1.2470 | 1.2499 
3.5 | 1.2528 | 1.2556 | 1.2585 | 1.2613 | 1.2641 | 1.2669 | 1.2698 | 1.2726 | 1.2754 | 1.2782 
3.6 | 1.2809 | 1.2837 | 1.2865 | 1.2892 | 1.2920 | 1.2947 | 1.2975 | 1.3002 | 1.3029 | 1.3056 
3.7 | 1.3083 | 1.3110 | 1.3137 | 1.3164] 1.3191 | 1.3218 | 1.3244 | 1.3271 | 1.3297 | 1.3324 
3.8 | 1.3350 | 1.3376 | 1.3403 | 1.3429 | 1.3455 | 1.3481 | 1.3507 | 1.3533 | 1.3558 | 1.3584 
3.9 | 1.3610 | 1.3635 | 1.3661 | 1.3686 | 1.3712 | 1.3737 | 1.3762 | 1.3788 | 1.3813 | 1.3838 


(Table continued on following page) 
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Z 


1.5892 
1.6094 


1.6292 
1, 6487 
1.6677 


1.6864 
1.7047 
1,7228 


1.7405 
1.7579 
1.7750 


1.7918 


1, 8083 
1,8245 
1.8405 


1, 8563 
1.8718 
1, 8871 


1.9021 
1.9169 
1.9315 


1.9459 


1.9601 
1.9741 
1.9879 


2.0015 
2.0149 
2.0281 


2.0412 
2.0541 
2.0669 


2.0794 


2.0919 
2.1041 
2.1163 


2.1282 
2.1401 
2.1518 


2. 1633 
2.1748 
2, 1861 


2.1972 


2, 2083 
2.2192 
2.2300 


2.2407 
2.2513 
2.2618 


2.2724 
2.2824 
2.2925 
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NATURAL LOGARITHMS OF NUMBERS 


WKH KHNKHN KHHKHNK BW KYKHN KNNKHN HNN BD WNKH KRNN a — BM eee See SB ee BM eee Be BS eR eB ee RB ee Ree 


5 6 7 8 
.3987 | 1.4012 | 1.4036 | 1.4061 
.4231 | 1.4255 | 1.4279 | 1.4303 
.4469 | 1.4493 | 1.4516 | 1.4540 
.4702 | 1.4725 | 1.4748 | 1.4770 
.4929 | 1.4951 | 1.4974 | 1.4996 
OFS Wk. 125 ae, SEO | baete 
.5369 | 1.5390 | 1.5412 | 1.5433 
.5581 | 1.5602 | 1.5623 | 1.5644 
.5790 | 1.5810 | 1.5831 | 1.5851 
.5994 | 1.6014 | 1.6034 | 1.6054 
.6194 | 1.6214 | 1.6233 | 1.6253 
.6390 | 1.6409 | 1.6429 | 1.6448 
.6582 | 1.6601 | 1.6620 | 1.6639 
.6771 | 1.6790 | 1.6808 | 1.6827 
6956 | 1.6974 | 1.6993 | 1.7011 
.7138 | 1.7156 | 1.7174 | 1.7192 
«4317 | 1.7334} 1.7352,}, 1.7320 
-7492 | 1.7509 | 1.7527 | 1.7544 
.7664 | 1.7681 | 1.7699 | 1.7716 
.7834 | 1.7851 | 1.7867 | 1.7884 
.8001 | 1.8017 | 1.8034 | 1.8050 
.8165 | 1.8181 | 1.8197 | 1.8213 
.8326 | 1.8342 | 1.8358 | 1.8374 
-8485 | 1.8500 | 1.8516 | 1.8532 
.8641 | 1.8656 | 1.8672 | 1.8687 
-8795 | 1.8810 | 1.8825 | 1.8840 
.8946 | 1.8961 | 1.8976 | 1.8991 
.9095 | 1.9110 | 1.9125 | 1.9140 
-9242 | 1.9257 | 1.9272 | 1.9286 
.9387 | 1.9402 | 1.9416 | 1.9430 
.9530 | 1.9544 | 1.9559 | 1.9573 © 
29671, | 1.9685: | 1.9699 | 1.9713 
.9810 | 1.9824 | 1.9838 | 1.9851 
-9947 | 1.9961 | 1.9974 | 1.9988 
. 0082 | 2.0096 | 2.0109 | 2.0122 
.0215 | 2.0229 | 2.0242 | 2.0255 
.0347 | 2.0360 | 2.0373 | 2.0386 
.0477 | 2.0490 | 2.0503 | 2.0516 

0605 | 2.0618 | 2.0631 | 2.0643 
0732 | 2.0744 | 2.0757 | 2.0769 
0857 | 2.0869 | 2.0882 | 2.0894 

0980 | 2.0992 | 2.1005 | 2.1017 

1102 | 2.1114 | 2.1126 | 2.1138 
~ 1223 | 2.1235 | 2.1247 | 2.1258 

13424) 2.0353 1 2.13695\ 2olann 
. 1459 | 2.1471 | 2.1483 | 2.1494 
.1576 | 2.1587 | 2.1599 | 2.1610 
ORT | 2atZ02ni Se tgise| eee 
. 1804 | 2.1815 | 2.1827 | 2.1838 
.1917 | 2.1928 | 2.1939 | 2.1950 
2028 | 2.2039 | 2.2050 | 2.2061 
-2138 |° 2.2148 | 2.2159 | 2.2170 
.2246 | 2.2257 | 2.2268 | 2.2279 
.2354 | 2.2364 | 2.2375 | 2.2386 
.2460 | 2.2471 | 2.2481 | 2.2492 
-2565 | 2.2576 | 2.2586 | 2.2597 
-2670 | 2.2680 | 2.2690 | 2.2701 
.2773 | 2.2783 | 2.2793 | 2.2803 
.2875 | 2.2885 | 2.2895 | 2.2905 
.2976 | 2.2986 | 2.2996 | 2.3006 


Table 3.—Natural (Napierian or Hyperbolic) Logarithms of Numbers (Continued) 
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PROPERTIES OF NUMBERS 28-25 


Table 4.—Properties of Numbers 


Decimal Equivalents, Squares, Cubes, Three-halves Powers, Square Roots, Cube Roots, Fifth Roots, 
Reciprocals, Circumference and Area of Circles 


Circle (V=Diam.) 


Area 
: . 000 

“03125 “00077 
046875 . 00173 
0625 . 00307 
.078125 . 00479 
- 09375 . 00690 
.10 .00785 
10937571). .001308 00939 
5 . 001953 01227 
. 002782 01554 

003814 01917 

. 005077 . 02320 

006592 02761 
. 0080 . 03142 — 

. 008381 03241 

. 01047 03758 

01287 04314 

.01563 .04909 

.01874 .05542 

.02225 . 06213 

.02616 .06922 

.0270 . 07069 

. 03052 .07670 

. 08456 

09281 

. 10143 

. 11045 

. 15259 . 11984 

.16 . 12566 

. 16504 . 12962 

. 17798 . 13979 

19141 . 15033 

. 20532 . 16126 

: . 21973 olZ 257, 
. 484375 | .23462 . 18427 
.50 . 2500 . 19635 
.515625 | .26587 . 20881 
aa1Z5 . 28223 . 22166 
.546875 | .29907 . 23489 
5625 31641 . 24850 
-578125 | .33423 . 26250 
.59375 .35254 . 27688 
. 60 . 3600 . 28274 
.609375 | .37134 .29165 
‘ . 39063 . 30680 
. 41040 . 32233 

- 43066 . 33824 

.45142 -35454 

.47266 . 37122 

- 4900 . 38485 

- 49438 . 38829 

.51660 . 40574 

.53931 -42357 

. 56250 . 44179 

58618 - 46038 

61035 . 47937 

. 63501 - 49874 

- 6400 . 50265 

. 51849 

"68579 . 53862 

71191 55914 

. 73853 . 58004 

. 76563 .60132 

179321 162299 

. 81000 . 63617 

. 64504 

aes : 66747 

"87891 .69029 

90845 71349 

; | 93848 . 73708 
984375 | .96899 . 76104 
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PROPERTIES OF NUMBELS 


Table 4.—Properties of Numbers—Continued 
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5 


1 


11764706 
11594203 
11428571 
11267605 


11111111 
10958904 
10810811 


- 10666666 


10526316 
10389610 
10256410 


Nnel2 VN W 
1.0000} 1.0000 |1.0000000 
1.1932) 1.0238 | .8888888 
1.3975] 1.0456 | .80000000 
1.6123] 1.0658 | .72727272 
1.8371] 1.0845 | .66666666 
2.0715} 1.1020 | .61538462 
2.3150} 1.1186 | .57142857 
2.5675} 1.1340 | .53333333 
2.8284| 1.1487 | .50000000 
3.0977} 1.1627 | .47058823 
33750) 21708 44444444 
3.6601} 1.1889 | .42105263 
3.9529} 1.2011 | .40000000 
4.2530) 1.2129 | .38095231 
4.5604) 1.2242 | .36363636 
4.8748] 1.2352 | .34782609 
5.1962) 1.2457 | .33333333 
5.5243} 1.2559 | .32000000 
5.8590} 1.2658 | .30769231 
6.2003} 1.2754 | .29629629 
6.5479) 1.2847 | .28571429 
6.9018) 1.2938 | .27586207 
7.2619] 1.3026 | .26666666 
7.6279) 1.3112 | .25806452 
8.0000] 1.3195 | .25000000 
8.3779) 1.3277 | .24242424 
8.7616] 1.3356 | .23529412 
9.1510) 1.3434 | .22857143 
9.5460! 1.3510 | .22222222 
9.9465] 1.3584 | .21621622 
10.3524) 1.3656 | .21052632 
10.7637] 1.3728 | .20512821 
11.1803) 1.3799 | .20000000 
11.6022) 1.3866 | .19512195 
12.0293] 1.3933 | .19047619 
12.4614) 1.3998 | .18604651 
12.8987) 1.4063 | .18181818 
13.3409) 1.4126 | .17777777 
13.7880) 1.4188 | .17391304 
14.2400) 1.4250 | .17021277 
14.6969) 1.4310 | .16666666 
15.1586} 1.4369 | .16326531 
15.6250) 1.4427 | .16000000 
16.0961} 1.4484 | .15686275 
16.5718) 1.4542 | .15384615 
17.0522) 1.4596 | .15094339 
17.5370) 1.4651 | .14814815 
18,0264) 1.4705 | .14545454 
18.5203) 1.4758 | .14285714 
19.0186} 1.4810 | .14035088 
19.5212) 1.4862 | .13793103 
20.0283) 1.4913 | .13559322 
20.5396) 1.4963 | . 13333333 
21.0552) 1.5012 | .13114754 
21.5751) 1.5061 | .12903226 
22.0992) 1.5110 | .12698413 
22.6274) 1.5157 | .12500000 
23,1598) 1.5204 | .12307692 
23:69 O35|mb $5251 sleek oto 22 
24.2369) 1.5297 | .11940298 
1 
1 
| 
1 
1 
1 
1 
is 
1 
1 
1 
1 
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Circle (V = Diam.) 


Area 


ey er) 


19.6350 
20.6289 
21.6475 
22.6906 


23.7583 
24.8505 
25.9672 
27.1085 


28 2743 
29.4647 
30.6796 
31.9190 


33. 1831 
34.4716 
35 7847 
37,1223 


38.4845 
39.8712 
41.2825 
42.7183 


44.1786 
45.6635 
47.1730 
48.7069 


50.2655 
51.8485 
53.4562 
55.0883 


56.7450 
58.4262 
60.1320 
61.8623 


63.6172 
65.3966 
67.2006 
69.0291 


70.8822 


= 
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Table 4.—Properties of Numbers—Continued 


Circum. 


28-27 


eee eee 
WON AUS WH— Oo 


20 


103823 
110592 
117649 


125000 
132651 


140608 
148877 


157464 
166375 
175616 


185193 
195112 
205379 


216000 


226981 
238328 
250047 


262144 
274625 
287496 


300763 
314432 
328509 
343000 
357911 
373248 
389017 
405224 
421875 
438976 
456533 
474552 
493039 


002.09 CD O00 coco ® Coca Moc” NNN SNS NNN NISINE SEO D AAD ADA MAK AU UUs SH VU Ue DED DDD BWW WWW & 


NNN PRN PLN DW NYN HNN WNW DNNN HHH YOKN WD WNNK WKN WKN DW WNW WKN NN— FB See See eee Be Sa ee 


. 10000000 


-09090909 
. 08333333 
. 07692308 


.07142857 
. 06666667 
- 06250000 


- 05882353 
.05555556 
.05263158 


-05000000 


.04761905 
- 04545455 
. 04347826 


. 04166667 
. 04000000 
. 03846154 


. 03703704 
. 03571429 
- 03448276 


- 03333333 


- 03225806 
. 03125000 
. 03030303 


.02941176 
.02857143 
.02777778 
. 02702703 
.02631579 
.02564103 


. 02500000 


02439024 
"02380952 
'02325581 
02272727 
"02222222 
102173913 
.02127660 
:02083333 
"02040816 
. 02000000 
01960784 
01923077 
:01886792 
01851852 
"01818182 
101785714 
01754386 
‘01724138 
"01694915 
01666667 
01639344 
"01612903 
:01587302 
01562500 
101538462 
‘01515152 
01492537 
:01470588 
101449275 


.01428571 


01408451 
01388889 
01369863 


01351351 
01333333 
01315789 
01298701 
01282051 
01265823 


- 6636/1256. 


.8052}1320. 
- 9468/1385. 
0884/1452. 


- 2300)1520. 
-3716]1590. 
-5131}1661. 


- 6547/1734. 
.7963)1809. 
. 937911885. 
-0795/1963. 
. 221112042. 
- 3627/2123. 
- 5043/2206. 
. 6459/2290. 
.7875}2375. 
-9290}2463. 


.0706|2551. 
1212212642. 
1353812733. 
4954/2827. 
. 6370/2922. 
"778613019. 
"9202/3117. 
.0618)3216. 
. 203 4)3318. 
1344913421. 
4865/3525. 
6281/3631. 
'7697|3739. 


- 9113/3848. 


0529/3959 
1945/4071 
3361/4185 
4777|4300 
6193)4417 
7608/4536 
9024|4656 
0440/4778 
1856/4901 


Circle (NV = Diam.) 
Area 


-4159| 78. 


Bey se 
-6991) 113. 
-8407| 132. 
- 9823) 153. 
PZOo |e Z6e 
-2654) 201 


6398 
0332 
0973 
7323 
9380 
7146 


0619 


4313 
9025. 
9445 
5574 
7410 


500, 
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Table 4.—Properties of Numbers—Continued 


3 5 1 Circle (V = Diam.) 
a/N 3/2 a/N = ————————E————EE 
if a x N Circum. Area 


ee 
|| | | | 


.4022 |.01250000| 251.327 | 5026.547 


80 6400 | 512000 | 8.9443 | 4.3089 | 715.54 | 2 
81 6561 | 531441 | 9.0000 | 4.3267 | 729.00 | 2.4082 |.01234568| 254.469 | 5152.998 
82 6724 | 551368 | 9.0554 | 4.3445 | 742.54 | 2.4141 |.01219512| 257.610 | 5281.016 
83 6889 | 571787 | 9.1104 | 4.3621 | 756.17 | 2.4200 |.01204819| 260.752 | 5410.607 
84 7056 | 592704 | 9.1652 | 4.3795 | 769.88 | 2.4258 |.01190476| 263.894 | 5541.770 
. 85 7225 | 614125 | 9.2195 | 4.3968 | 783.66 | 2.4315 |.01176471| 267.035 | 5674.501 
86 7396 | 636056 | 9.2736 | 4.4140 | 797.53 | 2.4372 |.01162791] 270.177 | 5808. 805 
87 7569 | 658503 | 9.3274 | 4.4310 | 811.49 | 2.4429 |.01149425| 273.318 | 5944.679 
88 7744 | 681472 | 9.3808 | 4.4480 | 825.52 | 2.4485 |.01136364] 276.460 | 6082.124 
89 7921 | 704969 | 9.4340 | 4.4647 | 839.63 | 2.4540 |.01123596| 279.602 | 6221.138 
90 8100 | 729000 | 9.4868 | 4.4814 | 853.82 | 2.4595 |.01111111| 282.743 | 6361.725 
91 8281 | 753571 | 9.5394 | 4.4979 | 868.09 | 2.4650 |.01098901| 285.885 | 6503. 882 
92 8464 | 778688 | 9.5917 | 4.5144 | 882.44 | 2.4705 |.01086957| 289.026 | 6647.610 
93 8649 | 804357 | 9.6437 | 4.5307 | 896.86 | 2.4758 |.01075269| 292.168 | 6792.909 
94 8836 | 830584 | 9.6954 | 4.5468 | 911.36 | 2.4810 |.01063830] 295.309 | 6939.778 
95 9025 | 857375 | 9.7468 | 4.5629 | 925.95 | 2.4863 |.01052632| 298.451 | 7088.219° 
96 9216 | 884736 | 9.7980 | 4.5789 | 940.61 | 2.4915 |.01041667] 301.593 | 7238.230 
97 9409 | 912673 | 9.8489 | 4.5947 | 955.34 | 2.4966 |.01030928] 304.734 | 7389.812 
98 9604 | 941192 | 9.8995 | 4.6104 | 970.15 | 2.5018 |.01020408] 307.876 | 7542.962 
99 9801 | 970299 | 9.9499 | 4.6261 | 985.04 | 2.5069 |.01010101| 311.017 | 7697.688 
100 | 10000 |1000000 |10.0000 | 4.6416 [1000.0 | 2.5119 |.01000000| 314.159 | 7853.982 
101 10201 |1030301 10.0499 | 4.6570 |1015.0 | 2.5169 |.00990099| 317.301 | 8011.85 
102 | 10404 |1061208 |10.0995 | 4.6723 |1030.1 | 2.5219 |.00980392| 320.442 | 8171.28 
103 | 10609 |1092727 |10.1489 | 4.6875 |1045.3 | 2.5268 |.00970874| 323.584 | 8332.29 
104 | 10816 |1124864 |10.1980 | 4.7027 |1060.6 | 2.5317 |.00961538| 326.725 | 8494.87 
105 | 11025 |1157625 }10.2470 | 4.7177 |1075.9 | 2.5365 |.00952381| 329.867 | 8659.01 
106 | 11236 [1191016 |10.2956 | 4.7326 {1091.3 | 2.5413 |.00943396| 333.009 | 8824.73 
107 | 11449 |1225043 |10.3441 | 4.7475 |1106.8 | 2.5461 |.00934579| 336.150 | 8992.02 
108 | 11664 {1259712 |10.3923 | 4.7622 |1122.4 | 2.5509 |.00925926| 339.292 | 9160.88 
109 11881 |1295029 |10.4403 | 4.7769 |1138.0 | 2.5556 |.00917431| 342.433 | 9331.32 
110 | 12100 |1331000 |10.4881 | 4.7914 |1153.7 | 2.5603 |.00909091| 345.575 | 9503.32 
WI 12321 |1367631 |10.5357 | 4.8059 |1169.5 | 2.5649 |.00900901| 348.716 | 9676.89 
112 12544 |1404928 |10.5830 | 4.8203 |1185.3 | 2.5695 |.00892857] 351.858 | 9852.03 
113 12769 |1442897 |10.6301 | 4.8346 |1201.2 | 2.5740 |.00884956] 355.000 |10028.75 
114 | 12996 11481544 |10.6771 | 4.8488 |1217.2 | 2.5786 |.00877193| 358.141 |10207 
115 13225 |1520875 |10.7238 | 4.8629 |1233.2 | 2.5831 |.00869565| 361.283 10386. 89 
116 | 13456 |1560896 |10.7703 | 4.8770 |1249.4 | 2.5876 |.00862069| 364.424 |10568.32 
117. | 13689 11601613 |10.8167 | 4.8910 1265.5 | 2.5920 |.00854701| 367.566 |1 
118 | 13924 11643032 |10.8628 | 4.9049 |1281.8 | 2.5964 |.00847458| 370.708 10935. 88 
119 14161 11685159 |10.9087 | 4.9187 |1298.1 | 2.6008 |.00840336| 373.849 |11122.02 
120 | 14400 |1728000 [10.9545 | 4.9324 [1314.5 | 2.6052 |.00833333| 376.991 |11309.73 
121 14641 11771561 {11.0000 | 4.9461 |1331.0 | 2.6095 |.00826446| 380.132 
122 | 14884 |1815848 |11.0454 | 4.9597 |1347.5 | 2.6138 |.00819672| 383.274 11689. 86 
123 | 15129 |1860867 |11.0905 | 4.9732 |1364.1 | 2.6181 |.00813008| 386.416 |11882.29 
124 | 15376 11906624 |11.1355 | 4.9866 |1380.8 | 2.6223 |.00806452| 389.55 
125 15625 |1953125 111.1803 | 5.0000 |1397.5 | 2.6265 |.00800000 392 60 lori oe 
126 15876 |2000376 |11.2250 | 5.0133 |1414.4 | 2.6307 |.00793651| 395.840 |12468.98 
127 | 16129 |2048383 111.2694 | 5.0265 |1431.2 | 2.6349 |.00787402| 398.9 
128 16384 |2097152 |11.3137 | 5.0397 |1448.2 | 2.6390 |.00781250 402, 134 186790 
129 16641 |2146689 |11.3578 | 5.0528 |1465.2 | 2.6431 |.00775194| 405.265 113069 81 
130 | 16900 |2197000 |11.4018 | 5.0658 |1482.2 | 2.6472 |.00769231| 408.407 |13273 23 
13] 17161 |2248091 ]11.4455 | 5.0788 |1499.4 | 2.6513 |.00763359| 411 
132 17424 12299968 |11.4891 | 5.0916 |1516.6 | 2.6553 |.00757576 414,000 660 33 
133 17689 |2352637 |11.5326 | 5.1045 |1533.8 | 2.6593 |:00751880| 417.831 |13892.91 
134 | 17956 12406104 |11.5758 | 5.1172 |1551.2 | 2.6633 |.00746269| 42 : 
135 18225 |2460375 {11.6190 | 5.1299 |1568.6 | 2.6673 |.00740741 rents 143g 88 
136 18496 [2515456 |11.6619 | 5.1426 |1586.0 | 2.6712 |.00735294| 427.256 |14526.72 
137 18769 |2571353 111.7047 | 5.1551 |1603.6 | 2.6751 |.00729927 ‘ 
138 19044 |2628072 |11.7473 | 5.1676 1621.1 | 2.6790 |/00724638 435.339 1493712 
139 19321 |2685619 |11.7898 | 5.1801 |1638.8 | 2.6829 |100719424| 436.681 115174. 67 
140 | 19600 /2744000 |11.8322 | 5.1925 |1656.5 | 2.6867 |.00714286| 439.823 |15393 80 
141 19881 |2803221 |11.8743 | 5.2048 |1674.3 | 2.6906 |.00709220 : 
142 | 20164 |2863288 11.9164 | 5.2171 |1692.1 | 2.6944 |'00704225 446: 166 1836.39 
143 | 20449 |2924207 11.9583 | 5.2293 |1710.0 | 2.6981 |.00699301| 449.247 |16060,60 
144 | 20736 |2985984 }12.0000 | 5.2415 |1728.0 | 2.7019 |.00694444 ; 
145 | 21025 |3048625 |12.0416 | 5.2536 11746.0 | 2.7057 | 00689655 4e5°33) lesiscos 
146 | 21316 [3112136 |12.0830 | 5.2656 |1764.1 | 2.7094 |100684932| 458.672 116741. 54 
147 | 21609 |3176523 |12.1244 | 5.2776 |1782.2 | 2.7131 |.00680272 ; 
148 21904 3241792 112.1655 | 5.2896 |1800.5 | 2.7168 |.00675676 tes 958 19203; 36 
201 |3307949 |12.2066 | 5.3015 |1818.8 | 2.7204 |100671141| 468.097 11743662 


ee ee ieee 
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Table 4.—Properties of Numbers—Continued 


28-29 


3 5 1 Circie (NV = Diam.) 
N N? ne VN VN Nnel2 VN N ae 
Circum. Area 
150 22500 | 3375000 | 12.2474 | 5.3133 | 1837.1 | 2.7241 |.00666667| 471.239 |17671.46 
151 22801 | 3442951 | 12.2882 | 5.3251 | 1855.5 | 2.7277 |.00662252] 474.380 |17907.86 
152 23104 | 3511808 | 12.3288 | 5.3368 | 1874.0 | 2.7314 |.00657895| 477.522 |18145.84 
153 23409 | 3581577 | 12.3693 | 5.3485 | 1892.5 | 2.7349 |.00653595| 480.663 |18385.38 
154 23716 | 3652264 | 12.4097 | 5.3601 | 1911.1 | 2.7385 |.00649351] 483.805 |18626.50 
155 24025 | 3723875 | 12.4499 | 5.3717 | 1929.7 | 2.7420 |.00645161| 486.946 |18869.19 
156 24336 | 3796416 | 12.4900 | 5.3832 | 1948.4 | 2.7455 |.00641026] 490.088 |19113.45 
157 24649 | 3869893 | 12.5300 | 5.3947 | 1967.2 | 2.7490 |.00636943) 493.230 |19359.28 
158 24964 | 3944312 | 12.5698 | 5.4061 | 1986.0 | 2.7525 |.00632911] 496.371 |19606. 68 
159 25281 | 4019679 | 12.6095 | 5.4175 | 2004.9 | 2.7560 |.00628931} 499.513 |19855.65 
160 25600 | 4096000 | 12.6491 | 5.4288 | 2023.9 | 2.7595 |.00625000/ 502.654 |20106.19 
161 25921 | 4173281 | 12.6886 | 5.4401 | 2042.9 | 2.7629 |.00621118] 505.796 |20358.30 
162 26244 | 4251528 | 12.7279 | 5.4514 | 2061.9 | 2.7663 |.00617284] 508.938 |20611.99 
163 26569 | 4330747 | 12.7671 | 5.4626 | 2081.0 | 2.7697 |.00613497) 512.079 |20867.24 
164 26896 | 4410944 | 12.8062 | 5.4737 | 2100.2 | 2.7731 }|.00609756| 515.221 |21124.06 
165 27225 | 4492125 | 12.8452 | 5.4848 | 2119.5 | 2.7765 |.00606061} 518.362 |21382.46 
166 27556 | 4574296 | 12.8841 | 5.4959 | 2138.8 | 2.7799 |.00602410} 521.504 |21642.43 
167 27889 | 4657463 | 12.9228 | 5.5069 | 2158.1 | 2.7832 |.00598802| 524.646 |21903.96 
168 28224 | 4741632 | 12.9615 | 5.5178 | 2177.5 | 2.7865 |.00595238| 527.787 |22167.07 
169 28561 | 4826809 | 13.0000 | 5.5288 | 2197.0 | 2.7898 |.00591716| 530.929 |22431.75 
170 28900 | 4913000 | 13.0384 | 5.5397 | 2216.65 | 2.7931 |.00588235| 534.070 |22698.00 
171 29241 | 5000211 | 13.0767 | 5.5505 | 2236.1 | 2.7964 |.00584795| 537.212 |22965.82 
172 29584 | 5088448 | 13.1149 | 5.5613 | 2255.8 | 2.7997 |.00581395) 540.353 |23235.21 
173 29929 | 5177717 | 13.1529 | 5.5721 | 2275.5 | 2.8029 |.00578035| 543.495 |23506.18 
174 30276 | 5268024 | 13.1909 | 5.5828 | 2295.2 | 2.8061 |.00574713| 546.637 |23778.71 
175 30625 | 5359375 | 13.2288 | 5.5934 | 2315.0 | 2.8094 |.00571429| 549.778 |24052.81 
176 30976 | 5451776 | 13.2665 | 5.6041 | 2334.9 | 2.8126 |.00568182| 552.920 |24328.49 
177 31329 | 5545233 | 13.3041 | 5.6147 | 2354.8 | 2.8158 |.00564972| 556.061 |24605.73 
178 31684 | 5639752 | 13.3417 | 5.6252 | 2374.8 | 2.8189 |.00561798) 559.203 |24884.55 
179 32041 | 5735339 | 13.3791 | 5.6357 | 2394.9 | 2.8221 |.00558659| 562.345 |25164.94 
180 32400 | 5832000 | 13.4164 | 5.6462 | 2415.0 | 2.8252 |.00555556) 565.486 (25446 .90 
181 32761 | 5929741 | 13.4536 | 5.6567 | 2435.1 | 2.8284 |.00552486| 568.628 |25730.42 
182 33124 | 6028568 | 13.4907 | 5.6671 | 2455.3 | 2.8315 |.00549451| 571.769 |26015.52 
183 33489 | 6128487 | 13.5277 | 5.6774 | 2475.6 | 2.8346 |.00546448) 574.911 |26302.19 
184 33856 | 6229504 | 13.5647 | 5.6877 | 2495.9 | 2.8377 |.00543478| 578.053 |26590. 43 
185 34225 | 6331625 | 13.6015 | 5.6980 | 2516.3 | 2.8408 |.00540541] 581.194 |26880.25 
186 34596 | 6434856 | 13.6382 | 5.7083 | 2536.7 | 2.8438 |.00537634| 584.336 |27171.63 
187 34969 | 6539203 | 13.6748 | 5.7185 | 2557.2 | 2.8469 |.00534759| 587.477 |27464.58 
188 35344 | 6644672 | 13.7113 | 5.7287 | 2577.7 | 2.8499 |.00531915) 590.619 |27759.11 
189 35721 | 6751269 | 13.7477 | 5.7388 | 2598.3 | 2.8529 |.00529101} 593.761 |28055.20 
190 $6100 | 6859000 | 13.7840 | 5.7489 | 2619.0 | 2.8560 |.00526316; 596.902 |28352 .87 
191 36481 | 6967871 | 13.8203 | 5.7590 | 2639.7 | 2.8590 |.00523560| 600.044 |28652.10 
192 36864 | 7077888 | 13.8564 | 5.7690 | 2660.4 | 2.8619 |.00520833) 603.185 |28952.91 
193 37249 | 7189057 | 13.8924 | 5.7790 | 2681.2 | 2.8649 |.00518135| 606.327 |29255.29 
37636 | 7301384 | 13.9284 | 5.7890 | 2702.1 | 2.8679 |.00515464} 609.468 |29559.24 
195 38025 | 7414875 | 13.9642 | 5.7989 | 2723.0 | 2.8708 |.00512821} 612.610 |29864.76 
196 38416 | 7529536 | 14.0000 | 5.8088 | 2744.0 | 2.8738 |.00510204] 615.752 |30171.85 
8809 | 7645373 | 14.0357 | 5.8186 | 2765.0 | 2.8767 |.00507614) 618.893 |30480.51 
Has 35204 7762392 | 14.0712 | 5.8285 | 2786.1 | 2.8796 |.00505051) 622.035 |30790.74 
199 39601 | 7880599 | 14.1067 | 5.8383 | 2807.2 | 2.8825 |.00502513| 625.176 |31102.55 
200 40000 | 8000000 | 14.1421 | 5.8480 | 2828.4 | 2.8854 |.00500000! 628.318 |31415.93 
8120601 | 14.1774 | 5.8578 | 2849.7 | 2.8883 |.00497512| 631.460 |31730.87 
302 40804 8242408 | 14.2127 | 5.8675 | 2871.0 | 2.8911 |.00495050| 634.601 |32047.39 
203 41209 | 8365427 | 14.2478 | 5.8771 | 2892.3 | 2.8940 |.00492611} 637.743 32365.47 
8489664 | 14.2829 | 5.8868 | 2913.7 | 2.8968 |.00490196] 640.884 |32685. 13 
308 42628 8615125 | 14.3178 | 5.8964 | 2935.2 | 2.8997 |.00487805| 644.026 |33006. 36 
206 42436 | 8741816 | 14.3527 | 5.9059 | 2956.7 | 2.9025 |.00485437) 647.168 |33329. 16 
8869743 | 14.3875 | 5.9155 | 2978.2 | 2.9053 |.00483092| 650.309 |33653.53 
308 13564 8998912 | 14.4222 | 5.9250 | 2999.8 | 2.9081 |.00480769| 653.451 |33979.47 
209 43681 | 9129329 | 14.4568 | 5.9345 | 3021.5 | 2.9109 |.00478469| 656.592 34306.98 
210 44100 | 9261000 | 14.4914 | 5.9439 | 3043.2 | 2.9137 |.00476190| 659.734 |34636 des 
9393931 | 14.5258 | 5.9533 | 3065.0 | 2.9165 |.00473934) 662.875 |34966. 
312 44944 9528128 | 14.5602 | 5.9627 | 3086.8 | 2.9192 |.00471698| 666.017 35298.94 
213 45369 | 9663597 | 14.5945 | 5.9721 | 3108.7 | 2.9220 |.00469484) 669. 159 ioe 
800344 | 14.6287 | 5.9814 | 3130.6 | 2.9247 |.00467290] 672.300 |35968. 
Ar 40028 9938375 14.6629 | 5.9907 | 3152.5 | 2.9274 |.00465116| 675.442 36305. 08 
216 46656 110077696 | 14.6969 | 6.0000 | 3174.5 | 2.9302 |.00462963 oieet ae 
0218313 | 14.7309 | 6.0092 | 3196.6 | 2.9329 |.00460829| 681.725 |36983. 
313 1594 10360232 14.7648 | 6.0185 | 3218.7 | 2.9356 |.00458716 eet eee ae 
219 47961 |10503459 | 14.7986 | 6.0277 | 3240.9 | 2.9383 .00456621| 688.008 |37668. 
SS ae 
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Table 4.—Properties of Numbers—Continued 
1 Cirele (V = Diam.) 


Circum. Area 

220 | 48400 |10648000| 14.8324 | 6.0368 | 3263.1 | 2.9409 |.00454545| 691.150 |38013.27 
221 | 48841 |10793861| 14.8661 | 6.0459 | 3285.4 | 2.9436 |.00452489| 694.291 138359.63 
222 | 49284 |10941048| 14.8997 | 6.0550 | 3307.7 | 2.9463 |.00450450| 697.433 |38707.56 
223, | 49729 |11089567| 14.9332 | 6.0641 | 3330.1 | 2.9489 |.00448430| 700.575 |39057.07 
224 | 50176 |11239424) 14.9666 | 6.0732 | 3352.5 | 2.9516 |.00446429| 703.716 |39408.14 
225 | 50625 |11390625| 15.0000 | 6.0822 | 3375.0 | 2.9542 |.00444444| 706.858 |39760.78 
226 | 51076 |11543176| 15.0333 | 6.0912 | 3397.5 | 2.9568 |.00442478| 709.999 |40115.00 
227 | 51529 |11697083| 15.0665 | 6.1002 | 3420.1 | 2.9594 |.00440529] 713.141 |40470.78 
228 | 51984 |11852352| 15.0997 | 6.1091 | 3442.7 | 2.9620 |.00438596| 716.283 |40828.14 
229 | 52441 [12008989] 15.1327 | 6.1180 | 3465.4 | 2.9646 |.00436681| 719.424 |41187.07 
230 | 52900 |12167000/ 15.1658 | 6.1269 | 3488.1 | 2.9672 |.00434783| 722.566 |41547.56 
231 53361 |12326391| 15.1987 | 6.1358 | 3510.9 | 2.9698 |.00432900| 725.707 |41909.63 
232 | 53824 |12487168| 15.2315 | 6.1446 | 3533.7 | 2.9723 |.00431034| 728.849 |42273.27 
233 | 54289 |12649337| 15.2643 | 6.1534 | 3556.6 | 2.9749 |.00429185| 731.990 |42638.48 
234 | 54756 |12812904] 15.2971 | 6.1622 | 3579.5 | 2.9774 |.00427350| 735.132 |43005.26 
235 | 55225 |12977875| 15.3297 | 6.1710 | 3602.5 | 2.9800 |.00425532| 738.274 |43373.61 
236 | 55696 |13144256| 15.3623 | 6.1797 | 3625.5 | 2.9825 |.00423729| 741.415 |43743.54 
237 | 56169 |13312053| 15.3948 | 6.1885 | 3648.6 | 2.9850 |.00421941| 744.557 |44115.03 
238 | 56644 |13481272) 15.4272 | 6.1972 | 3671.7 | 2.9875 |.00420168| 747.698 |44488.09 
239 | 57121 |13651919) 15.4596 | 6.2058 | 3694.8 | 2.9900 |.00418410| 750.840 |44862.73 
240 | 67600 |13824000] 15.4919 | 6.2145 | 3718.0 | 2.9925 |.00416667| 753.982 |45238.93 
241 58081 |13997521| 15.5242 | 6.2231 | 3741.3 | 2.9950 |.00414938| 757.123 145616.71 
242 | 58564 |14172488| 15.5563 | 6.2317 | 3764.6 | 2.9975 |00413223| 760.265 14599606 
243 | 59049 |14348907| 15.5885 | 6.2403 | 3788.0 | 3.0000 |:00411523| 763.406 |46376.98 
244 | 59536 |14526784) 15.6205 | 6.2488 | 3811.4 | 3.0025 |.00409836| 766.548 146759.47 
245 | 60025 |14706125| 15.6525 | 6.2573 | 3834.9 | 310049 |.00408163| 769.690 147143.52 
246 | 60516 |14886936) 15.6844 | 6.2658 | 3858.4 | 3.0074 |:00400504| 772.831 147529. 16 
247 | 61009 |15069223) 15.7162 | 6.2743 | 3881.9 | 3.0098 |.00404858| 775.973 147916.36 
248 | 61504 |15252992} 15.7480 | 6.2828 | 3905.5 | 3.0122 |.00403226| 779.114 |48305.13 
249 | 62001 |15438249| 15.7797 | 6.2912 | 3929.2 | 3.0147 |:00401606| 782.256 |48695.47 
250 | 62500 16625000) 15.8114 | 6.2996 | 3952.9 | 3.0171 |.00400000| 785.398 |49087.39 
251 63001 -|15813251} 15.8430 | 6.3080 | 3976.6 | 3.0195 |.00398406| 788.539 |49480.87 
252 | 63504 |16003008) 15.8745 | 6.3164 | 4000.4 | 3.0219 |:00396825| 791.681 14987592 
253 | 64009 |16194277) 15.9060 | 6.3247 | 4024.2 | 3.0243 |:00395257| 794.822 |50272.55 
254 | 64516 |16387064) 15.9374 | 6.3330 | 4048.1 | 3.0267 |.00393701| 797.964 |50670.75 
255 | 65025 |16581375| 15.9687 | 6.3413 | 4072.0 | 3.0291 |.00392157| 801.105 151070. 52 
256 | 65536 |16777216) 16.0000 | 6.3496 | 4096.0 | 3.0314 |.00390625| 804.247 |51471.85 
257 | 66049 |16974593| 16.0312 | 6.3579 | 4120.0 | 3.0338 |.00389105| 807.389 74 
258 | 66564 |17173512| 16.0624 | 6.3661 | 4144.1 | 3.0362 |/00387597| 810.530 EY 
259 | 67081 |17373979| 16.0935 | 6.3743 | 4168.2 | 3.0385 |:00386100| 813.672 |52685.29 
260 | 67600 17576000) 16.1245 | 6.8825 | 4192.4 | 3.0418 |.00384615| 816.813 |s3092 92 
261 68121 |17779581| 16.1555 | 6.3907 | 4216.6 | 3.0432 |.00383142| 819.955 
262 | 68644 |17984728| 16.1864 | 6.3988 | 4240.8 | 3.0455 |/00381679| 823.097 33012 BF 
263 | 69169 |18191447| 16.2173 | 6.4070 | 4265.1 | 3.0478 |:00380228| 826.238 |54325.21 
264 | 69696 |18399744| 16.2481 | 6.4151 | 4289.5 | 3.0501 |.00378788| 829 38 
265 | 70225 |18609625| 16.2788 | 6.4232 | 4313.9 | 310524 | 00377358 852 sor ee1a4 sy 
266 | 70756 |18821096) 16.3095 | 6.4312 | 4338.3 | 3.0547 |100375940| 835.663 55571.63 
267 | 71289 |19034163) 16.3401 | 6.4393 | 4362.8 | 3.0570 |.00374532 
268 | 71824 |19248832) 16.3707 | 6.4473 | 4387.3 | 310593 |'00373134 ee Soares 
269 | 72361 |19465109| 16.4012 | 6.4553 | 4411.9 | 3.0616 |.00371747| 845.088 56832. 20 
270 | 72900 |19683000) 16.4317 | 6.4683 | 4436.5 | 3.0689 |.00370870| 848.229 57255.53 
271 73441 119902511] 16.4621 | 6.4713 | 4461.2 | 3.0662 |.00369004 
272 | 73984 |20123648] 16.4924 | 6.4792 | 4485.9 | 310684 |'00367647 Beaaie seekers 
273 | 74529 |20346417| 16.5227 | 6.4872 | 4510.7 | 3.0707 |.00366300| 857.654 58534.94 
274 | 75076 |20570824| 16.5529 | 6.4951 | 4535.5 | 3.0729 |.00364964 
275 75625 |20796875) 16.5831 | 6.5030 | 4560.4 | 3.0752 |°00363636 Hoare 3939834 
276 | 76176 |21024576) 16.6132 | 6.5108 | 4585.3 | 3.0774 |.00362319| 867.079 59828. 49 
277 | 76729 21253933) 16.6433 | 6.5187 | 4610.2 | 3.0796 |.00361011 i 
278 | 77284 |21484952| 16.6733 | 6.5265 | 4635.2 | 3.0818 | 00359712 B75. dep g0ees ar 
279 | 77841 |21717639| 16.7033 | 6.5343 | 4660.2 | 3.0840 |'00358423 876.504 |61136.18 
280 | 78400 /21952000) 16.7332 | 6.6421 | 4685.3 | 3.0863 |.00357143 879.645 161575 .22 
281 78961 |22188041| 16.7631 | 6.5499 | 4710.4 | 3.0885 |.00355872 ; 
282 | 79524 |22425768) 16.7929 | 6.5577 | 4735.6 | 3.0907 | 00354610 pest aee 63458;¢0 
283 | 80089 |22665187) 16.8226 | 6.5654 | 4760.8 | 3.0928 | 00353357 889.070 |62901.75 
284 | 80656 22906304) 16.8523 | 6.5731 | 4786.0 | 3.0950 |.00352113 : 
285 | /81225 23149125) 16.8819 | 6.5808 | 4811.3 | 3.0972 “00380877 son aug $3795.97 
a 81796 |23393656) 16.9115 | 6.5885 | 4836.7 | 3.0994 |°00349650 898.495 164242 \ 43 

82369 |23639903/ 16.9411 | 6.5962 | 4862.1 | 3.1015 |.00348432 901.636 : 
288 | 82944 |23887872| 16.9706 | 6.6039 | 4887.5 | 3° r Y paeo tase 
289 | 83521 |24137569| 17.0000 | 6.6115 | 4913.0 3 1083 D034eeee| ooh: 228 [6314407 


; -1058 |.00346021| 907.920 65597. 24 


w2 


84100 


84681 
85264 
85849 
86436 
87025 
87616 
88209 
88804 
89401 


90000 


90601 
91204 
91809 
92416 
93025 
93636 


94249 
94864 
95481 
96100 
96721 
97344 
97969 
98596 
99225 
99856 
100489 
101124 
101761 


102400 


103041 
103684 
104329 


104976 
105625 
106276 


106929 
107584 
108241 


108900 
109561 
110224 
110889 


111556 
112225 
112896 


113569 
114244 
114921 


115600 


116281 
116964 
117649 
118336 
119025 
119716 


120409 
121104 
121801 


122500 


123201 
123904 
124609 


125316 
126025 
126736 
127449 


128164 
128881 
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Table 4.—Properties of Numbers—Continued 


N3 


24389000 
24642171 


25672375 
25934336 
26198073 
26463592 


30080231 
30371328 
30664297 


30959144 
31255875 
31554496 


31855013 
32157432 
32461759 


32768000 
33076161 


34328125 
34645976 


34965783 
35287552 
35611289 


35937000 


36264691 
36594368 
36926037 


37259704 
37595375 
37933056 
38272753 
38614472 
38958219 
39304000 
39651821 
40001688 
40353607 
40707584 
41063625 
41421736 
41781923 
42144192 
42508549 
42875000 
43243551 


45882712 
46268279 


sy 


De ee et ee es as es es es es es ks es es es 


omc com ce CGO ce BW Gm cD COM MOM DW DODD ODD DDD Monon oon NNYNMUNNGGS GGG RW GGG GSS GUN aU UU 
NNN NNN NNN SENINNESINN NAD DADA ADA ADD’ BAAD AAD AAR AMAA AANA AAD AAA AKA DARADAADAAAA 


EN Se Ee Flr Si Sigg OS SE Me SR MO ON ee eS) es he Bane atrme +6. Ainge iain aim las aug, cipal alheiiel oth. e ki lace pelo aelleiahe DAN aaa ose Saat Mi Gia t ae aipeer ami Bar eat wane ew Orn Tolar aaa aes 
MANW ON WHS O OOD O-b BNO & NIH On = SW AUN —$OO Ob & UNIO WY Mou FNS OA WNHN DBD HW OO— » 


as eh el ett eet te oe os 


Lt 
N 


- 00344828 


.00343643 
- 00342466 
- 00341297 


- 00340136 
- 00338983 
- 00337838 


. 00336700 
- 00335570 
- 00334448 


- 00333333 


. 00332226 
- 00331126 
- 00330033 


- 00328947 
. 00327869 
. 00326797 


. 00325733 
. 00324675 
. 00323625 


.00322681 


- 00321543 
. 00320513 
- 00319489 


. 00318471 
. 00317460 
- 00316456 


. 00315457 
. 00314465 
.00313480 


. 00312500 


.00311526 
. 00310559 
.00309598 


. 00308642 
. 00307692 
. 00306748 


.00305816 
. 00304878 
. 00303951 
.00303030 
.00302115 
. 00301205 
. 00300300 
. 00299401 
. 00298507 
.00297619 


.00296736 
. 00295858 
. 00294985 


. 00294118 


.00293255 
00292398 
.00291545 


.00290698 
.00289855 
.00289017 


.00288184 
.00287356 
. 00286533 


.00285714 


. 00284900 
. 00284091 
. 00283286 
. 00282486 
.00281690 
. 00280899 
.00280112 
. 00279330 
.00278552 


28-31 


Circle (V = Diam.) 


Circum. Area 


911.061 | 66051.99 


914.203 | 66508.30 
917.344 | 66966.19 
920.486 | 67425.65 


923.627 | 67886.68 
926.769 | 68349.28 
929.91i | 68813.45 


933.052 | 69279.19 
936.194 | 69746.50 
939.335 | 70215.38 


942.477 | 70685 .83 
945.619 | 71157.86 
948.760 | 71631.45 
951.902 | 72106.62 


955.043 | 72583.36 
958.185 | 73061 .66 
961.327 | 73541.54 


964.468 | 74022.99 
967.610 | 74506.0) 
970.751 | 74990.60 


973.893 | 75476.76 


977.034 | 75964,50 
980.176 | 76453. 80 
983.318 | 76944.67 


986.459 | 77437.12 
989.601 | 77931.13 
992.742 | 78426.72 


995.884 | 78923.88 
999.026 | 79422.60 
1002.167 | 79922.90 


1005.309 | 80424.77 


1008.450 | 80928.21 
1011.592 | 81433.22 
1014,734 | 81939.80 


1017.875 | 82447.96 
1021,017 | 82957. 68 
1024,158 | 83468.97 
1027.300 | 83981.84 
1030.442 | 84496.28 
1033,583 | 85012.28 


.548 |100098, 21 
.689 |100659.77 
.831 |101222.90 
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PROPERTIES 


OF NUMBERS 


| | Se 


.00277778 
. 00277008 
. 00276243 
. 00275482 
. 00274725 
. 00273973 
- 00273224 
.00272480 
- 00271739 
- 00271003 
-00270270 


.00269542 


Nn? 


129600 


13032] 
131044 
131769 


132496 
133225 
133956 


134689 
135424 
136161 


136900 


137641 
138384 
139129 


139876 
140625 
141376 


142129 
142884 
143641 


144400 


145161 
145924 
146689 
147456 
148225 
148996 
149769 
150544 
151321 
152100 
152881 
153664 
154449 
155236 
156025 
156816 
157609 
158404 
159201 


160000 


160801 
161604 
162409 
163216 
164025 
164836 
165649 
166464 
167281 


168100 


168921 
169744 
170569 


171396 
172225 
173056 


173889 
174724 
175561 


176400 
177241 


178084 
178929 


179776 
180625 
181476 
182329 
183184 
18404] 


47045881 


49430863 
49836032 
50243409 
50653000 
51064811 
51478848 
51895117 
52313624 
52734375 
53157376 


53582633 


55306341 
55742968 
56181887 
56623104 
57066625 
57512456 


57960603 
58411072 
58863869 


59319000 
59776471 
60236288 
60698457 


61162984 


62570773 
63044792 
63521199 


64000000 
64481201 


64964808 
65450827 


65939264 
66430125 
66923416 


67419143 
67917312 
68417929 


68921000 
69426531 
69934528 
70444997 


70957944 
71473375 
71991296 


72511713 
73034632 
73560059 


74088000 


74618461 
75151448 
75686967 


76225024 
76765625 
77308776 
77854483 
78402752 
78953589 


46656000 


48627125 
49027896 


PA eee ee i eee ee 


wD DDD COO OY COD OOO DODO OW OOD DWN won WO OOD OOWO DOWNY @© 
Cee gS Pk mS 6: ier Oe Ist ce yeuistiam 198 aph ig Ueh (eh MK Me ak erin lan date cea ttaamaomenetaeemmionice te 


i ey A Se ae ere 


5 
N32 | VSN 
6830.5 | 3.2453 
6859.0 | 3.2471 
6887.5 | 3.2489 
6916.1 | 3.2507 
6944.7 | 3.2525 
6973.3 | 3.2543 
7002.0 | 3.2561 
7030.7 | 3.2579 
7059.5 | 3.2597 
7088.3 | 3.2614 
7117.1 | 3.2632 
7146.0 | 3.2650 
7174.9 | 3.2668 
7203.9 | 3.2685 
7232.8 | 3.2702 
7261.8 | 3.2719 
7290.9 | 3.2737 
7320.0 | 3.2754 
7349.2 | 3.2772 
7378.4 | 3.2789 
7407.6 | 3.2807 
7436.8 | 3.2824 
7466.1 | 3.2841 
7495.4 | 3.2858 
7524.8 | 3.2875 
7554.2 | 3.2892 
7583.7 | 3.2909 
7613.2 | 3.2926 
7642.7 | 3.2943 
7672.3 | 3.2960 
7701.9 | 3.2977 
7731.5 | 3.2994 
7761.2 | 3.3011 
7790.9 | 3.3028 
7820.7 | 3.3045 
7850.5 | 3.3061 
7880.3 | 3.3078 
7910.2 | 3.3095 
7940.1 eT | 
7970.0 | 3.3128 
8000.0 | 3.3145 
8030.0 | 3.3161 
8061.1 3.3178 
8090.2 | 3.3194 
8120.3 | 3.3211 
8150.5 | 3.3227 
8180.7 | 3.3243 
8210.9 | 3.3260 
B24) (2) 13.3276 
8271.5 | 3.3292 
8301.9 | 3.3308 
8332.3 | 3.3325 
8362.7 | 3.334] 
8393.2 | 3.3357 
8423.7 | 3.3373 
8454.2 | 3.3390 
8484.8 | 3.3406 
8515.4 | 3.3422 
8546.0 | 3.3438 
8576.7 | 3.3454 
8607.4 | 3.3470 
8638.2 | 3.3485 
8669.0 | 3.3501 
8699.8 | 3.3517 
8730.7 | 3.3533 
8761.6 | 3.3559 
8792.5 | 3.3564 
8823.5 | 3.3580 
8854.5 | 3.3596 
8885.6 | 3.3612 


. 00267380 
. 00266667 
-00265957 
. 00265252 
- 00264550 
- 00263852 


- 00263158 


- 00262467 
-00261780 
-00261097 


- 00260417 
- 00259740 
- 00259067 


- 00258398 
- 00257732 
- 00257069 


-00256410 


- 00255754 
- 00255102 
- 00254453 


00252525 


.00251889 
- 00251256 
. 00250627 


.00250000 
. 00249377 


- 00248756 
-00248139 


.00247525 
- 00246914 
- 00246305 


. 00245700 
. 00245098 
. 00244499 


.00243902 


. 00243309 
- 00242718 
. 00242131 


- 00241546 
- 00240964 
. 00240385 


. 00239808 
- 00239234 
. 00238663 


.00238095 


- 00237530 
- 00236967 
- 00236407 


.00235849 
- 00235294 
.00234742 
.00234192 
- 00233645 
- 00233100 


(Circle N = Diam.) 


104634. 67 
105208. 80 
105784.49 
106361.76 
106940.60 


107521 .01 


108102.99 
108686. 54 
109271.66 


109858.35 
110446.62 
111036.45 


111627.86 
112220. 83 
112815.38 


113411. 49 


114009.18 
114608. 44 
115209.27 


115811.67 
116415. 64 
117021.18 


117628.30 
118236.98 
118847.24 


119459 .06 


120072.46 
120687. 42 
121303.96 


121922.07 
122541.75 
123163.00 


12378582 
124410.21 
125036.17 


125663 .71 


126292. 81 
126923,48 
127555.73 
1269, 202)128189.55 
1272.344|128824.93 
1275. 486|129461. 89 


1278. 627|130100. 42 
- 7691130740. 52 
1284.910}131382.19 
1288 .052/132025 .43 


1291. 193)132670.24 
1294, 335|133316. 63 
1297. 477|133964.58 


1300. 618/134614.10 
1303.760}135265.20 
1306.901)135917. 86 


1310.043/136572.10 
1313. 185)137227.91 
1316.326)137885.29 


1319. 468/138544.24 


1322. 609|139204.76 
1325.751/139866. 85 
1328, 893)140530.5] 


1332.034/141195.74 
1335.176]141862.54 
1338.317/142530.92 


-459}143200. 86 
1344. 601]143872.38 
1347.742)144545. 46 


PROPERTIES OF NUMBERS 28-33 


Table 4.—Properties of Numbers—Continued 


Circle (NV = Diam.) 


Circum. Area 


gee oo “thaehee; quires es eee 3.3627 |.00232558 |1350.884|145220.12 
; 3 947.8 | 3. " 
432 | 186624 | 80621568] 20.7846] 7.5595 | 8979.0 3 3650 “00231481 1337 verlt deere ae 
ep te 81182737] 20.8087] 7.5654 | 9010.1 | 3.3674 |.00230947]1360.308|147253.52 
188356 | 81746504] 20.8327] 7.5712 | 9041.4 | 3.369 
435 | 189225 | 82312875] 20.8567| 7.5770 | 9072.7 33505 “00329882 366 sonlyasete 99 
on 190096 | 82881856] 20.8806] 7.5828 | 9104.0 | 3.3720 |.00229358]1369.733|/149301.05 
190969 | 83453453] 20.9045] 7.5886 | 9135.3 | 3. 0 
438 | 191844 | 84027672| 20.9284] 7.5944 | 9166.7 3 3780 0228311 13fe-eiellsoers oe 
439 | 192721 | 84604519] 20.9523] 7.6001 | 9198.1 | 3.3767 |.00227790|1379.158/151362.72 
ou oe ee are Pai 9229.5 | 3.8783 |.00227273 |1382.300|152053.08 
.0000) 7.6117 | 9261.0 | 3.3798 |. 
442 | 195364 | 86350888] 21.0238] 7.6174 | 9292.5 3-3513 “b02seoa4 1388, 583] 125498, 34 
443 | 196249 | 86938307} 21.0476] 7.6232 | 9324.1 | 3.3828 |.00225734|1391.724|154133.60 
444 | 197136 | 87528384] 21.0713] 7.6289 | 9355.7 | 3.3844 |.00225225 
445 | 198025 | 88121125) 21.0950| 7.6346 | 9387.3 | 3.3859 |.00224719 1398: 008l I s35a8, 43 
446 | 198916 | 88716536] 21.1187) 7.6403 | 9419.0 | 3.3874 |.00224215|1401.149|156228.26 
447 | 199809 | 89314623] 21.1424] 7.6460 | 9450.7 | 3.3889 |.00223714|1404.291]156929.62 
448 | 200704 | 89915392] 21.1660] 7.6517 | 9482.4 | 3.3904 |.00223214|1407. 4321157632. 55 
449 | 201601 | 90518849] 21.1896] 7.6574 | 9514.2 | 3.3919 |.00222717|1410.574| 158337 ,05 
450 | 202500 | 91125000] 21.2132] 7.6631 | 9546.0 | 3.3936 |.00222222/1418 .716/159043.13 
451 | 203401 | 91733851] 21.2368] 7.6688 | 9577.8 | 3.3950 |.00221729|1416.857|159750.77 
452 | 204304 | 92345408] 21.2603] 7.6744 | 9609.6 | 3.3965 |.0022123911419.999|160459.99 
453 | 205209 | 92959677] 21.2838] 7.6801 | 9641.5 | 3.3980 |.00220751|1423.140|161170.77 
454 | 206116 | 93576664] 21.3073] 7.6857 | 9673.5 | 3.3995 |.0022026411426.282|161883. 13 
455 | 207025 | 94196375] 21.3307] 7.6914 | 9705.5 | 3.4010 |.00219780|1429. 423|162597.05 
456 | 207936 | 94818816) 21.3542| 7.6970 | 9737.5 | 3.4025 |.00219298/1432.565|163312.55 
457. | 208849. | 95443993] 21.3776] 7.7026 | 9769.5 | 3.4039 |.00218818|1435.707| 164029. 62 
458 | 209764 | 96071912] 21.4009) 7.7082 | 9801.6 | 3.4054 |.00218341/1438.848|164748.26 
459 | 210681 | 96702579] 21.4243| 7.7138 | 9833.8 | 3.4069 |.00217865|1441.990|165468.47 
460 | 211600 | 97336000) 21.4476] 7.7194 | 9865.9 | 3.4084 |.00217391|1445 .131/166190.25 
461 | 212521 | 97972181] 21.4709| 7.7250 | 9898.1 | 3.4199 |.00216920/1448, 2731166913. 60 
462 | 213444 | 98611128] 21.4942] 7.7306 | 9930.3 | 3.4113 |.00216450|1451 .415|167638.52 
463. | 214369 | 99252847| 21.5174| .7.7362 | 9962.6 | 3.4128 |.00215983|1454.556| 168365. 02 
464 | 215296 | 99897344) 21.5407] 7.7418 | 9994.8 | 3.4143 |.0021551711457. 698|169093.08 
465 | 216225 1100544625] 21.5639| 7.7473 |10027. | 3.4158 |.0021505411460. 839169822. 72 
466 | 217156 1101194696] 21.5870) 7.7529 |10060 3.4173 |.00214592|1463.9811170553.92 
467. | 218089 |101847563| 21.6102] 7.7584 |10092 3.4187 |.00214133]1467. 123/171286.70 
468 | 219024 |102503232| 21.6333) 7.7639 |10124 3.4202 |.00213675|1470.264|/172021 .05 
469 | 219961 1103161709] 21.6564) 7.7695 |10157 3.4217 |.00213220| 1473. 406|172756.96 
470 | 220900 |103823000] 21.6795] 7.7750 |10189 8.4231 |.00212766|1476 .647/173494. 45 
471 | 221841 |104487111| 21.7025] 7.7805 }10222 3.4246 |.00212314]1479. 689]174233. 51 
472 | 222784 |105154048| 21.7256] 7.7860 |10255 3.4260 |.00211864|1482.830|174974.14 
473 | 223729 |105823817| 21.7486] 7.7915 |10287 3.4275 |.00211416]1485.9721175716.34 
474 | 224676 |106496424| 21.7715] 7.7970 |10320 3.4289 |.00210970|1489.114]176460. 12 
475 | 225625 |107171875| 21.7945] 7.8025 |10352 3.4304 |.00210526|1492.255|177205.46 
476 | 226576 |107850176| 21.8174] 7.8079 |10385 3.4318 |.00210084|1495. 3971177952. 37 
477. | 227529 |108531333| 21.8403) 7.8134 |10418 3.4332 |.00209644|1498.538]/178700. 86 
478 | 228484 |109215352| 21.8632] 7.8188 |10450 3.4347 |.00209205|1501.680|179450. 91 
479 | 229441 |109902239} 21.8861] 7.8243 |10483 3.4361 |.00208768|1504.822|180202.54 
480 | 230400 |110592000] 21.9089] 7.8297 |10516 3.4375 |.00208333|1507 .963/180955.74 
481 | 231361 1111284641) 21.9317) 7.8352 |10549 3, 4390 |.00207900|1511.105/181710.50 
482 | 232324 1111980168] 21.9545| 7.8406 |10582 3.4404 |.00207469|1514.246/182466. 84 
483 | 233289 |112678587| 21.9773] 7.8460 |10615 3.4418 |.00207039|1517.388|183224.75 
484 | 234256 1113379904] 22.0000] 7.8514 |10648 3.4433 |.0020661211520.530]183984, 23 
485 | 235225 1114084125] 22.0227| 7.8568 |10681 3.4447 |.00206186|1523. 6711184745. 28 
486 | 236196 |114791256| 22.0454] 7.8622 |10714 3.4461 |.00205761/1526.813|185507, 90 
487. | 237169 1115501303! 22.0681] 7.8676 |10747 3.4475 |.00205339|1529.954|186272. 10 
488 | 238144 |116214272| 22.0907] 7.8730 |10780 3.4489 |_00204918]1533.096| 187037. 86 
489 | 239121 1116930169| 22.1133] 7.8784 |10813 3.4504 |.00204499|1536. 238|187805. 19 
490 | 240100 |117649000| 22.1359] 7.8837 |10847 8.4518 |.00204082|1639 379 Ato) 
241081 |118370771| 22.1585] 7.8891 |10880 3.4532 |.00203666]1542. 5211189344. 
492 242064 1119095488] 22.1811] 7.8944 |10913 3.4546 | 0020325211545. 662|190116. 62 
493 | 243049 1119823157| 22.2036] 7.8998 |10946 3 4560 |.00202840| 1548. 804| 190890 . 24 
244036 1120553784] 22.2261] 7.9051 |10980 3.4574 |.00202429]1551.945/191665. 43 
495 245025 |121287375| 22.2486] 7.9105 |11013 3° 4588 |.00202020|1555.087|192442. 18 
496 | 246016 122023936] 22.2711] 7.9158 |11046, | 3.4602 |.00201613}1558.229/193220.51 
247009 1122763473] 22.2935] 7.9211 |11080, | 3.4616 |.00201207]1561.370)194000. 41 
498 248004 |123505992| 22.3159] 7.9264 |II113. | 3.4630 |.00200803/1564.512)194781 . 89 
499 | 249001 |124251499| 22.3383] 7.9317 |11147. | 3.4643 |.0020040!/1567.653/195564.93 


28-34 
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Circum. 


250000 


251001 
252004 
253009 


254016 
255025 
256036 


257049 
258064 
259081 


260100 


261121 
262144 
263169 


264196 
265225 
266256 


267289 
268324 
269301 


270400 


271441 
272484 
273529 


274576 
275625 
276676 


277729 
278784 
279841 
280900 
281961 
283024 
284089 
285156 
286225 
287296 
288369 
289444 
290521 
291600 
292681 
293764 
294849 
295936 
297025 
298116 


299209 
300304 
301401 
302500 
303601 
304704 
305809 
306916 
308025 
309136 


310249 
311364 
312481 


813600 


314721 
315844 
316969 


318096 
319225 
320356 
321489 
322624 
323761 


125000000 


125751501 
126506008 
127263527 


128024064 
128787625 
129554216 


130323843 
131096512 
131872229 


132651000 


133432831 
134217728 
135005697 


135796744 
136590875 
137388096 


138188413 
138991832 
139798359 


140608000 


141420761 
142236648 
143055667 


143877824 
144703125 
145531576 


146363183 
147197952 
148035889 


148877000 


149721291 
150568768 
151419437 


152273304 
153130375 
153990656 


154854153 
155720872 
156590819 
157464000 
158340421 
159220088 
160103007 
160989184 
161878625 
162771336 


163667323 
164566592 
165469149 
166375000 
167284151 
168196608 
169112377 
170031464 
170953875 
171879616 
172808693 
173741112 
174676879 


175616000 


176558481 
177504328 
178453547 


179406144 
180362125 
181321496 
182284263 
183250432 
184220009 


COC OOO OOO DW ODO DOD OOD DODD DOD DOD DW ODM DDD DOD DW ODD OOD DOD DODD DDD OONNNNNNNN NIN 
Soe es se ee 8 8 8 a ate Me) lg a ened ea) ete chemi Set KBr et egmietiiet se Ne. Male site ml Amat se tetas emianil’e ota) Sant) Shite ete ia as we en eee Sl 6 an a el ae Ree eet 


WWW WWW WWW 1 WWW WWW WWW WWW WWW WWW WM WWW WWW WWW WWW WWW WWW DW WWW WWW WWW W@W WWW WWW WWW & 


-5565 


.00198020 
- 00197628 


.00197239 
. 00196850 
- 00196464 
.00196078 
.00195695 
.00195313 
.00194932 
.00194553 
-00194175 
.00193798 
.00193424 
. 00193050 
.00192678 


-00192308 


.00191939 
.00191571 
-00191205 
. 00190840 
. 00190476 
-00190114 
.00189753 
.00189394 
- 00189036 


.00188679 


. 00188324 
-00187970 
-00187617 


. 00187266 
- 00186916 
- 00186567 


.00186220 
-00185874 
-00185529 
-00185185 
-00184843 
- 00184502 
- 00184162 
.00183824 
- 00183486 
- 00183150 
-00182815 
- 00182482 
-00182149 


-00181818 


. 00200000 


.00199601 
.00199203 
. 00198807 


.00198413 


- 00181488 
- 00181159 
- 00180832 


.00180505 
-00180180 
-00179856 


.00179533 
-00179211 
-00178891 


-00178571 


.00178253 
- 00177936 
-00177620 


- 00177305 
-00176991 
- 00176678 
-00176367 
- 00176056 
-00175747 


Circle (VY = Diam.) 


Area 


1570.795) 196349. 

1573 .937| 197135. 
1577.078)197923. 
1580. 220) 198712. 


1583.361|199503. 
1586. 503}200296. 
1589. 645|201090. 


1592.786|201885. 
1595.928)202682. 
1599.069/203481. 


1602 .211/204282. 
1605.352)205083. 


1608. 494) 205887. 
1611. 636)206692. 


1614.777|207499. 
1617.919)208307. 
1621.060)209116. 


1624. 202/209928. 
1627.344|210741. 
1630. 485)211555. 


1633 .627/212371. 
1636.768/213189. 


1639.910|214008. 
1643 .052|214829. 


1646, 193/215651. 
1649. 335|216475. 
1652. 476|217300. 


1655.618/218127. 
1658.760)218956. 
1661.901}219786. 


1665 .043/220618 . 


1668. 184)221451. 
1671 .326}222286. 
1674. 467)223122. 


1677 .609)223961. 
1680.751)224800. 
1683.892}225641. 


1687 .034)226484, 
1690.175)227328. 
1693 .317}228174. 


1696 .459/229022. 


1699 ,600/229871. 
1702.742)230721. 
1705. 883|}231573. 


1709 .025|232427. 
1712. 167|233282. 
1715.308)234139. 


1718. 450/234998. 
1721.591)235858. 
1724.733|236719. 


1727 .875/237582. 


1731.016)238447. 
1734, 158)239313. 
1737 .299/240181. 


1740.441]241051. 
1743 .582)241922. 
1746.724|242794, 


1749 .866|243668. 
1753 .007|244544. 
1756.149)245422. 


1759 .290/246300. 


1762. 432|247181. 
1765 .574)248063. 
1768.715|248946, 


1771. 857|249832. 
1774.998)250718. 
1778. 140/251607. 
1781. 282)252496. 
1784. 423|253388. 
1787. 565}254281. 
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Ns 


—_— | J a sa a | 
— _—————_ 


326041 
327184 
328329 
329476 
330625 
331776 


332929 
334084 
335241 


336400 


337561 
338724 
339889 
341056 
342225 
343396 


344569 
345744 
346921 


348100 
349281 


350464 
351649 


352836 
354025 
355216 


356409 
357604 
358801 


360000 
361201 


362404 
363609 


364816 
366025 
367236 


368449 
369664 
370881 


372100 


373321 
374544 
375769 


376996 
378225 
379456 


380689 
381924 
383161 
384400 
385641 
386884 
388129 
389376 
390625 
391876 


393129 
394384 
395641 


396900 


398161 
399424 
400689 


401956 
403225 
404496 
405769 
407044 
408321 


186169411 
187149248 
8132517 
9119224 
0109375 
1102976 
2 


194104539 
195112000 


196122941 
197137368 
198155287 


199176704 
200201625 
201230056 


202262003 
203297472 
204336469 
205379000 
206425071 
207474688 
208527857 
209584584 
210644875 
211708736 


212776173 
213847192 
214921799 


216000000 
217081801 


218167208 
219256227 


220348864 
221445125 
222545016 


223648543 
224755712 
225866529 


226981000 


228099131 
229220928 
230346397 


231475544 
232608375 
233744896 


234885113 
236029032 
237176659 


238328000 


239483061 
240641848 
241804367 
242970624 
244140625 
245314376 


246491883 
247673152 
248858189 


250047000 
251239591 


252435968 
253636137 


254840104 
256047875 
257259456 


258474853 


259694072 
260917119 
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.00175439 


.00175131 
.00174825 
-00174520 


.00174216 
-00173913 
-00173611 


.00173310 
.00173010 
-00172712 


-00172414/ 1822 


-00172117 
.00171821 
-00171527 


-00171233 
.00170940 
.00170648 


.00170358 
- 00170068 
.00169779 


.00169492 


. 00169205 
. 00168919 
. 00168634 


.00168350 
- 00168067 
.00167785 


-00167504 
.00167224 
.00166945 


. 00166667 


. 00166389 
.00166113 
- 00165837 


.00165563 
. 00165289 
-00165017 


.00164745 
.00164474 
. 00164204 
. 00163934 
. 00163666 
. 00163399 
.00163132 
. 00162866 
.00162602 
.00162338 
.00162075 
.00161812 
.00161551 


.00161290/ 1947 


.00161031 
.00160772 
.00160514 


.00160256 
. 00160000 
.00159744 


.00159490 
. 00159236 
. 00158983 
. 00158730) 1979 
00158479} 1982 
00158228) 1985 
. 00157978 
00157729 
00157480 
00157233 
00156986) 2001 
00156740] 2004 
00156495) 2007 


1960 
1963 
1966 
1969 
1972 
1976 


1988 
1991 


1994 
1998 


- 106/255175 .86 


. 848)256072.00 
.989|256969.71t 
- 131/257868.99 


- 273)258769. 85 
-4141259672.27 
- 556|260576. 26 
-697}261481. 83 
. 839/ 262388. 96 
.981)263297.67 
.122/264207 94 
-264)265119.79 
- 405|266033.21 

.547/266948.20 
- 689|267864.76 
. 830/268782. 89 


-972)269702.59 


. 113)270623. 86 
-255}271546.70 
-397|272471.12 


.538/273397 .10 


. 680/274324. 66 
.821/275253.78 
- 963)276184.48 


-104)277116.75 
.246)278050.58 
-388)278985.99 


.529/279922 .97 
.671/280861 52 
.812/281801.65 


.954/282743 .34 


.096/283686.60 
.237|284631 .44 
.379|285577 . 84 


.520/286525, 82 
.662|287475 36 
. 804/288426. 48 


.945|289379. 17 
.087/290333. 43 
.228}291289. 26 


.370|292246 , 66; 


.5111293205 63: 
.653}294166. b7! 
.795|}2951 28.28: 
.936)296091 97 
.078)}297057 .22: 
.219}298024,..05 


3611298992), 44: 
5031299962’. 41, 
6441300933. 95. 
.786|301907 ..05 
.927}302881 . 73: 
069/303857, 98: 
211304835. 80) 


3521305815, 20: 
*494/306796. 16. 
*635|307778. 69 


177) 308752. 79 
.919}309748 47 
.060/310735.71 


.202/311724 53 


3431312714 92: 
.485|313706 . 88 
. 026/314700 . 40 


.768)315695 . 50: 
-910)}316692 . 17 
.051)317690 , 42 
. 1934318690 , 23 
.334/319691 61 
.476)320694 56 


28-36 


409600 


410881 
412164 
413449 
414736 
416025 
417316 


418609 
419904 
421201 
422500 
423801 
425104 
426409 
427716 
429025 
430336 
431649 
432964 
434281 
435600 
436921 
438244 
439569 
440896 
442225 
443556 


444889 
446224 


| 447561 


448900 


450241 
451584 
452929 


454276 
455625 
456976 


458329 
459684 
461041 


462400 


463761 
465124 
466489 


467856 
469225 
470596 
471969 
473344 
474721 


476100 


477481 
478864 
480249 


481636 
483025 
484416 


485809 
487204 
488601 


490000 


491401 
492804 
494209 


495616 
497025 
498436 


499849 


501264 
502681 


262144000 
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263374721 
264609288 
265847707 


267089984 
268336125 
269586136 


270840023 
272097792 
273359449 


274625000 


275894451 
277167808 
278445077 


279726264 
281011375 
282300416 


283593393 
284890312 
286191179 


287496000 


288804781 
290117528 
291434247 


292754944 
294079625 
295408296 


296740963 
298077632 
299418309 


300763000 


302111711 
303464448 
304821217 


306182024 
307546875 
308915776 


310288733 
311665752 
313046839 


314432000 


315821241 
317214568 
318611987 


320013504 
321419125 
322828856 


324242703 
325660672 
327082769 


328509000 


329939371 
331373888 
332812557 


334255384 
335702375 
337153536 


338608873 
340068392 
341532099 


843000000 


344472101 
345948408 
347428927 


348913664 
350402625 
351895816 


353393243 
354894912 
356400829 


5 


VN 


1 


N 


.00156006 
. 00155763 
.00155521 
.00155280 
.00155039 
. 00154799 


.00154560 
.00154321 
. 00154083 


.00153846 


. 00153610 
.00153374 
- 00153139 


.00152905 
. 00152672 
. 00152439 


.00152207 
.00151976 
.00151745 
.00151515 
. 00151286 
. 00151057 
- 00150830 


. 00150602 
.00150376 
.00150150 


.00149925 
.00149701 
- 00149477 


.00149254 


. 00149031 
. 00148810 
- 00148588 


.00148368 
- 00148148 
.00147929 


.00147710 
-00147493 
-00147275 


-00147059 


- 00146843 
.00146628 
- 00146413 


- 00146199 
- 00145985 
. 00145773 


.00145560 
- 00145349 
- 90145138 


.00144928 


.00144718 
.00144509 
. 00144300 


. 00144092 
- 00143885 
. 00143678 


.00143472 
- 00143266 
- 00143062 
.00142857 
. 00142653 
- 00142450 
- 00142248 
.00142045 
.00141844 
- 00141643 
.00141443 
- 00141243 
- 00141044 


Circle (V = Diam.) 


Circum. Area 


2a) a | | | 
—_———_ 


2013.759/322705.18 
2016.901/323712.85 
2020.042}324722.09 


2023. 184/325732.89 
2026.326|/326745.27 
2029. 467/327759.22 


2032. 609|/328774.74 
2035 .750/329791.83 
2038. 892/330810.49 


2042 .034/331830.72 


2045. 175|332852.53 
2048. 317|333875.90 
2051.458)334900. 85 


2054. 600/335927.36 
2057 .741|336955.45 
2060. 883/337985.10 


2064 .025/339016.33 
2067. 166|340049. 13 
2070.308/341083.50 


2073 .449/342119 44 


2076 .591|343156.95 
2079 .733|344196.03 
2082. 874|345236. 69 


2086.016/346278.91 
2089. 157|/347322.70 
2092. 299|348368.07 


2095. 441/349415.00 
2098 .582/350463.51 
2101.724/351513.59 


2104. 865/352565 .24 


2108,007/353618.45 
2111. 148)354673.24 
2114.290}355729.60 


2117. 432/356787.54 
2120.573/357847.04 
2123.715}358908. 11 


2126.856|359970.75 
2129.998/361034.97 
2133. 140/362100.75 


2136 .281/363168 .11 


2139. 423|364237.04 
2142. 564|365307.54 
2145.706|366379.60 


2148. 848/367453.24 
51.989)368528.45 
55.131]369605. 23 


58. 272)370683 59 
61.414|371763.51 
64.556/372845.00 


.697/373928 . 07 


70.839)375012.70 
73 .980)376098.91 
77. 122|377186. 68 


80. 263)378276.03 
183. 405}379366.95 
2186. 547/380459.44 
2189. 688/381553.50 
2192, 830)382649.13 
2195 .9711383746. 33 


2199 .113}384845 .10 


2202. 255/385945.44 
2205 .396|387047. 36 
2208, 538)/388150. 84 


2211. 679/389255.90 
2214.821/390362.52 
2217.963/391470.72 
2221. 104/392580. 49 
2224. 246}393691. 82 
2227. 387|394804.73 


Se aes paca eieee 
for) 
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Table 4.—Properties cf Numbers—Continued 


N3 


28-37 


Circle (NV = Diam.) 


Circum, Area 


N 5 
710 | 504100 
711 | 505521 
712 | 506944 
713 | 508369 
714 | 509796 
715° | 511225 
716 | 512656 
717 | 514089 
718 | 515524 
719 | 516961 
720 | 618400 
721 | 519841 
722 | 521284 
723 | 522729 
724 | 524176 
725 | 525625 
726 | 527076 
727 | 528529 
728 | 529984 
729 | 531441 
730 | 532900 
731 | 534361 
732 | 535824 
733 | 537289 
734 | 538756 
735 | 540225 
736 | 541696 
737 | 543169 
738 | 544644 
739 | 546121 
740 | 547600 
741 | 549081 
742 | 550564 
743, | 552049 
744 | 553536 
745 | 555025 
746 | 556516 
747 | 558009 
748 | 559504 
749 | 561001 
750 | 562500 
751 | 564001 
752 | 565504 
753 | 567009 
754 | 568516 
755 | 570025 
756 | 571536 
757 | 573049 
758 | 574564 
759 | 576081 
760 | 577600 
761 | 579121 
762 | 580644 
763 | 582169 
764 | 583696 
765 | 585225 
766 | 586756 
767 | 588289 
768 | 589824 
769 | 591361 
770 | 692900 
771 | 594441 
772 | 595984 
773 | 597529 
774 | 599076 
775 | 600625 
776 | 602176 
777 | 603729 
778 | 605284 
779 | 606841 


357911000 


359425431 
360944128 
362467097 


363994344 
365525875 
367061696 


368601813 
370146232 
371694959 


373248000 


374805361 
376367048 
377933067 


379503424 
381078125 
382657176 


384240583 
385828352 
387420489 


389017000 
390617891 


392223168 
393832837 


395446904 
397065375 
398688256 


400315553 
401947272 
403583419 


406224000 
406869021 
408518488 
410172407 


411830784 
413493625 
415160936 


416832723 
418508992 
420189749 


421875000 


423564751 
425259008 
426957777 
428661064 
430368875 
432081216 


433798093 
435519512 
437245479 


438976000 


440711081 
442450728 
444194947 


445943744 
447697125 
449455096 


451217663 
452984832 
454756609 


456533000 


458314011 
460099648 
461889917 


463684824 
465484375 
467288576 


469097433 
470910952 
472729139 


26.6833 
26.7021 


O00 DOOD ODD D000 DODD ODD ODM DW ODD OTD DDD wm 


WOOD OOO OOD OW COD DOD DOO DW OOD DONO woo 8 wooo DLO © 


-00140845 


-00140647 
.00140449 
-00140252 


- 00140056 
. 00139860 
- 00139665 


.00139470 
. 00139276 
- 00139082 


-00138889 


- 00138696 
- 00138504 
- 00138313 


-00138122 
- 00137931 
- 00137741 


. 00137552 
- 00137363 
- 00137174 


-00136986 


- 00136799 
-00136612 
- 00136426 


-00136240 
- 00136054 
- 00135870 


- 00135685 
- 00135501 
-00135318 


-00136136 
00134953 


. 00134771 
. 00134590 


. 00134409 
-00134228 
- 00134046 
- 00133869 
- 00133690 
.00133511 


- 00133333 


. 00133156 
. 00132979 
-00132802 


.00132626 
- 00132450 
.00132275 
.00132100 
.00131926 
-00131752 
.00131579 
. 00131406 
. 00131234 
. 00131062 
. 00130890 
. 00130719 
. 00130548 
. 00130378 
. 00130208 
.00130039 


.00129870 


00129702 
00129534 
00129366 


00129199 
00129032 
00128866 
00128700 
00128535 
00128370 


2230 .529/395919 21 


2233. 670/397035.26 
2236.812/398152.89 
2239.954/399272.08 


2243 .095/400392.84 
2246.237/401515.18 
2249. 378|402639.08 


2252.520)403764 .56 
2255. 662/404891. 60 
2258. 803)406020. 22 


2261 .945/407150.41 


2265 .086/408282.17 
2268. 228/409415.50 
2271.370)410550.40 


2274.5111411686. 87 
2277. 653)412824.91 
2280.7941413964.52 


2283 .936)415105.71 
2287 .078/416248. 46 
2290.219/417392.79 


2293 .361/418538 68 


2296.502)419686. 15 
2299, 644/420835.19 
2302.785/421985.79 


2305.927/423137.97 
2309 .069/424291.72 
2312.210|425447.04 


2315.352}426603.94 
2318. 493/427762. 40 
2321. 635/428922, 43 


2324 .777|430084 .08 


2327 .918/431247.21 
2331.060/432411.95 
2334. 201/433578.27 


2337.343/434746.16 
2340. 485/435915.62 
2343. 6261437086. 64 


2346, 768)438259.24 
2349909) 439433. 41 
2353 .051/440609.16 


2356 .193|441786 47 


2359 .3341442965.35 
2362. 476}444145. 80 
2365. 617|}445327. 83 


2368.759/446511.42 
2371 .900}447696.59 
2375 .042/448883, 32 


2378. 184450071. 63 
2381.325/451261.51 
2384. 467|452452.96 
2387 .608/453645 .93 
2390.750)}454840.57 
2393. 892/456036.73 
2397 .033|457234. 46 
2400. 175|458433.77 
2403.316/459634.64 
2406. 458) 460837 .08 
2409. 600}462041.10 
2412.741|463246. 69 
2415. 883|464453. 84 


2419 .024/465662 .57 


2422. 166|466872. 87 
2425.307/468084.74 
2428 .449|469298. 18 


2431.5911470513.19 
2434.732/471729.77 
2437. 874|472947 .92 
2441.015/474167.65 
2444. 157|475388.94 
2447.299)476611.81 


28-38 


PROPERTIES OF NUMBERS 


Table 4.—Properties of Numbers—Continued 


Circum. 


Circle (NV = Diam.) 
Area 


440/477836 


N 
780 | 608400 |474552000| 27.9285 9.2052 | 21784 
781 | 609961 |476379541| 27.9464] 9.2091 | 21826 
782 | 611524 |478211768| 27.9643] 9.2130 | 21868 
783 | 613089 |480048687| 27.9821] 9.2170 | 21910 
784 | 614656 [481890304] 28.0000] 9.2209 | 21952 
785 | 616225 |483736625| 28.0179| 9.2248 | 21994 
786 | 617796 |485587656| 28.0357| 9.2287 | 22036 
787 | 619369 |487443403| 28.0535] 9.2326 | 22078 
788 | 620944 |489303872| 28.0713| 9.2365 | 22120 
789 | 622521 [491169069] 28.0891] 9.2404 | 22162 
790 | 624100 |493039000| 28.1069] 9.2443 | 22205 
791 | 625681 |494913671| 28.1247| 9.2482 | 22247 
792 | 627264 |496793088| 28.1425| 9.2521 | 22289 
793 | 628849 |498677257| 28.1603] 9.2560 | 22331 
794 | 630436 |500566184| 28.1780] 9.2599 | 22373 
795 | 632025 |502459875| 28.1957| 9.2638 | 22416 
796 | 633616 |504358336| 28.2135| 9.2677 | 22458 
797 | 635209 |506261573| 28.2312] 9.2716 | 22500 
798 | 636804 |508169592| 28.2489| 9.2754 | 22543 
799 | 638401 |510082399| 28.2666] 9.2793 | 22585 
800 | 640000 |512000000| 28.2843 9.2832 | 22627 
801 | 641601 |513922401| 28.3019] 9.2870 | 22670 
802 | 643204 |515849608] 28.3196| 9.2909 | 22712 
803 | 644809 |517781627| 28.3373| 9.2948 | 22755 
804 | 646416 [519718464] 28.3549| 9.2986 | 22797 
805 | 648025 |521660125| 28.3725] 9.3025 | 22840 
806 | 649636 |523606616| 28.3901| 9.3063 | 22883 
807 | 651249 |525557943| 28.4077| 9.3102 | 22925 
808 | 652864 |527514112| 28.4253| 9.3140 | 22968 
809 | 654481 [529475129] 28.4429] 9.3179 | 23010 
810 | 656100 |531441000| 28.4605| 9.3217 | 23053 
811 | 657721 |533411731| 28.4781| 9.3255 | 23096 
812 | 659344 |535387328| 28.4956] 9.3294 | 23138 
813 | 660969 |537367797| 28.5132| 9.3332 | 23181 
814 | 662596 |539353144| 28.5307] 9.3370 | 23224 
815 | 664225 |541343375| 28.5482] 9.3408 | 23267 
816 | 665856 |543338496| 28.5657| 9.3447 | 23310 
817 | 667489 |545338513| 28.5832] 9.3485 | 23352 

I 669124 |547343432| 28.6007| 9.3523 | 23395 
819 | 670761 |549353259| 28.6182] 9.3561 | 23438 
820 | 672400 |551368000| 28.6356] 9.3599 | 23481 
821 | 674041 |553387661| 28.6531] 9.3637 | 23524 
822 | 675684 |555412248| 28.6705| 9.3675 | 23567 
823 | 677329 |557441767| 28.6880| 9.3713 | 23610 
824 | 678976 |559476224| 28.7054] 9.3751 | 23653 
825 | 680625 |561515625| 28.7228| 9.3789 | 23696 
826 | 682276 |563559976| 28.7402| 9.3827 | 23740 
827 | 683929 |565609283| 28.7576] 9.3865 | 23783 
828 | 685584 |567663552| 28.7750| 9.3902 | 23826 
829 | 687241 |569722789| 28.7924] 9.3940 | 23869 
830 | 688900 |571787000| 28.8097| 9.3978 | 23912 
831 | 690561 [573856191] 28.8271] 9.4016 | 23955 
832 | 692224 |575930368| 28.8444] 9.4053 | 23999 
833 | 693889 |578009537| 28.8617] 9.4091 | 24042 
834 | 695556 |580093704| 28.8791| 9.4129 | 24085 
835 | 697225 |582182875| 28.8964] 9.4166 | 24128 
836 | 698896 |584277056| 28.9137| 9.4204 | 24172 
837 | 700569 |586376253| 28.9310] 9.4241 | 24215 
838 | 702244 |588480472| 28.9482| 9.4279 | 24259 
839 | 703921 |590589719| 28.9655| 9.4316 | 24302 
840 | 705600 |592704000| 28.9828] 9.4354 | 24346 
841 | 707281 |594823321| 29.0000] 9.4391 | 24389 
842 | 708964 |596947688| 29.0172| 9.4429 | 24432 
843 | 710649 |599077107| 29.0345| 9.4466 | 24476 
844 | 712336 |601211584| 29.0517| 9.4503 | 24520 
845 | 714025 |603351125| 29.0689] 9.4541 | 24563 
846 | 715716 |605495736| 29.0861] 9.4578 | 24607 
847 | 717409 |607645423| 29.1033] 9.4615 | 24650 
848 | 719104 |609800192| 29.1204] 9.4652 | 24694 
849 | 720801 1611960049] 29.1376] 9.4690 | 24738 


G9 Go 9 Gn O53 G9 9.60 W969 OF) 5 U2 G9 G9 U9 G9. 69/09 U9 U9 [G9 09 99 U9 9 [6999 9 USE 9 G23 2 9S 18 Sas S23 Fe 0 Se aba ee osteo a 


- 00128205 
.00128041 
.00127877 
.00127714 
.00127551 
. 00127389 
.00127226 
. 00127065 
. 00126904 
. 00126743 


.00126582 


. 00126422 
. 00126263 
- 00126103 


. 00125945 
. 00125786 
.00125628 


.00125471 
. 00125313 
.00125156 
.00125000 
. 00124844 
- 00124688 
- 00124533 


. 00124378 
- 00124224 
- 00124069 


-00123916 
- 00123762 
- 00123609 


-00123457 


. 00123305 
- 00123153 
.00123001 
. 00122850 
.00122699 
- 00122549 


. 00122399 
. 00122249 
. 00122100 


-00121951 |2576 


- 00121803 
-00121655 
. 00121507 


.00121359 
-00121212 
-00121065 


00120919 
*00120773 
:00120627 
.00120482 
. 00120337 
00120192 
00120048 
00119904 
:00119760 
:00119617 
00119474 
"00119332 
00119190 


.00119048 


00118906 
00118765 
00118624 


00118483 
00118343 


.00118203 


00118064 


2450. 
2453. 
2456. 
2459, 
2463, 
2466. 
2469. 
2472. 
2475. 
2478. 


2481 


2484, 


2572. 


2579. 
2582. 
2585. 


2588, 


2591 


2594, 


2 


502|559467 
644|560793 


-785|562122. 


927|563451 


00117925|2664. 068/564782 
00117786|2667.210|566115 


24 
582) 479062. 
723| 480289. 
865}481518. 


007/482749. 
148) 483981. 
290/ 485215. 


431|486451. 
573|487688. 
715488926. 


.856/490166. 


998) 491408. 
- 1391492651. 
. 281)493896. 
-422/495143. 
-564/496391. 
-706|497640, 
.847/498891. 
-989|500144. 
- 130)501398, 


-272|502654. 


-414/503912. 
-555/505171, 
-697/506431, 


- 838/507693. 
-980)508957. 
+ 122)510222. 


- 263|511489. 
-405|512758. 
-546/514028. 


-688/515299. 


-829/516572. 
- 971517847. 
-113)519123. 
- 254/520401. 
-396/521681. 
-537|522962. 
-679)524244, 
-821/525528. 
962/526814. 


-104/528101. 


245|529390. 
387|530680. 
529|531972. 
670|533266. 
-812/534561, 
953)}535858. 


-095|537156,. 
- 237|538456. 
-378|539757. 


-520/541060. 


-661/542365. 
-803/543671. 
-944)544979, 


-086/546288, 
- 228547599, 
-369/548911. 


-511)550225, 
-652/551541, 
-794}552858. 
-936|/554176. 
-077|555497 
-219/556819 
360)558142. 


N2 


722500 


724201 
725904 
727609 


729316 
731025 
732736 


734449 
736164 
737881 


739600 


741321 
743044 
744769 


746496 
748225 
749956 


751689 
753424 
755161 


756900 


758641 
760384 
762129 


763876 
765625 
767376 
769129 
770884 
772641 


774400 
776161 


777924 
779689 


781456 
783225 
784996 


786769 
788544 
790321 


792100 


793881 
795664 
797449 
799236 
801025 
802816 


804609 
806404 
808201 


810000 


811801 
813604 
815409 


817216 
819025 
820836 


822649 
824464 
826281 


828100 


829921 
831744 
833569 


835396 
837225 
839056 
840889 
842724 
844561 
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Table 4.—Properties of Numbers—Continued 


Nn3 


614125000 


616295051 
618470208 
620650477 


622835864 
625026375 
627222016 


629422793 
631628712 
633839779 


636056000 


638277381 
640503928 
642735647 


644972544 
647214625 
649461896 


651714363 
653972032 
656234909 
658603000 
660776311 
663054848 
665338617 
667627624 
669921875 
672221376 
674526133 
676836152 
679151439 
681472000 
683797841 
686128968 
688465387 


690807104 
693154125 
695506456 


697864103 
700227072 
702595369 


704969000 


707347971 
709732288 
712121957 


714516984 
716917375 
719323136 


721734273 
724150792 
726572699 


729000000 


731432701 
733870808 
736314327 


738763264 
741217625 
743677416 


746142643 
748613312 
751089429 


753571000 


756058031 
758550528 
761048497 


763551944 
766060875 
768575296 
771095213 
773620632 
776151559 


-00117509) 2673. 
-00117371)2676. 
-00117233)2679, 


. 00117096] 2682, 
. 00116959) 2686. 
. 00116822] 2689, 


- 00116686] 2692. 
- 00116550) 2695. 
-00116414)2698, 


.00116279 |2701. 


-00116144/2704. 
.00116009)2708. 
-00115875)2711. 


.00115741}2714. 
-00115607)2717. 
.00115473/2720. 


.00115340)2723. 
.00115207/2726. 
-00115075|2730. 


.00114943 |2733. 


.00114811]2736. 
-00114679)2739. 
-00114548)2742. 


.00114416]2745. 
.00114286)2748. 
-00114155)2752. 


.00114025/2755. 
.00113895/2758. 
-00113766|2761 


-00113636 |2764. 


.00113507]2767. 
.00113379/2770. 
.00113250)2774. 


.00113122)2777. 
. 00112994) 2780. 
.00112867)2783. 


.00112740/2786. 
.00112613/2789. 
.00112486)2792. 


.00112360/2796. 


. 0011223312799. 
.00112108]2802. 
-00111982]2805. 


.00111857)2808. 
.00111732)2811.7 
.00111607)2814. 


.00111483)2818. 
.00111359}2821. 
.00111235|2824. 


.00111111 |2827. 


. 00110988) 2830 
. 00110865 |2833. 
.00110742/2836. 


.00110619/2839. 
.00110497/2843. 
.00110375|2846. 


.00110254|2849. 
.00110132)2852. 
.00110011}2855. 


.00109890 /2358. 
. 001097692861 


. 00109649) 2865. 
.00109529) 2868. 


. 00109409) 2871 
. 00109290) 2874. 
.00109170)2877. 
.00109051)2880 
.00108932)2883. 
.00108814}2887. 


28-39 


——S 


ab Circle (N = Diam.) 
N Circum. Area 
.00117647 |2670 .362/567450. 


493/568786. 
635)570123. 
776|571462. 


918)572803. 
0591574145. 
201/575489, 


3431576834. 
484/578181. 
626/579530. 


767/580880. 


909)582232. 
051)583585. 
192}584940. 


334)586296. 
475|587654, 
617/589014, 


7591590375. 
900}591737. 
042/593102. 
183/594467. 
325|595835. 
466|597204. 
608/598574. 
750|599946. 
891/601320. 
033/602695. 
174)604072. 
316]605450. 


- 458) 606830. 


599/608212. 
7411609595. 
882/610980. 
024) 612366. 
166)}613754. 
307)615143. 
449) 616534, 
590/617926. 
732/619321. 
874]620716. 
015/622113. 
157}623512. 
298624913. 
440)626314. 
581/627718. 
23/629123. 
865|630530. 
006631938. 
148)633348. 
289)/634759. 
431)/636172. 


.573|637587. 


714}639003. 
856/640420. 
997|641839. 
139)643260. 
281/644683. 
422|646107. 
564|647532. 
705|648959. 


847/650388 . 


.988/651818. 


130/653250. 
272/654683. 


-413/656118. 


555|657554. 
696/658993., 


. 838/660432. 


980)661873. 
121/663316. 


28-40 PROPERTIES OF NUMBERS 


Table 4.—Properties of Numbers—Continued 
Circle (VN = Diam.) 


3 
N Nn? ne VN VN N 


920 | 846400 |778688000| 30.3315 .00108696 Teer ceca 
848241 |781229961| 30.3480 . 00108578] 2893. 40 : 
932 | 830084 |783777448| 30.3645 00108460] 2896. 546/667654. 41 
923 | 851929 |786330467| 30.3809 Pape Aes cei 
853776 |788889024| 30.3974 .00108225| 2902.82 E 
Qos | 835625 |791453125| 30.4136 "00108108]2905.971|672006. 30 
926 | 857476 |794022776| 30.4302 -00107991 eee pelos 
27 | 859329 |796597983| 30.4467 .00107875|2912.254|674915. 
928 | 861184 |799178752| 30.4631 '00107759|2915.396|676372. 33 
929 | 863041 |801765089| 30.4795 '00107643|2918.537| 677830. 82 
930 | 864900 |804357000| 30.4959 .00107527 |2921 679 rei 
931 | 866761 |806954491| 30.5123 .00107411]2924. 820| 680752. 50 
932 | 868624 |809557568| 30.5287 00107296] 2927. 962|682215.69 
933 | 870489 812166237] 30.5450 -00107181|2931. 103|683680. 46 
934 | 872356 |814780504| 30.5614 . 00107066] 2934. 245] 685146. 80 
935 | 874225 |817400375| 30.5778 00106952] 2937. 387|686614.71 
936 | 876096 |820025856| 30.5941 | 00106838] 2940. 528| 688084. 19 
937 | 877969 |822656953| 30.6105 .00106724| 2943. 670|689555. 24 
938 | 879844 |825293672| 30.6268 00106610] 2946. 811691027. 86 
939 | 881721 |827936019| 30.6431 00106496] 2949. 953] 692502.05 
940 | 883600 |830584000| 30.6594 .00106383 |2953 .095/693877 82 
941 | 885481 |833237621| 30.6757 .00106270| 2956. 236] 695455. 15 
942 | 887364 |835896888| 30.6920 '00106157| 2959. 378) 696934 .06 
943 | 889249 |838561807| 30.7083 :00106045|2962.519/698414.53 
944 | 891136 |841232384| 30.7246 .00105932| 2965. 661/699896.58 
945 | 893025 |843908625| 30.7409 -00105820|2968. 803|701380. 19 
946 | 894916 |846590536| 30.7571 :00105708]2971.944|702865.38 
947 | 896809 |849278123| 30.7734 .00105597| 2975. 086|704352. 14 
948 | 898704 |851971392| 30.7896 :00105485|2978. 227|705840. 47 
949 | 900601 |854670349| 30.8058 :00105374| 2981. 369|707330.37 
950 | 902500 |857375000| 30.8221 .00105263 |2984.511/708821.84 
951 | 904401 |860085351| 30.8383 .00105152]2987.652|710314.88 
952 | 906304 |862801408| 30.8545 -00105042| 2990. 794|711809.50 
953 | 908209 |865523177| 30.8707 -00104932| 2993. 935|713305. 68 
954 | 910116 [868250664] 30.8869 .00104822|2997.077|714803. 43 
955 | 912025 |870983875| 30.9031 :00104712|3000. 218/716302.76 
956 | 913936 |873722816| 30.9192 -00104603|3003. 360/717803. 66 
957 | 915849 |876467493| 30.9354 .00104493]3006. 502|719306. 12 
958 | 917764 |879217912| 30.9516 -00104384|3009. 643|720810.16 
959 | 919681 |881974079| 30.9677 -00104275|3012.785|722315.77 
960 | 921600 |884736000| 30.9839 .00104167|3015 .926|723822.95 


961 923521 |887503681) 31.0000 -00104058/3019.068}725331.70 


Area 


962 925444 |890277128) 31.0161 -00103950/3022.210/726842.02 
963 927369 |893056347) 31.0322 -00103842/3025.351/728353.91 
964 929296 |895841344) 31.0483 - 00103734/3028. 493|729867.37 
965 931225 |898632125) 31.0644 -00103627)3031 . 634)731382.40 
966 933156 |901428696) 31.0805 -00103520)3034.776/732899.01 
967 935089 |904231063) 31.0966 -00103413)3037.918)734417.18 
968 937024 |907039232) 31.1127 - 00103306) 3041 .059}735936. 93 
969 938961 |909853209) 31.1288 -00103199/3044, 201/737458. 24 
970 940900 |912673000) 31.1448 -00103093 |3047 .342/738981.13 
971 942841 1915498611} 31.1609 -00102987/3050. 484/740505.59 
972 944784 |918330048) 31.1769 .00102881/3053.625}742031 .62 
973 946729 |921167317) 31.1929 -00102775]3056.767|743559. 22 
974 948676 |924010424) 31.2090 .00102669] 3059. 909|745088. 39 
975 950625 |926859375) 31.2250 -00102564/3063.050/746619. 13 
976 952576 1929714176) 31.2410 -00102459/3066. 192)/748151.44 
977 954529 1932574833] 31.2570 .00102354) 3069. 333]749685. 32 
978 956484 1935441352) 31.2730 -00102249) 3072. 475|751220.78 
979 958441 1938313739) 31.2890 -00102145]3075.617/752757 .80 
980 960400 |941192000} 31.3050 .00102041/3078 .758|754296 .40 
981 962361 1944076141] 31.3209 : .00101937]3081. 900755836, 59 
982 964324 1946966168) 31.3369 ‘ -00101833)3085.041)757378 .30 
983 966289 |949862087) 31.3528 c -00101729/3088. 183)758921 . 61 
984 968256 |952763904| 31.3688) 9. : -00101626/3091. 3251760466. 48 
985 970225 |955671625| 31.3847) 9. : .0010152313094, 466)762012 .93 
986 972196 |958585256) 31.4006] 9. 6 -00101420/3097. 608/763560 .95 
987 974169 |961504803| 31.4166] 9. : -00101317)3100.749)765110.54 
988 976144 |964430272| 31.4325) 9. : -00101215)3103,891|766661 .70 
989 978121 |967361669) 31.4484] 9. 5 -00101112|3107.033|768214 . 44 
= i 1 \ | 


ARCS, CHORDS AND SEGMENTS 28-41 


Table 4.—Properties of Nnmbers—Continued 
Mint aa. OE 


5 1 Circie (NV = D) 


Circum. Area 
ae 980100 | 970299000; 31.4643] 9.9666 | 31150 | 3.9731 -00101010 /3110.174/769768. 74 
982081 | 973242271] 31.4802] 9.9699 | 31197 | 3.9739 .00100908/3113.31 
992 | 984064 | 976191488] 31.4960] 9.9733 31244 | 3.9747 |.00100806|3116. 439 779882. 64 
ate 986049 | 979146657] 31.5119] 9.9766 | 31291 3.9755 }.00100705/3119.599/774441.07 
94 | 988036 | 982107784] 31.5278] 9.9800 31339 | 3.9763 |.00100604/3122.740 

995 | 990025 | 985074875] 31.5436] 9.9833 | 31386 3.9771 |.00100503|3125.882 177563,85 

996 | 992016 | 988047936] 31.5595] 9.9866 | 31433 | 3. 9779 |.00100402/3129.0241779127.54 

997 | 994009 | 991026973) 31.5753] 9.9900 | 31480 | 3.9787 . 00100301 /3132. 165/780692.8 

998 | 996004 | 994011992) 31.5911] 9.9933 | 31528 | 3.9795 |.00100200 3135.307 78295981 

999 | 998001 | 997002999) 31.6070] 9.9967 | 31575 | 3.9803 |.00100100 3138. 448)783828.15 
1060 |1¢00000 |100000000C] 31.6228]/10.0000 | 31623 | 3.9811 .00100000 |3141.593/785398 .16 


CIRCULAR ARCS, CHORDS, SEGMENTS AND SECTORS 


Notation.— A = central angle, degrees; C = chord of arc; c = chordof1l/garc; D = diameter; 
G = area of segment; H = rise of arc or height of segment; L = length of arc; R = radius; 
S = area of sector. 


LZ (exact) = 2rRN/360 = 0.017453RN 
ZL (approx.) = (8c — C)/3 = {(2c X 10H)/(60D — 27A)} + 2c 
SIGs C2 + 4H? X 10H?)/(15C2 + 33H2)} + 2c 
C= 2V 2 — H2 = V D2 — (D — 2H)2 = (8c — 3L) = Vain ae H)?=2V(D-—H)XH 
ae VHX (D—H); ¢ =1/2V0?—4H2 = VD XH = (3L+0)/8 
= ¢/H = (1/4C2 + H)/H 
aa c2/D = 1/2 (D —V D2— C2) C2) when H < R; = 1/2(D+V D2 — (2) =V2— eee when H>R 
G = S — 1/9 CV R? — 1/4 C2 when G < semi- -circle; = S + 1/2C-VR? — 1/4C? when S > semi-circle 
= § — (C/2) (R — B) = 1/2 {(L — C) (D/2) + CH} 
S = l/oLR = rAR?/360 = (xR?/360) X 2[sin1{(C/2)/R}]; R = (C2+4H2)/8H 


Table 5. Circular Arcs, Chords, and Segments. Radius = 1 


Central Arc Chord} yy ee °" | Central Are Chord,} fr gies 
eee Length | Rise Length ¢ ~ | ment* ects Length | Rise Length @ ment* 
ee litte H G G Sous heme H G g 
1 0.0175 |0.0000/0.0175)0.0022\0.00000 31 0.5411 |0.0364/0, 5345/0.0680/0. 01301 
2 .0349 | .0002) .0349) .0044) .00000 32 -5585 | .0387| .5513] .0703} .01429 
3 0524 | .0003) .0524) .0066) .00001 33 +5760 | .0412] .5680) .0725) .01566 
4 0698 | .0006] .0698) .0087} .00003 34 -5934 | .0437) .5847) .0747] .01711 
3 .0873 | .0010} .0872) .0109) .00006 35 -6109 | .0463) .6014) .0770) .01864 
6 ~ 1047 | .0014) .1047) .0131} .00010 36 -6283 | .0489) .6180) .0792) .02027 
7 .1222 | .0019) .1221} .0153] .00015 37 -6458 | .0517) .6346) .0814} .02198 
8 . 1396 | .0024) .1395) .0175) .00023 38 .6632 | .0545} .6511) .0837) .02378 
) -1571 | .0031} .1569) .0196) .00032 39 -6807 | .0574) .6676} .0859] .02568 
10 .1745 | .0038) .1743) .0218) .00044 40 .6981 | .0603| .6840) .0882) .02767 
11 1920 | .0046) .1917} .0240} .00059 41 -7156 | .0633) .7004) .0904) .02976 
12 .2094 | .0055} .2091) .0262) .00076 42 .7330 | .0664) .7167| .0927| .03195 
13 2269 | .0064) .2264) .0284) .00097 43 -7505 | .0696) .7330) .0949| .03425 
14 - 2443 | .0075| .2437| .0306) .00121 44 .7679 | .0728) .7492| .0972| .03664 
15 .2618 | .0086) .2611] .0328) .00149 45 .7854 | .0761) .7654) .0995} .03915 
16 .2793 | .0097| .2783} .0350} .00181 46 -8029 | .0795) .7815) .1017) .04176 
17 .2967 | .0110} . 2956} .0372} .00217 47 .8203 | .0829) .7975) .1040} .04448 
18 .3142 | .0123} .3129) .0394) .00257 48 . 8378 | .0865} .8135) .1063| .04731 
19 ~3316 | .0137} .3301) .0415) .00302 49 -8552 | .0900) .8294| .1086} .05025 
20 8491 | .0152) 3473] .0437) .00352 50 8727 | .0937| .8452) .1108| .05331 
21 -3665 | .0167) .3645) .0459) .00408 51 .8901 | .0974) 8610) .1131) .05649 
22 .3840 | .0184) .3816) .0481) .00468 52 .9076 | .1012| 8767) .1154) .05978 
23 -4014 | .0201} .3987} .0503} .00535 53 -9250 | .1051) .8924) .1177] .06319 
24 .4189 | .0219) .4158] .0526) .00607 54 .9425 | .1090} .9080) .1200) .06673 
25 - 4363 | .0237| .4329) .0548) .00686 55 .9599 | .1130) .9235}) .1223) .07039 
26 -4538 | .0256) .4499| .0570) .00771 56 BOLTS Woh Usl 9389 ee 240) 07417 
27 4712 | .0276) .4669) .0592} .00862 57 .9848 | .1212) .9543) .1270) .07808 
28 .4887 | .0297| .4838] .0614) .00961 58 1.0123 | .1254] .9696} .1293} .08212 
29 5061 | .0319} 5008) .0636) .01067 59 1.0297 | .1296} ,9848} . 1316) .08629 
80 .5236 | .0341| .5176| .0658| .01180 60 1.0472 | .1340]1.0000| .1340) .09059 
ee —  —<=<—e_ Dems 


*Area of segment of any radius = factor G X square of radius 


28-42 ARCS, CHORDS AND SEGMENTS 


Table 5.—Circular Arcs, Chords and Segments—Continued 


Ar f 
Central Are Chord, tee Central Are Chord, Sa: 
-Angle in Length | Rise Length Cc. | ment* Angle in Length | Rise Dene © ment * 
Degrees iF H C G Degrees L H C G 
61 1.0647 |0.1384)1.015 |0. 1363}0,09502} 121 2.1118 0.5076|1.741 10. 2916/0. 62734 
‘62 1.0821 | .1428)1.030 | .1387| .09958] 122 2.1293 | .5152)/1.749 | .2945) .64063 
63 1.0996 | .1474/1.045 | .1410} .10428] 123 2.1468 | .5228]/1.758 | .2975] .65404 
64 1.1170 | .1520)/1.060 | .1434) .10911 124 2.1642 | .5305}1.766 | .3004|) .66759 
65 1.1345 | .1566]/1.075 | .1457| .11408] 125 2.1817 | .5383)1.774 | .3034) .68125 
66 1.1519 | .1613]1.089 | , 1481] , 11919} 126 2.1991 .5460}1,782 | .3064) .69505 
67 1.1694 | ,1661/1.104 | .1505|) .12443] 127 2.2166 | .5538/1.790 | .3094) .70897 
68 1.1868 | .1710)1.118 | .1529) .12982] 128 2.2340 | .5616}1.798 | .3124) .72301 
69 1.2043. |. 1759)0.133 | 29553) .135357° 129 2.2515 | .5695)1.805 | .3155| .73716 
70 1.2217 | .1808/1.147 | .1576) .14102] 130 2.2689 | .5774/1.813 | .3185) .75144 
71 1.2392 | .1859)1.161 | .1601] .14683] 131 2.2864 | .5853/1.820 | .3216| .76584 
72 1.2566 | .1910/1.176 | .1625| .15279] 132 2.3038 | .5933)/1.827 | .3247| .78034 
73 1.2741 | .1961/1.190 | .1649| .15889] 133 2.3213 | .6013)1.834 | .3278| .79497 
74 1.2915 | .2014)1.204 | .1673) .16514) 134 2.3387 | .6093)1.841 . 3309) .80970 
25 £-3090>) 2066/1. 218 | . 1697) .17 154) 135 2.3562 | .6173|/1.848 | .3341| .82454 
76 1,3265 | .2120)1.231 1722) .17808] 136 2.3736 | .6254/1.854 | .3373) .83949 
aa 1.3439 | .2174)1.245 | .1746) .18477] 137 2.3911 . 6335)1. 861 . 3404) 85455 
78 1.3614 | £2229)1.259 | .1771) .19160) 138 2.4086 6416|1.867 | .3436| .86971 
79 1.3788 228411.272 | .1795) .19859] 139 2.4260 649811.873 | .3469| .88497 
80 1.3963 | .2340/1.286 | .1820|) .20573) 140 2.4435 6580/1.879 | .3501) .90034 
81 1.4137 | .2396)1.299 | .1845) .21301 141 2.4609 | .6662)/1.885 | .3534) .91580 
82 1.4312 | .2453)1.312 | .1869) .22045 142 2.4784 | . 6744/1. 891 3566) .93135 
83 1.4486 |. .2510/1.325 | ,1894| .22804) 143 2.4958 | .6827)1.897 | .3599| .94700 
84 1.4661 .2569/1.338 | .1919] .23578] 144 2.5133 6910}1.902 | .3633) .96274 
85 1.4835 | .2627)1.351 1944) . 24367 145 2.5307 | .6993)1.907 | .3666| .97858 
86 1.5010 | .2686)1.364 | .1970) .25171 146 2.5482 7076)1.913 | .3700) .99449 
87 1.5184 | .2746]1.377 | .1995) .25990] 147 2.5656 | .7160)1.918 | .3734)1.0105 
88 1.5359 | .2807)1.389 | .2020] .26825 148 2.5831 .7244/1.923 | .3768]/1.0266 
89 1.5533 | .2867)1.402 | .2046) .27675} 149 2.6005 | .7328)1.927 | .3802/1.0428 
90 1.5708 | .2929/1.414 | .2071) .28540] 150 2.6180 7412|1.982 | .3837|1.0590 
91 1.5882 | .2991}1.427 | .2097) .29420] 151 2.6354 | .7496/1.936 | .3871]1.0753 
92 1.6057 | ,3053)1.439 | .2122] .30316) 152 2.6529 | .7581)1.941 . 3906) 1.0917 
93 126232) 7 SG, 450 2148) .31226) 153 2.6704 | .7666)1.945 | .3942/1.1082 
94 1.6406 | .3180/1.463 | .2174| .32152] 154 2.6878 7750)1.949 | .3977/1.1247 
95 1.6581 .324411.475 | .2200] .33093} 155 2.7053 7836/1.953 | .4013)1.1413 
96 1.6755 | .3309/1.486 | .2226| .34050] 156 2.s220 7921/1.956 | , 4049/1. 1580 
97 | 1.6930 | .3374/1.498 | .2252] .35021] 157 | 2.7402 | .8006/1.960 | .4085/1.1747 
98 1.7104 | .3439)1.509 | .2279) .36008] 158 2.7576 8092/1.963 4122/1. 1915 
99 1.7279 1 .3506|1.521 . 2305) .37009] 159 2.775 8178)1,967 | .4158)1.2084 
100 1.7453 | .3572/1.532 | .2832) .88026}] 160 2.7925 | .8264/1.970 | .4195/1.2253 
101 1.7628 | .3639)/1.543 | .2358] .39058] 161 2.8100 | .8350)1.973 | .4233]1.2422 
102 1.7802 | .3707)1.554 | .2385) .40104 162 2.8274 843611.975 - 4270) 1.2592 
103 1.7977 | .3775|1,565 | .2412| .41166) 163 2.8449 8522/1.978 | . 4308/1. 2763 
104 1.8151 .384311.576 | . 2439) .42242) 164 2.8623 8608)1.981 -4346/1.2934 
105 1.8326 | .3912}1.587 | .2466) .43333} 165 2.8798 8695/1.983 | .4385)1.3105 
106 1.8500 | .3982)1.597 | .2493] .44439] 166 2.8972 8781/1.985 | .4424]1.3277 
107 | 1.8675 | .4052/1.608 | .2520| .45560) 167 | 2.9147 | ,8868/1.987 | .446311.3449 
108 1.8850 | .4122)1,618 | .2548) . 46695 168 2.9322 | .8955]1.989 | .4502/1.3621 
109 1.9024 | .4193]/1.628 | .2575| .47844] 169 2.9496 | .9042/1.991 -4542/1,3794 
110 1.9199 | .4264/1.638 | .2603) .49008] 170 2.9671 | .9128/1.992 . 4582/1. 3967 
111 1.9373 | .4336)1.648 | .2631] .50187] 171 2.9845 | .9215]}1.994 | .4622/1.4140 
112 1.9548 | .4408/1.658 | .2659| .51379] 172 3.0020 | .9302/1.995 | .4663/1.4314 
113 1.9722 | .4481}1.668 | .2687] .52586) 173 3.0194 | ,939011.996 | 470411. 4488 
114 1.9897 | .4554|1.677 | .2715] .53806} 174 3.0369 | .9477|1.997 | .4745]1. 4662 
115 2.0071 .4627/1.687 | .2743) .55041 175 3.0543 | .9564]/1.998 | . 4786/1. 4836 
116 2.0246 | .4701}1.696 | .2772) .56289} 176 3.0718 | .9651}1.9988] .4828/1.5010 
117 2.0420 | .4775)1.705 | .2800) .57551 177 3.0892 | .9738/1.9993] .4871]1.5184 
118 2.0595 | .4850)1.714 | .2829) .58827] 178 3.1067 | .9825]}1,9997] ,4913]1, 5359 
119 2.0769 | .4925)/1.723 | .2858) .60116] 179 3.1241 | .9913]1.9999] .4957|1,5533 
120 2.0944 | .6000|1.732 | .2887| .61419] 180 3.1416 |1.0000/2.000 | .5000|1.5708 


* Area of segment of any radius = factor G@ X square of radius 


AREAS OF SEGMENTS 28-42 


Table 6.—Areas of Segments of a Circle 


Area = F X D2 where segment < semicircle; = 1/4rD2 — (area of segment of rise h). H = rise 
or height of segment; D = diam. of circle; # = factor corresponding to H/D. h = (D — H 
H/D F H/D H/D A/D F H/D 
0.000 |0.00000 {0.07 0.02417 |0.14 -21 |0.11990 J0.28 |0.18002 10.35 
-001 | .00004 } .071 | . -141 S2Ub Hi. b2071 ; -351 
002 00012 | .072 142 See) |e Leos Be by) 
003 00022 | .073 . 143 ea) 612235 .353 
004 00034 | .074 144 -214 | £12317 ~354 
005 00047 | .075 . 145 .215 | .12399 JES 
- 00 00062 | .076 . 146 216 | 112481 . 256 
007 00078 | .077 . 147 ~217 | .12563 RELY! 
008 00095 | .078 . 148 -218 | .12646 358 
009 00113 | .079 149 ~219 | 12729 5309 
.O1 00133 | .08 lS oe . 12811 430 
O11 00153 | .081 tht .221 | .12894 .361 
012 00175 | .082 e152 222 | .12977 . 362 
013 00197 | .083 e153 -223 | , 13060 -363 
014 00220 | .084 154 224 |} .13144 .364 
O15 00244 | .085 aie Ae epi, 365 
016 00268 | .086 . 156 ~22O ft J 133K . 366 
017 00294 | .087 Bey e227 |). 13395 . 367 
0:8 00320 | .088 158 228 | . 13478 - 368 
019 00347 | .089 .159 ~229) | 13562 369 
.02 00375 | .09 al6 98) . 13646 Acyl 
-021 00403 | .091 .161 576) I Sa eV Sa sey gl 
022 00432 | .092 . 162 S232 Ae Sods Sey Y 
023 00462 | .093 . 163 . 233 | . 13900 my © 
024 00492 | .094 . 164 -234 | ,13984 ae 
025 | .00523 | .095 165 235 | .14069 .37 
026 00555 | .096 . 166 236 | .14154 .376 
027 00587 | .097 . 167 3258 |, 14239 ws 
.028 00619 | .098 . 168 -238 | .14324 3378 
029 00653 | .099 169 -239 | .14409 ‘ ng 
.03 | 00687 | .1 17 24 | .14494 3 
031 | 100721 | ‘101 at 241 | 114580 1381 
1032 | 100756 | [102 1172 :242 | 114666 "382 
.033 00791 | .103 173 -243 | .14751 383. 
034 00827 | .104 174 -244 | . 14837 J ne 
-035 | .00864 | .105 75 .245| 14923 5 
2 030 00901 | | 106 76 :246 | | 15009 386 
.037 00938 | .107 77 .247 15095 . 387 
038 00976 | .108 178 248 15182 . 388 
039 01015 | .109 2179 249 ie me 
.04 01054 | .11 8 7a} 1 : 
.041 01093 | .111 81 S251 15441 ug 
042 01133 | .112 82 RDOZ 15528 e224 
043 01173 | .113 83 pos 15615 Hy 
044 01214 | .114 84 254 es Ae 
045 01255 | .115 . 185 255 1 , 
. 046 01297 | .116 . 186 256 15876 aaae 
047 01339 | .117 . 187 SEY 15964 aes 
048 01382 | .118 . 188 258 16051 ce 
049 | 101425 | 2119 1189 a ie e 
.05 01468 | .12 19 3 1 P 
-051 OP 12 Att 191 .261 16314 oe 
052 01556 | .122 .192 . 262 16402 Ho 
053 01601 | .123 . 193 . 263 16490 vy 
054 01646 | .124 194 ae eae He 
055 01691 | .125 .195 Fi 3 
056 01737 | .126 . 196 . 266 Hee bye 
“038 | 01830 | 138 “198 “368 | 216032 “408 
8 ; 5 4 
“039 01877 +129 .199 +269 OE se 
. 06 01924 | .13 3 XE 1 i 
.061 01972 | .131 .201 ear A | Pee sil 
Sea ested ete a sea (ea te) Re a 
.020 ‘ r - : 
064 02117 | .134 +204 ae We tt 
065 02166 j .135 205 : “ 
“06? 02215 | .136 . 206 .276 a we 
ee | ts | a ease ae | ice | | ee sH 
“069 02366 1139 * 209 :279 | 117912 “419 


(Table continued on following page), 
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Table 6.—Area of Segments—Continued 


a ee 7 ce - iis 0. si iiss 0 sa70 
0.42 |0.31304 10.435 |0.32788 }0.45 |0.34278 ]0.465 |0.35773 |0. é 
-421 | .31403 | 436 | 32887 | .451 | .34378 | .466 | .35873 | .481 | .37370 nee or 
°422 | .31502 | (437 | 132987 | .452 | .34477 | .467 | .35972 | .482 | .37470] . et 
423 | .31600 | _438 | |33086 | .453 | .34577 | .468 | .30072 | . 483 -37570 aes Zoe 
424 | .31699 | 439 | .33185 | .454 | .34676 | .469 Sie Dre en ee ee 
425 | .31798 | 44 33284 | .455 | .34776 | .47 .3627 3 5 A - 
426 | .31897 | _441 | .33384 | .456 | .34876 | .471 | .36372 | .486 | .37870 
427 | .31996 | .442 | .33483 | .457 | .34975 | .472 | .36471 | .487 | .37970 
428 | .32095 | _443 | .33582 | .458 | .35075 | .473 | .36571 | .488 | .38070 
-429 | .32194 | .444 | .33682 | .459 | .35175 | .474 | .36671 | .489 | .38170 
43 .32293 | .445 | .33781 | .46 .35274 | .475 | .36771 | .49 . 38270 
.431 | .32392 | .446 | .33880 | .461 | .35374 |] .476 | .36871 | .491 | .38370 
432 | .32491 | .447 | .33980 | .462 | .35474 | .477 | .36971 492 | .38470 
433 | .32590 | .448 | .34079 | .463 | .35573 | .478 | .37071 | .493 | .38570 
434 | 32689 | .449 | .34179 | .464 | .35673 | .479 | .37171 | .494 | .38670 
Table 7.—Values of Degrees and Minutes in Radians 
Deg | Radians | Deg| Radians | Deg} Radians Deg| Radians | Deg| Radians | Deg} Radians |Min Radians | Min|Radians Radians 
1 0.01745 | 31 10.54105 | 61 | 1.06465) 91] 1.58825) 121) 2.11185] 151] 2.63545} 1 |0.00029} 31 0.00902 
2 | .03491 | 32 | .55851 | 62 | 1.08210] 92) 1.60570} 122) 2.12930) 152) 2.65290 00058} 32 | .00931 
3] .05236 | 33 | .57596 | 63 | 1.09956} 93) 1.62316} 123] 2.14676] 153) 2.67035) 3 | .00087] 33 | .00960 
4 | .06981 | 34 | .59341 | 64] 1.11701] 94} 1.64061] 124) 2.16421] 154) 2.68781] 4 | .00116} 34 | .00989 
5 08727 | 35 | .61087 | 65 | 1.13446] 95) 1.65806] 125) 2.18166} 155) 2.70526] 5 | .00145} 35 | .01018 
6 10472 | 36 | .62832 | 66 | 1.15192] 96) 1.67552] 126) 2.19912 156 2.7227\} 6 | .00175} 36 01047 
7 12217 } 37 | .64577 | 67 | 1.16937] 97) 1.69297] 127) 2.21657] 157| 2.74017] 7 | .00204} 37 01076 
8 13963 | 38 | .66323 | 68 | 1.18682] 98] 1.71042] 128) 2.23402} 158) 2.75762] 8 | .00233} 38 01105 
9 15708 | 39 | .68068 | 69 | 1.20428] 99) 1.72788] 129) 2.25148] 159) 2.77507] 9 | .00262} 39 01134 
10 17453 | 40 | .69813 | 70 | 1.22173} 100) 1.74533] 130) 2.26893} 160) 2.79253] 10 | .00291} 40 01164 
W 19199 | 41 71559 | 71 | 1.23918} 101) 1.76278} 131] 2.28638] 161) 2.80998] 11 | .00320] 41 01193 
12 | .20944 | 42 | .73304 | 72 | 1.25664] 102! 1.78024] 132) 2.30384] 162} 2.82743] 12 | .00349] 42 01222 
13 22689 | 43 | .75049 | 73 | 1.27409} 103) 1.79769] 133) 2.32129] 163) 2.84489] 13 | .00378] 43 0125) 
14 | .24435 | 44] .76795 | 74 | 1.29154] 104] 1.81514] 134) 2.33874] 164) 2.86234] 14 | .00407] 44 01280 
15 | .26180 | 45 | .78540 | 75 | 1.30900] 105) 1.83260} 135) 2.35620} 165) 2.87979] 15 | .00436} 45 01309 
16 | .27925 | 46 | .80285 | 76 | 1.32645} 106) 1.85005] 136) 2.37365] 166] 2.89725] 16 | .00465] 46 01338 
17 29671 | 47 | .82031 | 77 | 1.34390] 107) 1.86750] 137) 2.39110] 167) 2.91470] 17 | .00495} 47 01367 
18 | .31416 | 48 | .83776 | 78 | 1.36136} 108) 1.88496] 138) 2.40856] 168) 2.93215] 18 | .00524] 48 01396 
19 | .33161 | 49 | .85521 | 79 | 1.37881} 109) 1.90241] 139) 2.42601} 169) 2.94961] 19 | .00553} 49 01425 
20 | .34907 | 50 | .87267 | 80 | 1.39626] 110) 1.91986) 140) 2.44346] 170) 2.96706] 20 | .00582] 50 01454 
21 36652 | 51 89012 | 81 | 1.41372] 111} 1.93732] 141) 2.46092] 171) 2.98451} 21 | .00611] 51 01484 
22 | .38397 | 52 | .90757 | 82 | 1.43117] 112] 1.95477] 142) 2.47837] 172} 3.00197] 22 | .00640] 52 | .01513 
23 40143 | 53 | .92502 | 83 | 1.44862] 113) 1.97222] 143) 2.49582] 173) 3.01942] 23 | .00669} 53 01542 
24 41888 | 54 | .94248 | 84 | 1.46608] 114) 1.98968] 144) 2.51328] 174) 3.03687] 24 | .00698] 54 01571 
25 43633 | 55 | .95993 | 85 | 1.48353] 115) 2.00713] 145) 2.53073] 175} 3.05433] 25 00727} 55 01600 
26 | .45379 | 56 | .97738 | 86 | 1.50098} 116) 2.02458] 146) 2.54818] 176] 3.07178} 26 00756} 56 01629 
27 47124 | 57 | .99484 | 87 | 1.51844] 117] 2.04204] 147) 2.56564] 177] 3.08923] 27 00785} 57 01658 
28 48869 | 58 |1.01299 | 88 | 1.53589] 118) 2.05949] 148] 2.58309] 178] 3.10669] 28 00814) 58 01687 
29 50615 | 59 |1.02974 } 89 | 1.55334] 119) 2.07694] 149] 2.60054] 179} 3.12414] 29 00844} 59 01716 
30 52360 | 60 |1.04720 | 90 | 1.57080] 120| 2.09440] 150} 2.61800} 180} 3.14159] 30 00873} 60 01745 
Table 8.—Values of Radians in Degrees 
Rad. .00 01 .02 03 .04 05 .06 .07 .08 .09 
Deg. Deg. Deg. Deg. Deg. Deg. Deg. Deg. Deg. Deg. 
0.0 0.0000 | 0.5730 1.1459 7189 2.2918 2.8648 3.4377 4.0107 4.5837 5.1566 
al 5.7296 6.3025 6.8755 7.4485 8.0214 8.5944 9.1673 9.7403 | 10.3132 | 10.8862 
<2 11,4591 | 12.0321 | 12.6051 | 13.1780 | 13.7510 | 14.3239 | 14.8969 | 15.4699 | 16.0428 | 16.6158 
3 17.1887 | 17.7617 | 18.3346 | 18.9076 | 19.4806 | 20.0535 | 20.6265 | 21.1994 | 21.7724 | 22.3454 
4 22.9183 | 23.4913 | 24.0642 | 24.6372 | 25.2101 | 25.7831 | 26.3561 | 26.9290 | 27.5020 | 28.0749 
a5 28.6479 | 29.2208 | 29.7938 | 30.3668 | 30.9397 | 31.1527 | 32.0856 | 32.6586 | 33.2316 33.8045 
6 34,3775 | 34.9504 | 35.5234 | 36.0963 | 36.6693 | 37.2423 | 37.8152 | 38.3882 | 38.9611 39 5341 
ca 40.1070 | 40.6800 | 41.2530 | 41.8259 | 42.3989 | 42.9718 | 43.5448 | 44.1178 | 44.6907 | 45.2637 
8 45.8366 | 46.4096 | 46.9825 | 47.5555 | 48.1285 | 48.7014 | 49.2744 | 49.8473 | 50.4203 50.9932 
9 51.5662 | 52.1392 | 52.7121 | 53.2851 | 53.8580 | 54.4310 | 55.0039 | 55.5769 | 56.1499 56.7228 
| Radian = 57.29578 deg. | 2 Radians = 114.59156 deg. | 3 Radians = 171.88734 deg. 
Table 9.—Decimals of a Degree in Minutes and Seconds 
Decimal .00 01 02 .03 .04 .05 .06 .07 .08 .09 
Min. Sec.} Min. Sec. _ Sec,| Min. Sec.} Min, Sec.] Min. Sec.| Min. Sec.| Min. Sec.} Min. Sec.} Min. Sec 
0.0 0 0; 0 36 12 1 48 Rees | 3 0 3 36} 4 “S20 448 5 ay 
.d O2F 10)! = Gee : 12) 7 | 488 241 9 7 Ol 9. 9 36416) 120s 1Omeaanl eos 
2 12 0/12 36/13 12) 13 48) 14 24/15 O}] 15 36]16 12]|16 48/17 24 
a) 18 0) 18 (36) 195 12) 19° 481.20 24) )"91 QO} 21 36)22 12)22 48)23 24 
4° 124 0) 24 36/25 12/25 48/26 24/27 0} 27 36/28 12]28 48 | 29 24 
5 |30 0/30 36/31 12] 31 48) 32 24/33 0] 33 36/34 12/24 481 35 24 
6 | 36 07} 36 36) 37 12] 37 48] 38 24]39 O| 39 36) 40 12/40 481 41 24 
7 | 42 0/42 36) 43 12] 43 48] 44 24] 45 0145 36146 12146 481 47 24 
8 | 48 Oj] 48 36/49 12/49 48150 24] 51 0) 51365152 512015248053 ees 
9-54 01,5477 360) 55121 55 4B al 560 2401 S78 Ol) 57,036. SB aml on AB GEEAR EIS 24 


& Diam., 
SODNUAURWN—C! foet 


_ 


SCMUKAUEaWN—O 


0.0000| 0.2618] 0.5236) 0.7854 
3.1416] 3.4034) 3.6653] 3.9270} 4.1877] 4.4507| 4.7124] 4.9741 


9.4248] 9.6866) 9.9485 


12.566 

15.708 

18.850 

21.991 

25.133 

28.274 
31.416 
34,557 
37.699 
40.841 

43.982 
47.124 
50.265 
53.407 
56.549 
59.690 
62.832 
65.973 
69.115 
72.257 
75.398 
78.540 
81.681 
84,823 
87.965 
91.106 
94.248 


0.0000 
0.7854 
3.142 
7.069 
12.57 
19.63 
28.27 
38.48 
50.27 
63.62 
78.54 
95.03 
113.1 
132.7 
153.9 
176.7 


CIRCUMFERENCES AND AREAS OF CIRCLES 


12.828 

15.970 

19.111 

22.253 

25.395 

28.536 
31.678 
34.819 
37.961 

41.102 
44.244 
47.386 
50.527 
53.669 
56.810 
59.952 
63.094 
66.235 
69.377 
72.518 
75.660 
78.802 
81.943 
85.085 
88.226 
91.367 
94.509 


13.090 

16.232 

19.373 
2zo15 
25.656 
28.798 
31.940 
35.081 

38.223 
41.364 
44.506 
47.648 
50.789 
53.931 

57.072 
60.214 
63.356 
66.497 
69.639 
72.780 
75.922 
79.063 
82,205 
85.347 
88.488 
91.630 
94.771 


10.210 
13.352 
16.493 
19.635 
22.777 
25.918 
29.060 
32.201 
35.343 
38.484 
41.626 
44.768 
47.909 
51.051 
54.192 
57.334 
60.476 
63.617 
66.759 
69.900 
73.042 
76.184 
79.325 
82.467 
85.608 
88.749 
91.892 
95.033 


1.0472 


10.471 

13.613 
16.754 
19.896 
23.037 
26.179 
29.320 
32.462 
35.604 
38.745 
41.887 
45.028 
48.170 
51.312 
54.453 
57.595 
60.736 
63.878 
67.020 
70.161 
73.303 
76.444 
79.586 
82.727 
85.869 
89.011 
92.152 
95.294 


Diameter, inches 


5 
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Table 10.—Circumferences and Areas of Circles—Diameters in Feet and Inches * 


Circumferences in feet; areas in square feet 


et 


Circumference 


1.3090 


10.734 
13.875 
17.017 
20.159 
23.300 
26.442 
29.583 
32.725 
35.867 
39.008 
42.150 
45.291 
48.433 
51.575 
54.716 
57.858 
61.000 
64.141 
67.282 
70.424 
73.566 
76.707 
79.849 
82.990 
86.132 
89.274 
92.415 
95.557 


Area 


1.5708 


10.996 
14.137 
17.279 
20.420 
23.562 
26.704 
29.845 
32.987 
36.128 
39.270 
42.411 
45.553 
48.695 
51.836 
54.978 
58.119 
61.261 
64.403 
67.544 
70.686 
73.827 
76.969 
80.111 
83.252 
86.394 
89.535 
92.677 
95.818 


1.8326) 2.0944) 2.3562 
5.2361] 5.4978 
6.2832) 6.5450) 6.8069) 7.0686] 7.3293] 7.5923) 7.8540] 8.1157] 8.3777] 8.6394 


11.257 
14.399 
17.540 
20.682 
23.824 
26.965 
30.107 
33.248 
36.390 
39.532 
42.673 
45.815 
48.956 
52.098 
55.240 
58.381 
61.523 
64.664 
67 .806 
70.947 
74.089 
77.231 
80.372 
83.514 
86.655 
89.797 
92.939 
96.080 


11.519 
14.661 

17.802 
20.944 
24.086 
27.227 
30.369 
33.510 
36.652 
39.794 
42.935 
46.077 
49.218 
52.360 
55.502 
58.643 
61.785 
64.926 
68.068 
71.209 
74.351 
77.493 
80.634 
83.776 
86.917 
90.059 
93.201 
96.342 


0.0055| 0.0218} 0.0491 


0.9218 
3.409 
7.407 
13.10 
20.29 
29.07 
39.41 
51.32 
64,80 
79.85 
96.48 
114.7 
134.4 
155.8 
178.7 
203.2 
229.2 
256.8 
286.0 
316.8 
349.1 
383.0 
418.5 
455.5 
494.1 
534.3 
576.1 
619.4 
664.3 
710.8 


1.069 
3.687 
7.876 
13.64 
20.97 
29.87 
40.34 
52.38 
66.00 
81.18 
97.93 
116.3 
136.2 
157.6 
180.7 
205.3 
231.4 
259.2 
288.5 
319.4 
351.9 
386.0 
421.5 
458.7 
497.4 
537.7 
579.6 
623.1 
668.1 
714.7 


1.227 
3.976 
8.296 
14.19 
21.65 
30.68 
41.28 
53.46 
67.20 
82.52 
99.40 
117.9 
137.9 
159.5 
182.7 
207.4 
233.7 
261.6 
291.0 
322.1 
354.7 
388.8 
424.6 
461.9 
500.7 
541.2 
583.2 
626.8 
672.0 
718.7 


0.0873 


1.396 
4.276 
8.727 
14.75 
22.34 
31.50 
42.24 
54.54 
68.42 
83.86 
100.9 
119.5 
139.6 
161.4 
184.7 
209.5 
236.0 
264.0 
293.6 
324.7 
357.4 
391.7 
427.6 
465.0 
504.0 
544.6 
586.8 
630.5 
675.8 
722.6 


0.1364 


1.576 
4.587 
9.168 
15,32 
23.04 
32.34 
43.20 
55.64 
69.64 
85.22 
102.4 
121.1 
141.4 
163.2 
186.7 
211.7 
238.2 
266.4 


0.1963] 0.2673 


1.767 
4.909 
9.621 
15.90 
23.76 
33.18 
44.18 
56.75 
70.88 
86.59 
103.9 
122.7 
143.1 
165.1 
188.7 
213.8 
240.5 
268.8 
298.7 
330.1 
363.1 
397.6 
433.7 
471.4 
510.7 
551.6 
594.0 
637.9 
683.5 
730.6 


1.969 
5.241 
10.08 
16.50 
24.48 
34.04 
45.17 
57.86 
72.13 
87.97 
105.4 
124.4 
144.9 
167.0 
190.7 
216.0 
242.8 
271.2 
301.2 
332.7 
365.9 
400.5 
436.8 
474.6 
514.0 
555.0 
597.5 
641.7 
1687 .3 
734.6 


0.3491 


2.182 
5.585 
10.56 
17.10 
25.22 
34.91 
46.16 
58.99 
73.39 
89.36 
106.9 
126.0 
146.7 
168.9 
192.8 
218.2 
245.1 
273.7 
303.8 
335.4 
368.7 
403.5 
439.9 
477.9 
517.4 
558.5 
601.2 
645.4 
691.2 
738.6 


11.781 

14.923 
18.064 
21.206 
24.347 
27.489 
30.631 

33.772 
36.914 
40.055 
43.197 
46.338 
49.480 
52.622 
55.763 
58.905 
62.046 
65.188 
68.330 
71.471 
74.613 
77.754 
80.896 
84.038 
87.179 
90.321 
93.462 
96.604 


0.4418 


2.405 
5.940 
11.04 
17.72 
25.97 
35.78 
47.17 
60.13 
74.66 
90.76 
108.4 
127.7 
148.5 
170.9 
194.8 
220.4 
247.5 
276.1 
306.4 
338.2 
371.5 
406.5 
443.0 
481.1 
520.8 
562.0 
604.8 
649.2 
695.1 
742.6 


2.6180] 2.8798 
5.7595} 6.0215 


8.9011 
12.043 
15.184 
18.326 
21.467 
24.609 
27.751 
30.892 
34.034 
37.175 
40.317 
43.459 
46.600 
49.742 
52.883 
56.025 
59.167 
62.308 
65.450 
68.591 
71.733 
74.874 
78.016 
81.158 
84.299 
87.441 
90.582 
93.724 
96.866 


0.545 
2.640 


6.305 
11.54 
18.35 
26.73 
36.67 
48.19 
61.28 
75.94 
92.18 

110. 0 
129.4 
150.3 
172.8 
196.9 
222.5 
249.8 
278.6 
308.9 
340.9 
374.4 
409.5 
446.1 
484.3 
524.1 
565.5 
608.4 
652.9 
699.0 
746.7 


9.1631 
12.305 
15.446 
18.588 
21.729 
24.871 
28.013 
31.154 
34.296 
37.437 
40.579 
43.721 
46 862 
50.004 
53.145 
56,287 
59.429 
62.570 
65.712 
68 853 
71.995 
75.136 
78.278 
81.420 
84.561 
87.703 
90.844 
93.986 
97.128 


0.6600 
2.885 
6.681 
12.05 
18.99 
27.49 
37.57 
49.22 
62.44 
77.24 
93.60 
W1.5 
131.0 
152.4 
174.8 
199.0 
224.8 
252.1 
281.0 
311.5 
343.6 
377.2 
412.5 
449.2 
487.6 
527.5 
569.0 
612.1 
656.7 
702.9 
750.7 


* For circumferences and areas of circles, diameters in inches, see Table 4, pp, 28-25 to 28-41. 
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Table 11.—Natural Trigonometrical Functions 


NATURAL TRIGONOMETRICAL FUNCTIONS 


Sine Covers 
0 |0.00000 |1.00000 
. 00436 | .99564 
.00873 | .99127 
.01309 | .98691 
.01745 | .98255 
02181 | .97819 
02618 | .97382 
. 03054 | .96946 
.03490 | .96510 
. 03926 | .96074 
04362 | .95638 
.04798 | .95202 
.05234 | .94766 
05669 | .94331 
.06105 | .93895 
06540 | .93460 
.06976 | .93024 
07411 | .92589 
.07846 | .92154 
.08281 | .91719 
.08716 | .91284 
.09150 | .90850 
.09585 | .90415 
.10019 | .89981 
.10453 | .89547 
. 10887 | .89113 
. 11320 | .88680 
. 11754 | .88246 
.12187 | .87813 
. 12620 | .87380 
. 13053 | . 86947 
. 13485 | .86515 
.13917 | .86083 
- 14349 | .85651 
. 14781 | .85219 
.15212 | .84788 
.15643 | .84357 
. 16074 | .83926 
. 16505 | . 83495 
. 16935 | .83065 
.17365 | .82635 
. 17794 | .82206 
. 18224 | .81776 
. 18652 | .81348 
.19081 | .80919 
19509 | .80491 
. 19937 | . 80063 
. 20364 | .79636 
.20791 | .79209 
.21218 | .78782 
. 21644 | .78356 
.22070 | .77930 
. 22495 | .77505 
.22920 | .77080 
. 23345 | .76655 
. 23769 | .76231 
.24192 | .75808 
. 24615 | . 75385 
. 25038 | .74962 
. 25460 | .74540 
. 25882 | .74118 
Cosine | Versin 


Cosec Tan 
Infinite {0.00000 
229.18 . 00436 
114.59 . 00873 
76.397 . 01309 
57.299 .01745 
45.840 .02182 
38.202 . 02618 
32.746 . 03055 
28.654 . 03492 
25.471 . 03929 
22.926 . 04366 
20.843 . 04803 
19.107 .05241 
17.639 .05678 
16.380 .06116 
15.290 06554 
14.336 .06993 
13.494 . 07431 
12.745 .07870 
12.076 . 08309 
11.474 .08749 
10.929 .09189 
10. 433 . 09629 
9.9812 | . 10069 
9.5668 | .10510 
9.1855 | .10952 
8.8337 | .11393 
8.5079 | .11836 
8.2055 | .12278 
7.9240 | .12722 
7.6613 | .13165 
7.4156 | .13609 
7.1853 | .14054 
6.9690 | .14499 
6.7655 | .14945 
6.5736 | .15391 
6.3924 | .15838 
6.2211 | . 16286 
6.0589 | .16734 
5.9049 | .17183 
5.7588 | .17633 
5.6198 | . 18083 
5.4874 | . 18534 
5.3612 | .18986 
5.2408 | .19438 
5.1258 | .19891 
5.0158 | .20345 
4.9106 | .20800 
4.8097 | .21256 
AZ USOREE 2 ze 
4.6202 | .22169 
4.5311 | .22628 
4.4454 | .23087 
4.3630 | .23547 
4.2837 | .24008 
4.2072 | .24470 
4.1386 | .24933 
4.0625 25397 
3.9939 25862 
BH O27.7 26328 
3.8637 26795 
Secant Cotan 


Cotan 


Infinite 


229. 
114, 
76. 
57, 
45. 
38. 
a2. 


28. 
255 
22. 
20. 
19: 
17, 
16. 
15. 


14. 
13. 
12. 
2: 


ple 
10. 
10. 
-9310 


5144 
. 1309 
.7769 
- 4490 
. 1443 
. 8606 
-5958 


OwwWwWr SLOP DEER RP DEUTUUUG UWIDAAANDN NNN DW ODOW wo 


18 
59 
390 


290 
829 
188 
730 


636 
452 
904 
819 


081 
611 
350 
257 
301 
457 
706 
035 
430 
883 
385 


3479 
1154 


. 8969 
-6912 
.4971 


. 3138 


1402 
9758 


. 8197 


.6713 
.5301 
~3955 
. 2672 
. 1446 
.0273 
-9152 


8077 
7046 


. 6057 
-5107 
-4194 


. 3315 
. 2468 


1653 
0867 


Secant 


1.0000 
1.0000 
1.0000 
1,0001 
1.0001 
. 0002 
. 0003 
.0005 


.0006 
. 0008 
. 0009 
-0011 


0014 
0016 
0019 
0021 
0024 
0028 
0031 
0034 


.0038 
. 0042 
. 0046 
.0051 


.0055 
. 0060 
. 0065 
. 0070 


1 

1 

1 

1 

1 

1 

] 

1 

1 

1 

I 

eh 

i 

| 

1 

1 

1 

i 

1 

1 

1 

| 

1 
1.0075 
1.0081 
1.0086 
1.0092 
1.0098 
1.0105 
1.0111 
1.0118 
1 
i} 
1 
1 
1 
1 
1 
1 
1 
I 
1 
1 
1 
1 
1 
1 
xf 
l 
1 
1 
1 
1 
1 
] 
iL 


.0125 
.0132 
.0139 
.0147 


.0154 
.0162 
.0170 
.0179 


. 0187 
.0196 
.0205 
.0214 


.0223 
. 0233 
.0243 
.0253 
.0263 
. 0273 
.0284 
.0295 


Cosec 


Versin 


0.00000 
. 00001 
. 00004 
. 00009 


-00015 
. 00024 
. 00034 
. 00047 


.00061 
- 00077 
. 00095 
-00115 


.00137 
-00161 
. 00187 
- 00214 


.00244 
- 00275 
. 00308 
. 00343 


. 00381 
. 00420 
. 00460 
. 60503 


.00548 
- 00594 
. 00643 
. 00693 


00745 
. 00800 
. 00856 
- 00913 


.00973 
- 01035 
.01098 
01164 


. 01231 
. 01300 
.01371 
- 01444 


.01519 
.01596 
-01675 
.01755 


.01837 
-01921 
. 02008 
. 02095 


.02185 
-02277 
. 02370 
. 02466 
. 02563 
. 02662 
. 02763 
. 02866 


Covers 


From 75° to 90° read from bottom of table upwards, 


90 0 


88 LY) 


87 0 


86 0 


85 0 


84 0 


83 0 


82 0 


81 0 


80 0 


79 Vy) 


78 0 


17 t) 


76 0 


NATURAL TRIGONOMETRICAL FUNCTIONS 


Table 11.—Natural Trigonometrical Functions—Continued 


Sine 


0 |0.25882 |0.74118 


. 26303 
- 26724 
. 27144 


- 27564 
. 27983 
. 28402 
. 28820 


- 29237 
- 29654 
. 30070 
. 30486 


. 80902 
- 31316 
. 31730 
. 32144 


. 82557 
- 32969 
- 33381 
. 33792 


. 34202 
- 34612 
. 35021 
. 35429 


. 35837 
. 36244 
- 36650 
. 37056 


- 87461 
. 37865 
. 38268 
. 38671 


. 39073 
. 39474 
. 39875 
- 40275 


-40674 
- 41072 
- 41469 
- 41866 


42262 
42657 
. 43051 
43445 


- 43837 
. 44229 
- 44620 
. 45010 


. 45399 
- 45787 
- 46175 
. 46561 


.46947 
. 47332 
.47716 
. 48099 
. 48481 
. 48862 
. 49242 
- 49622 


. 50000 


Cosine 


Covers | Cosec 


. 


3.8637 |0 
. 73697 | 3.8018 
. 73276 | 3.7420 
.72856 | 3.6840 
.72436 | 3.6280 
.72017 | 3.5736 
71598 | 3.5209 
.71180 | 3.4699 
.70763 | 3.4203 
70346 | 3.3722 
69929 | 3.3255 
69514 | 3.2801 
69098 | 3.2361 
68684 | 3.1932 
68270 | 3.1515 
67856 | 3.1110 
67443 | 3.0715 
67031 | 3.0331 
66619 | 2.9957 
66208 | 2.9593 
.65798 | 2.9238 
65388 | 2.8892 
64979 | 2.8554 
64571 | 2.8225 
64163 | 2.7904 
63756 | 2.7591 
63350 | 2.7285 
62944 | 2.6986 
62539 | 2.6695 
62135 | 2.6410 
61732 | 2.6131 
61329 | 2.5859 
60927 | 2.5593 
60526 | 2.5333 
60125 | 2.5078 
59725 | 2.4829 
59526 | 2.4586 
58928 | 2.4348 
58531 | 2.4114 
58134 | 2.3886 
.57738 | 2.3662 
(57343 | 2.3443 
56949 | 2.3228 
56555 | 2.3018 
56163 | 2.2812 
55771 | 2.2610 
55380 | 2.2412 
.54990 | 2.2217 
54601 | 2.2027 
54213 | 2.1840 
53825 | 2.1657 
53439 | 2.1477 
63053 | 2.1300 
52668 | 2.1127 
52284 | 2.0957 
51901 | 2.0790 
.51519 | 2.0627 
51138 | 2.0466 
50758 | 2.0308 
-50378 | 2.0152 


.50000 | 2.0000 


Versin | Secant 


. 27263 
. 27732 
. 28203 


. 28674 
.29147 
- 29621 
- 30096 


. 30573 
.31051 
- 31530 
- 32010 


- 32492 
- 32975 
- 33459 
- 33945 


. 34433 
- 34921 
. 35412 
- 35904 


- 36397 
- 36892 
. 37388 
- 37887 


- 38386 
. 38888 
- 39391 
- 39896 


. 40403 
- 40911 
- 41421 
- 41933 


- 42447 
- 42963 
- 43481 
. 44001 


- 44523 
- 45047 
. 45573 
- 46101 


. 46631 
- 47163 
. 47697 
- 48234 


.48773 
-49314 
- 49858 
. 50404 


. 50952 
. 51503 
. 52057 
. 52612 


. 53171 
. 53732 
. 54295 
. 54862 


. 55431 
. 56003 
-56577 
.57155 


57735 
Cotan 


Secant 


Cosec 


Versin 


0.03407 
. 03521 
- 03637 
. 03754 


.03874 
. 03995 
-04118 
. 04243 


.04370 
- 04498 
- 04628 
. 04760 


- 04894 
- 05030 
- 05168 
- 05307 


.05448 
.05591 
. 05736 
- 05882 


.06031 
-06181 
. 06333 
- 06486 


. 06642 
- 06799 
. 06958 
-07119 


- 07282 
. 07446 
. 07612 
. 07780 


.07950 
.08121 
. 08294 
- 08469 


. 08645 
- 08824 
. 09004 
- 09186 


.09369 
.09554 
.09741 
. 09930 


.10121 
. 10313 
. 10507 
. 10702 


. 10899 
. 11098 
. 11299 
. 11501 


.11705 
11911 
. 12118 
w12327 


.12538 
. 12750 
. 12964 
. 13180 


. 18397 


Covers 


From 60° to 75° read from bottom of table upwards. 


Cosine 


0.96593 
- 96479 
. 96363 
. 96246 


. 96126 
. 96005 
. 95882 
. 95757 


- 95630 
- 95502 
. 95372 
. 95240 


- 95106 
- 94970 
- 94832 
- 94693 


. 94552 
- 94409 
. 94264 
- 94118 


- 93969 
- 93819 
. 93667 
- 93514 


. 93358 
. 93201 
- 93042 
. 92881 


. 92718 
-92554 
. 92388 
. 92220 


- 92050 
- 91879 
-91706 
.91531 


.91355 
.91176 
. 90996 
- 90814 


. 90631 
. 90446 
. 90259 
. 90070 


. 89879 
. 89687 
. 89493 
. 89298 


. 89101 
. 88902 
. 88701 
. 88499 


. 88295 
. 88089 
. 87882 
. 87673 


. 87462 
. 87250 
. 87036 
. 86820 


. 86603 


Sine 


28-47 


69 0 


68 tC) 


67 ) 


66 0 


65 t)] 


64); 0 


63 0 


62 0 


61 Q 


28-48 NATURAL TRIGONOMETRICAL FUNCTIONS 


Table 11.—Natural Trigonometrical Functions—Continued 


Deg.|Min.| Sine | Covers | Cosec Tan Cotan | Secant | Versin | Cosine 
80 0 [0.50000 |0.50000 | 2.0000 |0.57735 | 1.7320 | 1.1547 |0.13397 |0.86603 | 60 0 
15 | .50377 | .49623 | 1.9850 | .58318 | 1.7147 | 1.1576 | .13616 - 86384 45 
30 | .50754 | .49246 | 1.9703 | .58904 | 1.6977 | 1.1606 | .13837 . 86163 30 
45} .51129 | . 48871 1.9558 | .59494 | 1.6808 | 1.1636 | .14059 85941 15 
81 0 | .51504 | .48496 | 1.9416 | .60086 | 1.6643 | 1.1666 | .14283 .85717 | 59 0 
15 | .51877 | .48123 | 1.9276 | .60681 1.6479 | 1.1697 | .14509 85491 45 
30 | .52250 | .47750 | 1.9139 | .61280 | 1.6319 | 1.1728 | .14736 . 85264 30 
45 | .52621 -47379 | 1.9004 | .61882 | 1.6160 | 1.1760 | .14965 85035 15 
32 0 | .52992 | .47008 | 1.8871 | .62487 | 1.6003 | 1.1792 | .15195 .84805 | 58 0 
Hen PRCe EOL .46639 | 1.8740 | .63095 | 1.5849 | 1.1824 | .15427 84573 45 
30 | °.53730 | .46270 | 1.8612 | .63707 | 1.5697 | 1.1857 | .15661 . 84339 + 30 
45 | .54097 | .45903 | 1.8485 | .64322 | 1.5547 | 1.1890 | .15896 - 84104 15 
33 O | .54464 | .45536 | 1.8361 | .64941 | 1.5399 | 1.1924 | .16133 .83867 | 57 0 
15 |] .54829 | .45171 158238 | 265563 | 1.5253 | 1.1958 | 216371 . 83629 45 
30 | .55194 | .44806 | 1.8118 | .66188 | 1.5108 | 1.1992 | .16611 . 83389 30 
45 | .55557 | .44443 | 1.7999 | .66818 | 1.4966 | 1.2027 | .16853 . 83147 15 
34 0 | .55919 | .44081 | 1.7883 | .67451 | 1.4826 | 1.2062 | .17096 .82904 | 56 {1 
15 | .56280 | .43720 | 1.7768 | .68087 | 1.4687 | 1.2098 | .17341 82659 45 
30 | .56641 -43359 | 1.7655 | .68728 | 1.4550 | 1.2134 | .17587 . 82413 30 
45 | .57000 | .43000 | 1.7544 | .69372 | 1.4415 | 1.2171 . 17835 . 82165 15 
36 0 | .57358 | .42642 | 1.7434 | .70021 | 1.4281 | 1.2208 | .18085 .81915 | 55 0 
15) | 352715) || £42285: | 922327 |) 70673 | We4050)| 122245) 218336 . 81664 45 
30 | .58070 | .41930 | 1.7220 | .71329 | 1.4019 | 1.2283 | , 18588 . 81412 30 
45 |. .58425 | .41575 | 1.7116 | .71990 | 1.3891 1.2322 | .18843 . 81157 15 
36 0 | .58779 | .41221 | 1.7013 | .72654 | 1.3764 | 1.2361 | .19098 .80902 | 54 0 
15 | .59131 .40869 | 1.6912 | .73323 | 1.3638 | 1.2400 | . 19356 - 80644 45 
30 | .59482 | .40518 | 1.6812 | .73996 | 1.3514 | 1.2440 | .19614 . 80386 30 
45 | .59832 | .40168 | 1.6713 | .74673 | 1.3392 | 1.2480 | .19875 80125 15 
37 0 | .60181 | .39819 | 1.6616 | .75355 | 1.3270 | 1.2521 | .20136 . 79864 | 53 0 
15 | .60529 | .39471 1.6521 .76042 | 1.3151 1.2563 . 20400 . 79600 45 
30 | .60876 | .39124 | 1.6427 | .76733 | 1.3032 | 1.2605 | . 20665 . 79335 30 
45 | .61222 | .38778 | 1.6334 | .77428 | 1.2915 | 1.2647 | .20931 79069 15 
38 O | .61566 | .38434 | 1.6243 | .78129 | 1.2799 | 1.2690 | .21199 . 78801 | 52 0 
15 |] .61909 | .38091 1.6153 | .78834 | 1.2685 | 1.2734 | .21468 . 78532 45 
30 | .62251 | .37749 | 1.6064 | .79543 | 1.2572 | 1.2778 | .21739 . 78261 30 
45 | .62592 | .37408 | 1.5976 | .80258 | 1.2460 | 1.2822 | .22012 . 77988 15 
39 O | .62932 | .87068 | 1.5890 | .80978 | 1.2349 | 1.2868 | .222985 . 77715 | 51 0 
15 | .63271 - 36729 | 175805 | 288703 | 1.2239} 1.2903) 1 Poze . 77439 45 
30 | .63608 | .36392 |] 1.5721 82434 | 1.2131 1.2960 | .22838 77162 30 
45 | .63944 | .36056 | 1.5639 | .83169 | 1.2024 | 1.3007 | .23116 . 76884 15 
40 0 | .64279 | .35721 | 1.5557 | .83910 | 1.1918 | 1.3054 . 23396 . 76604 | 50 0 
15 | .64612 | 35388 | 1.5477 | .84656 | 1.1812 | 1.3102 . 23677 . 76323 45 
30 | .64945 | .35055 | 1.5398 | .85408 | 1.1708 | 1.3151 . 23959 . 76041 30 
45 | .65276 | .34724 | 1.5320 | .86165 | 1.1606 | 1.3200 24244 75756 UE 
41 0 | .65606 | .84394 | 1.5242 | .86929 | 1.1504 | 1.3250 24529 .75471 | 49 0 
15 | .65935 | .34065 | 1.5166 | .87698 | 1.1403 | 1.3301 . 24816 75184 45 
30 | .66262 | .33738 | 1.5092 | .88472 | 1.1303 | 1.3352 25104 . 74896 30 
45 | .66588 | .33412 | 1.5018 | .89253 | 1.1204] 1.3404 . 25394 . 74606 15 
42 0 | .66913 | .33087 | 1.4945 | .90040 | 1.1106 1.3456 | .25686 . 74314 | 48 0 
15 | .67237 | .32763 | 1.4873 | .90834 | 1.1009 1.3509 | .25978 . 74022 45 
30 | .67559 | .32441 1.4802 | .91633 | 1.0913 | 1.3563 | .26272 . 73728 30 
45 | .67880 | .32120 | 1.4732 ] .92439 | 1.0818 1.3618 | .26568 . 73432 15 
43 0 | .68200 | .31800 | 1.4663 | .93251 | 1.0724 1.3673 | .26865 73135 | 47 0 
15 | .68518 | 31482 | 1.4595 | .94071 1.0630 | 1.3729 | .27163 . 72837 45 
30 | .68835 | .31165 | 1.4527 | .94896 | 1.0538 1.3786 | .27463 . 72537 30 
45 1 .69151 .30849 | 1.4461 .95729 | 1.0446 | 1.3843 | 27764 . 72236 15 
44 0 | .69466 | .30584 | 1.4396 | .96569 | 1.0355 1.3902 . 28066 .71934 | 46 (1) 
15 69779 30221 1. 4331 .97416 | 1.0265 | 1.3961 . 28370 - 71630 45 
30 70091 29909 | 1.4267 .98270 | 1.0176 | 1.4020 | 28675 af W325 30 
45 70401 29599 | 1.4204 99131 1.0088 | 1.4081 . 28981 71019 15 
45 0 T0711 29289 4142 10000 | 1.0000 | 1.4142 . 29289 . T0711 | 45 0 
Cosine | Versin | Secant | Cotan Tan Cosec | Covers Sine |Deg.| Min. 


From 45° to 60° read from bottom of table upwards. 


DECIMALS OF A FOOT 28-49 


Table -12.—Logarithmic Trigonometric Functions 


Deg. Sine Cosec Versin | Tangent] Cotan Covers Secant Cosine | Deg 
() -— a +_0 = 100 — 0 + co |10.00000} 10.00000/10.000001 90 
1 | 8.24186 | 11.75814] 6.18271 | 8.24192] 11.75808] 9.99235 10:b0g0y| 9: Songs 39 
2 | 8.54282 | 11.45718) 6.78474 | 8.54308) 11.45692] 9.98457] 10.00026| 9.999741 88 
3 | 8.71880 | 11.28120] 7.13687 | 8.71940] 11.28060] 9.97665] 10:00060| 9.99940| 87 
4 | 8.84358 | 11.15642] 7.38667 | 8.84464] 11.15536] 9.96860] 10.00106| 9.99894] 86 
5 | 8.94030 | 11.05970) 7.58039 | 8.94195] 11.05805| 9.96040] 10 
6 | 9.01923 | 10.98077| 7.73863 | 9.02162] 10.97838] 9.95205 1000239 9 99h Sa 
7 | 9.08589 | 10.91411] 7.87238 | 9.08914] 10.91086] 9.94356] 10.00325| 9.99675] 83 
8 | 9.14356 | 10.85644) 7.98820 | 9.14780] 10.85220] 9.93492] 10.00425| 9.99575] ga 
9 | 9.19433 | 10.80567) 8.09032 | 9.19971] 10.80029] 9.92612] 10.00538] 9.994621 81 
10 | 9.23967 | 10. 76033] 8.18162 | 9.24632] 10.75368] 9.91717] 10.0066 
11 | 9.28060 | 10.71940] 8.26418 | 9.28865] 10.71135| 9.90805 10; 00808 9.99198 73 
12 | 9.31788 | 10.68212) 8.33950 | 9.32747] 10.67253| 9.89877] 1000960] 9.99040] 78 
13 | 9.35209 | 10.64791] 8.40875 | 9.36336] 10.63664] 9.88933] 10.01128| 9.98872] 77 
14 | 9.38368 | 10.61632| 8.47282 | 9.39677] 10.60323] 9.87971] 10.01310| 9.986901 76 
15 | 9.41300 | 10.58700} 8.53243 | 9.42805] 10.57195] 9.86992] 10.01506| 9.984 
16 | 9.44034 | 10.55966] 8.58814 | 9.45750] 10.54250] 9.85996] 1001716 9: 98284 74 
17 | 9.46594 | 10.53406] 8.64043 | 9.48534] 10.51466] 9.84981| 10.01940| 9.98060] 73 
18 | 9.48998 | 10.51002] 8.68969 | 9.51178] 10.48822] 9.83947] 10.02179] 9.97821| 72 
19 | 9.51264 | 10.48736] 8.73625 | 9.53697} 10. 46303] 9.82894] 10.02433] 9.97567] 71 
20 | 9.53405 | 10.46595| 8.78037 | 9.56107] 10.43893] 9.81821] 10.02701] 9.97299] 70 
21 | 9.55433 | 10.44567| 8.82230 | 9.58418] 10.41582| 9.80729] 10.02985| 9.97015] 69 
22 | 9.57358 | 10.42642| 8.86223 | 9.60641] 10.39359| 9.796151 10.03283| 9.96717] 68 
23 | 9.59188 | 10.40812] 8.90034 | 9.62785] 10.37215| 9.78481] 10.03597| 9.96403] 67 
24 | 9.60931 | 10.39069| 8.93679 | 9.64858] 10.35142| 9.77325] 10.03927| 9.96073] 66 
25 | 9.62595 | 10.37405] 8.97170 | 9.66867] 10.33133] 9.76146] 10.042721 9.95728] 65 
26 | 9.64184 | 10.35816] 9.00521 | 9.68818] 10.31182] 9.74945] 10.04634] 9.95366] 64 
27 | 9.65705 | 10.34295| 9.03740 | 9.70717] 10.29283] 9.73720] 10.05012| 9.94988] 63 
28 | 9.67161 | 10.32839] 9.06838 | 9.72567] 10.27433| 9.72471] 10.05407| 9.94593] 62 
29 | 9.68557 | 10.31443} 9.09823 | 9.74375] 10.25625| 9.71197] 10.05818] 9.94182] 61 
30 | 9.69897 | 10.30103] 9.12702 | 9.76144] 10.23856] 9.69897] 10.06247| 9.93753] 60 
81 | 9.71184 | 10.28816| 9.15483 | 9.77877] 10.22123] 9.68571] 10.06693| 9.93307] 59 
32 | 9.72421 | 10.27579] 9.18171 | 9.79579] 10. 20421] 9.67217] 10.07158] 9.92842] 58 
33 | 9.73611 | 10.26389] 9.20771 | 9.81252] 10.18748] 9.65836] 10.07641| 9.92359] 57 
34 | 9.74756 | 10.25244] 9.23290 | 9.82899] 10.17101] 9.64425] 10.08143] 9.91857] 56 
35 | 9.75859 | 10.24141] 9.25731 | 9.84523! 10.15477| 9.62984] 10.08664] 9.91336] 55 
36 | 9.76922 | 10.23078] 9.28099 | 9.86126] 10.13874| 9.61512] 10.09204| 9.90796| 54 
37 | 9.77946 | 10.22054] 9.30398 | 9.87711] 10.12289| 9.60008] 10.09765| 9.90235) 53 
38 | 9.78934 | 10.21066] 9.32631 | 9.89281] 10.10719| 9.58471] 10. 10347] 9.89653] 52 
39 | 9.79887 | 10.20113| 9.34802 | 9.90837] 10.09163| 9.56900] 10.10950]} 9.89050] 61 
40 | 9.80807 | 10.19193] 9.36913 | 9.92381] 10.07619) 9.55293] 10.11575| 9.88425] 50 
41 | 9.81694 | 10.18306] 9.38968 | 9.93916] 10.06084| 9.53648] 10.12222| 9.87778] 49 
42 | 9.82551 | 10.17449| 9.40969 | 9.95444] 10.04556] 9.51966] 10.12893! 9.87107] 48 
43 | 9.83378 | 10.16622| 9.42918 | 9.96966] 10.03034] 9.50243] 10.13587| 9.86413] 47 
44 | 9.84177 | 10.15823] 9.44818 | 9.98484] 10.01516] 9.48479] 10.14307| 9.85693] 46 
45 | 9.84949 | 10.15052| 9.46671 |10.00000) 10.00000| 9.46671] 10.15052| 9.84949) 45 


Cosine Secant Covers Cotan | Tangent } Versin Cosec Sine 


From 45° to 90° read from bottom of table upwards, 


Table 13.—Fractions Expressed as Decimals of an Inch and of 1 Foot 


nieheswe senieeee a= s- was rit a car oar vert owar od 

Decimal of | ft....... 0.0833 aieeT sam | 0353 eater tO S000 0.5833 | 0.6667 0.7500 | 0.8333 | 0.9167 
Fractions of | inch 

Frac- Decimal Frac- Decimal Frac- Decimal Frac- Decimal 


tion of lin. | of 1 ft. | tion of lin. | of lft. | tion | of lin. | of | ft. | tion of lin. | of | ft. 
1/64 | 0.015625 | 0.0013 | 17/64 | 0.265625 | 0.0221 | 33/64] 0.515625 | 0.0430 | 49/64 Ue er 
3/64 .046875 .0039 | 19/64] .296875 | .0247 | 35/64 | .546875 | .0456 | 51/g4| .796875 0664 
1/16 .0625 -0052 | 5/16 3125 .0260 | 9/16 5625 .0469 | 13/36} .8125 .0677 
5/64 078125 .0065 | 21/g4] .328125 | .0273 | 37/64] .578125 .0482 | 53/64] .828125 | .0690 
3/32 .09375 .0078 } 11/39] .34375 .0286 | 19/39 | .59375 0495 | 27/39} .84375 .0703 
7/64 . 109375 0091 | 23/g4} .359375 | .0299 | 39/g4} .609375 0508 | 55/64] .859375 | .0716 
1/8 125 0104 | 3/g 375 .0313 | 5/g 625 .0521 | 7/s 875 .0729 
9/64 . 140625 .O117 | 25/g4| .390625 | .0326 | 41/4 | .640625 .0534 | 57/g4} .890625 0742 
5/39 15625 .0130 | 18/39 | .40625 .0339 | 21/39} .65625 0547 | 29/39} .90625 0755 


730 | 21875 | .0182 | 15/32| .46875 | .039i | 23/32] .71875 | .0599 | 31/39| .96875 | .0807 


Exampie; 9 19/39 in. = 0.7500 + 0.0495 = 0.7995 ft. 
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Table 14.—Temperature Conversion—Centigrade to Fahrenheit 


VALUES FOR INTERPOLATION IN TABLE 


Ke 1 2 3 4 5 6 7 8 9 10 
Beer 1.8 3.6 5.4 752 9.0 10.8 12.6 14.4 16.2 18.0 
Degi=> Osetia 20 fr}. 20y sheg8O. pi] 1940) SF {Soi sc) 60; iee 70 | liaso) ii 790 
c. | Degrees, Fahrenheit 
~ =200 | +328 | —346 | —364 | —382 | —400 | —418 | —436| —454].......|....... 
—100 —148 | —166 | —184 | —202 | —220 | —238 | —256 | —274 | —292 | —310 
—0 +32 | +14 +4] -—22) —40] —538| —76| -—94] —112] —130 
+0 EPs pe FO LOS P86! F OW Pe Uae 1504 058) |S T TON eee 
100 212 230 248 266 284 302 320 338 356 374 
200 392 410 428 446 464 482 500 518 536 554 
300 572 590 608 626 644 662 680 698 716 734 
400 752 770 788 806 824 842 860 878 896 914 
500 932 950 968 986 | 1004] 1022] 1040] 1058] 1076] 1094 
600 1112 | 1130] 1148} 1166] 1184] 1202] 1220] 1238] 1256] 1274 
700 1292 | 1310 | 1328 | 1346] 1364] 1382] 1400] 1418] 1436] 1454 : 
800 1472 | 1490} 1508} 1526] 1544] 1562] 1580] 1598] 1616] 1634 
900 1652 | 1670 | 1688 | 1706 | 1724] 1742] 1760} 1778] 1796} 1814 
1000 1832 | 1850 | 1868 | 1886] 1904] 1922] 1940] 1958] 1976 | 1994 
1100 2012 | 2030 | 2048 | 2066 | 2084] 2102) 2120] 2138 | 2156 | 2174 
1200 2192 | 2210 | 2228 | 2246 | 2264} 2282] 2300] 2318] 2336} 2354 
1300 2372 | 2390 | 2408 | 2426 | 2444] 2462] 2480] 2498] 2516} 2534 
1400 2552 | 2570 | 2588] 2606] 2624] 2642] 2660] 2678! 2696] 2714 
1500 2732 | 2750 | 2768 | 2786 | 2804] 2822] 2840] 2858] 2876] 2894 
1600 2912 | 2930 | 2948} 2966 | 2984] 3002] 3020] 3038] 3056} 3074 
1700 3092 | 3110 | 3128 | 3146 | 3164} 3182] 3200] 3218] 3236] 3254 : 
1800 3272 | 3290 | 3308} 3326 | 3344] 3362 | 3380] 3398] 3416] 3434 
1900 3452 | 3470 | 3488 | 3506 | 3524} 3542 | 3560 | 3578 | 3596 | 3614 
2000 3632 | 3650 | 3668 | 3686 | 3704 | 3722 | 3740 | 3758 | 3776 | 3794 
2100 3812 | 3830 | 3848 | 3866 | 3884] 3902 | 3920 | 3938 | 3956 | 3074 
2200 3992 | 4010 | 4028 | 4046 | 4064] 4082] 4100] 4118} 4136] 4154 ° 
2300 4172 | 4190 | 4208 | 4226 | 4244] 4262] 4280} 4298 | 4316 | 4334 ; 
2400 4352 | 4370 | 4388 | 4406 | 4424] 4442] 4460] 4478 | 44961 4514 
2500 4532 | 4550 | 4568 | 4586 | 4604] 4622 | 4640] 4658] 46761 4694 
2600 4712 | 4730 | 4748 | 4766 | 4784] 4802] 4820] 4833 | 4856| 4874 } 
2700 4892 | 4910 | 4928 | 4946 | 4964] 4982] 5000] 5018 | 5036] 5054 
2800 5072 | 5090 | 5108 | 5126} 5144] 5162] 5180] 5198] 52161 5234 
2900 5252 | 5270 | 5288 | 5306 | 5324 | 5342| 5360] 5378] 5396] 5414 
3000 5432 | 5450 | 5468 | 5486 | 5504] 5522] 5540 | 5558 | 5576 | 5594 
3100 5612 | 5630 | 5648 | 5666 | 5684] 5702 | 5720] 5738 | 5756 | 5774 
3200 5792 | 5810 | 5828 | 5846] 5864] 5882] 5900] 5918] 5936 | 5054 
3300 5972 | 5990 | 6008 | 6026} 6044] 6062] 6080] 6098| 6116 | 6134 
3400 6152 | 6170 | 6188 | 6206 | 6224] 6242] 6200] 6278] 6296| 6314 
3500 6332 | 6350 | 6368] 6386 | 6404] 6422] 6440] 6458 | 6476 | 6494 
3600 6512 | 6530 | 6548 | 6566 | 6584] 6602] 6620| 6638 | 66561 6674 
3700 6692 | 6710 | 6728 | 6746 | 67641 6782) 6800] 6818| 6836] 6854 
3800 6872 | 6890 | 6908 | 6926| 6944] 6962 | 6980| 6998| 7016] 7034 
3900 7052 |_ 7070 | 7088 | 71061 71241 71421 71601 7178! 7196] 7214 
Exampues: 1347° C, = 1340° C. + 7° C, = 2444° F. + 12.6° F. = 2456.6° F, 
~ 194° C. = — 190° C. + (— 4° C.) = — 310° F. + (— 7.2° F.) =— 317.2° F, 
1852° F. = 1850° F. + 2° F, = 1010° ©. + 1.11° GC. = 1011.11° C. 
— 226° F. = — 220° F. + (— 6° F.) = — 134.44° ©. + (— 3.33° C.) = — 187.77° C. 


In the Fahrenheit thermometer the freezing-point of water is taken at 32°, and the 
boiling-point of water at mean atmospheric pressure at the sea-level, 14.7 lb. per sq. in., 
is taken at 212°, the distance between these two points being divided into 180°. In 
the Centigrade and Réaumur thermometers the freezing-point is taken at 0°. The 
boiling-point is 100° in the Centigrade scale, and 80° in the Réaumur. 


1 Fahrenheit degree =5/9 deg. Centigrade = 4/9 deg. Réaumur. 
1 Centigrade degree =9/5 deg. Fahrenheit = 4/5 deg. Réaumur. 
1 Réaumur degree = 9/4 deg. Fahrenheit =5/4 deg. Centigrade. 
Temperature Fahrenheit =9/5 X temp. C. + 32° =9/4 temp. R. + 32°, 
Temperature Centigrade =5/9 (temp. F. —32°) =5/4 temp. R. 


Temperature Réaumur =4/5 temp. C. =4/9 (temp. F. —32°) 


tL 


—100 
=0 
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Table 15.—Temperature Conversion—Fahrenheit to Centigrade 


i 
0.555 
0 


2 
1.111 
| 10 


VALUES FOR INTERPOLATION IN TABLE 


3 
1.666 
|ie20) 


m 
2222, 
ease 


5 6 7 8 9 10 
2.777 3.333. 3.888 4.444 5.000 5.555 
| eAOieh | 50s MOON EEO) [me Some 90 


, Degrees, Centigrade 


— 240.00] — 245.56|—251.11|— 256.67) — 262.22]— 267.78|— 277.33] ......|......]ssceee 
— 184.44) — 190.00|]— 195.56|—201.11]— 206.67] —212.22)— 217.78|— 223.23|— 228.89|— 234.44 
—200 |— 128.89)— 134.44) — 140.00)— 145.56)— 151.1 1]— 156.67|— 162.22] — 167.78] — 173.33]/— 178.89 


—73.33| —78.89] —84.44) —90.00) —95.56]—101.11/— 106.67|— 112.22|— 117.78|— 123.33 
—17.78| —23.33| —28.89| —33.44 5 : — 67.78 
ie: =17178|0— 12.22) —6.67| —1.11 E3002 
“4100 | 37.78} 43.33| 48.89] 54.44 37.78 
93.33] 98.89} 104.44] 110.00 143,33 
148.89] 154.44] 160.00} 165.56 198.89 
204.44] 210.00} 215.56} 221.11 254.44 
260.00} 265.56] 271.11] 276.67 310.00 
315.56] 321.11] 326.67] 332.22 365.56 
371.11] 376.67} 382.22] 387.78 421.11 
426.67| 432.22) 437.78] 443.33 476.67 
482.22] 487.78] 493.33] 498.89 532.22 
1000 | 537.78) 543.33) 548.89) 554.44) 560.00] 565.56 587.78 
593.33) 598.89] 604.44! 610.00 643.33 
648.89] 654.44] 660.00] 655.56 698.89 
704.44, 710.00) 715.56} 721.11 754.44 
760.00} 765.56] 771.11] 776.67 810.00 
815.56] 821.11] 826.67] 832.22 865.56 
871.11] 876.67] 882.22} 887.78 921.11 
926.67| 932.22} 937.78] 943.33 976.67 
982.22| 987.78] 993.33} 998.89 1032.2 
1037.8 -|_ 1043.3 | 1048.9 | 1054.4 | 1060.0 | 1065.6 | 1087.8 
1093.3 | 1098.9 | 1104.4 | 1110.0 1143.3 
1148.9 | 1154.4 | 1160.0 | 1165.6 1198.9 
1204.4 | 1210.0 | 1215.6 | 1221.1 1254.4 
1260.0 | 1265.6 | 1271.1 | 1276.7 1310.0 
1315.6 | 1321.1 | 1326.7 | 1332.2 1365.6 
1371.1 | 1376.7 | 1382.2 | 1387.8 1421.1 
1426.7 | 1432.2 | 1437.8 | 1443.3 1476.7 
1482.2 | 1487.8 | 1493.3 | 1498.9 1532.2 
1537.8 | 1543.3 | 1548.9 | 1554.4 1587.8 
1593.3 | 1598.9 | 1604.4 | 1610.0 1643.3 
1648.9 | 1654.4 | 1660.0 | 1665.6 insti 
1704.4 | 1710.0 | 1715.6 | 1721.1 ; 
1760.0 | 1765.6 | 1771.1 | 1776.7 1810.0 
1815.6 | 1821.1 | 1826.7 | 1832.2 1865.6 
1871.1 | 1876.7 | 1882.2 | 1887.8 zt 
1926.7 | 1932.2 | 1937.8 | 1943.3 Und 
1982.2 | 1987.8 | 1993.3 | 1998.9 : 
2037.8 | 2043.3 | 2048.9 | 2054.4 20878 
2093.3 | 2098.9 | 2104.4 | 2110.0 2143.3 
2148.9 | 2154.4 | 2160.0 | 2165.6 4 
2204.4 | 2210.0 | 2215.6 | 2221.1 dleh. 
2260.0 | 2265.6 | 2271.1 | 2276.7 i 
2315.6 | 2321.1 | 2326.7 | 2332.2 ate 
2371.1 | 2376.7 | 2382.2 | 2387.8 2421.1 
2426.7 | 2432.2 | 2437.8 | 2443.3 2476.7 
2482.2 | 2487.8 | 2493.3. | 2498.9 A 
2537.8 | 2543.3 | 2548.9 | 2554.4 res 
2593.3 | 2598.9 | 2604.4.| 2610.0 aes 
2648.9 | 2654.4 | 2660.0 | 2665.6 ei, 
2704.4 | 2710.0 | 2715.6 | 2721.1 a 
is 2760.0 | 2765.6 | 2771.1 | 2776.7 aes 
~§100 | 2815.6 | 2821.1 | 2826.7 | 2832.2 aes 
2871.1 | 2876.7 | 2882.2 | 2887.8 eee 
2926.7 | 2932.2 | 2937.8 | 2943.3 ane 
2982.2 | 2987.8 | 2993.3 | 2998.9 Baca 
3037.8 | 3043.3 | 3048.9 | 3054.4 ae 
3093.3 | 3098.9 | 3104.4 | 3110.0 oes 
3148.9 | 3154.4 | 3160.0 | 3165.6 AU 
3204.4 | 3210.0 | 3215.6. | 3221.1 coe 
3260.0 | 3265.6 | 3271.1 | 3276.7 : 
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WEIGHTS AND MEASURES 


MEASURES AND WEIGHTS COMMONLY USED IN THE UNITED STATES AND 
GREAT BRITAIN 


ae ae 
bl. = barrel dwt. = pennyweight hr. quin, = quin' 
be = busha Fe = fathom Imp. = = Inperi (bu., gal.) ar. = quarter 
chn. = chain = foot in. = ine at. = hel 
cirem, =circumference f drm. = fluid drachm lea = league scr. = scruple 
cir. in. =circular inch .oz. ==fluidounce m.pace =military pace ip = second : 
cir. mil. = circular mil furl. = furlone min. = minute = square (in., ft., etc.) 
ewt. =hundred weight gal. = gallon (U.S.) naut. mi. = nautical mile soe mi. = statute mile 
deg. = degree Tm. = grail pneh = puncheon tree. = tierce 
drm. =drachm (dram) bed. = Fogetinadt quad. =quadrant yd. = yard 
Carat Weight (for precious stones) 
Table 16.— Measures of Length Teste Bb bar ges O ceaara 
25 ie rect ate Apothecaries’ Weight 
Te my 2g grn. = ea scr. deme § 
its = scr. = grn. = m. 
5 2 Ape = Iga ft =, ? Sy pole or perch pe ake os 3 
8 furl. = 1760 yd. = 3280 ft. = 1 mile 120z. = 5760 grn. = 1 Ib. 
Aine a= aaa Table 19.— Measures of Volume 
aoe pene Cubic Measure 
avate Spoon rane. 1728 cu. in. = 1 cu. ft. 
Land, Surveyors, or Gunter’s Measure 27 cu. ft. = 1 cu. yd. ; 
7.92 in. = 1 link cord of wood = ee te ee 
100 Fr = on bs =4 pea 1 chn. 16/2. 11 Se 
0 = 220 yd. = 1 furl. iz 
"S for = 80 chm. m1 tnile, i perch masoury = 23 8/1 cask 
Nautical Measure | : re Pope? ee 
6080. 26 ft. = er onee stat. mi. = 1 naut. mi. 2 Fars = Vee 
3 naut. mi. =1 lea. me le ps 
60 — mi ap ce. (at equator) 4 at. —_— U's ane Ib. H20 
t = th. 
120 fath. =1 catie = 0.8327 Imp. gal. 


1 naut. mi. per hr.=1 knot. 


Table 17.— Measures of Area 
Square Measure 


144 sq.in. = 183.35 cir. in. = 1 sq. ft. 
9 sq.ft. = 15sq. yd. 
30 1/4sq. yd. = 272. Vi sq. ft.= 1sq. rod 
160 sq. rods = 10 chn. Slitanre 
4840 sq. yd. = 43560 sq. ft. ; 
640 acres = 27,878,400 sq. ft. = 1 sq. mile 
1 acre = abscess Die nates 
Seaic area of circle 1 in. diam. 
Loir.in. = 4" 2 0.7854 sq. in. 
cir: mili = J/8he8 of circle 0.001 in. diam. 


= 0.057854 sq. in. 


1,000,000 cir. mil = 1 cir. in. 


Board Measure 

144 ou. in. = 12 x 12 xX lin. = 1 board ft. 

The above definition of a board foot applies 
to rou S fe green lumber. American practice uses 
a yard standard of 29/39 in. thick and an in- 
dustrial standard of 7/g in. thick for rough dry 
lumber; for dressed lumber the corresponding 
thicknesses are 25/39 in. and 13/jg in. For ex- 
ample, a rough dry piece 12 X 12 X 29/39 in. 
contains 1 board ft. Board ft. in round timber 
= (I/4ce X d X 1)/144. c = mean cirem., d 
diam., 1 = length, all in ft. 


Table 18.— Measures of Weight 


(The grain is the same in all systems.) 


Avoirdupois Weight 
16 drm, = 437.5 grn. = 1 oz. 


16 oz. = 7000 grn. = 1 lb. 
141lb. = 1 stone 
28 lb. = 2 stone = 1 qr. 
100 lb. = 1 quin. 
4qr. = 112l]b. = 1 cwt. 
20 cwt. = 2240 lb. = 1 long ton 
2000 lb. = 1 short ton. 
oa Weight (for cee and silver) 
24 grn. = 1dw 
20 dwt. = 480 be = = 1 Oz. 
12 oz. = 5760 ern. 1 Ib. 
1 Assay ton = 29,167 nlMinests 
Ls Troy oz. per 2000 lb. 


ton avoirdupois 


1 Imp. gal. = 277.420 cu. in. 


= 10lb. H2O 
1.20094 U. S. gal. = 1 Imp. gal. 
7.4805 U.S. gal. = 1 cu. ft. 


Old Liquid Measure 
1 bbl. 


311/e gal. = 
42 gal. = 1 trce. 
2 bbl. = 63 gal. = 1 hghd. 
84 gal. = 2 trce. = 1 pchn. 
2 hghd. = 126 gal. = 1 pipe or butt 
2 pipes = 3 pchn. = 1 tun. 
Apothecaries’ Fluid i 
60 minims =1f1. em 
8 drm. =1f. 
1 fi. oz. = 1/128 “0. S. gal. = 1.8047 
cu. in. = 456.3 grn. H2O 
at 39° F. 
16 fi, pint 


=1 
1 fi. A (British) = 1.732 cu. in. 
= 437.5 grn. H20 at 62°F. 


Dry Measure 
2 pints = 1 qt. 
8 qts. = 1 peck 
4 pecks = 2150.42 cu. in. 
= 1 bu. (struck) 
11/4 bu. (struck) = 1 bu. (heaped) 
105 qts. (struck) = 7056 cu. in. = 1 bbl. 
8 Imp. gal. = 2218.192 cu. in. 
= 1 Imp. bu. 
8 Imp. bu. = 1 qr. 


Shipping Measure 
100 cu. ft. = 1 Register ton * 
40 cu. ft. oe oe bu. 
= 1 shipping ton (U. 8S. 
42 cu. ft. = 32.719 Imp. bu a 
= d shipping ton (British) ¢ 
_ * For measurement of entire internal capac- 
ity. t For measurement of cargo. 


Miner’s Inch 

A variable unit, defined by statute in dif- 
ferent states as the quantity of water that will 
flow through an orifice of 1 8q. in. areas under a 
head ranging from 4 1/9 to 6 i in. U.S - Reclama- 
tion Service defines the miner’s inch as 1 cu. in. 
per sec. The law governing the locality in 
which the measurement is to be made should 
be consulted, 
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Table 20.—Circular Measure Table 21.— Time 


60 sec. = 1 min. 60sec. = 1 min. 7 days = 1 week 
60 min. = 1 deg. 60 min. = 1 hr. 52 weeks = 1 year 
90 deg. 1 quad. 24 hr. = 1 day 


360 deg. he cirem. 1 =a : 

4 year (exact) =365 days, 5 hr., 48 min., 45.6 sec. 
pice sd Ub Gea, = Prodan A year divisible by 4 is a leap year and con- 
a tains 366 days, except centesimal years, of which 


only those divisible by 400 are leap years. 


365.24734 mean solar days = 1 yr. 
= 366.008515 sidereal days 
24 hr. mean solar time 
= 23 hr. 56 min., 49.9 sec. sidéreal time 
1 mean solar day 
= 1 mean sidereal day + 3 min., 10.1 sec. 


57° 17’ 44.806” 
angle of are equal to 
radius. 


1 radian 


THE METRIC SYSTEM 


The fundamental standard of length in the metric system is the International Standard Meter, 
derived from the Metre des Archives, Paris. Its length is defined as the distance between two 
lines at 0° C. on a platinum-iridium bar peceeet cd at the International Bureau of Weights and 
Measures near Paris. 1 meter = 39.37 i 

The fundamental standard of mass is oon International Standard Kilogram, which is a mass 
of platinum-iridium, deposited at the International Bureau, whose weight in vacuo is the same 
as that of the Kilogram des Archives. 

The fundamental unit of volume is the liter, which is defined as the volume of a kilogram of 
water at the temperature of maximum density, 4° C., under a pressure of 76 cm. of mercury. The 
liter originally was defined as a cubic decimeter, but is slightly greater. The generally accepted 
relation between the cubic decimeter and the liter is 1 liter = 1.000027 cu. decimeters. 

The unit of force is the dyne, which is the force ack acting for 1 second on a mass of one gram 
will produce a velocity of 1_centimeter per second. 1 dyne = (1/980.665) gram. 1,000,000 dynes 
= 1.020 kilograms force = 2. "248 Ib. force. 1 Ib. force = 0.4536 kilogram force = 444,800 dynes. 

The unit of heat is the gram-calorie, which 1s the quantity of heat required to raise 1 gram of 


water 1° C. See p. 3-17. 
Tabie 22.— Units of Metric Measures * 


Length Area 

Unit Symbol Value in Meters Unit Symbol] ValueinSq. Meters 
Micron 7 0.000 001 
Millimeter mm. 0.001 Sq. millimeter sq. mm 0.000 001 
Centimeter cm. 0.01 Sq. centimeter sq.cm 0.000 1 
Decimeter dm. 0.1 Sq. decimeter sq. dm, 0.01 
Meter (unit) m. 1.0 Sq. meter (centiare)|sq. m. 1.0 
Dekameter dkm. 10.0 Sq. dekameter (are)|sq.dkm. 100.0 
Hectometer hm. 100.0 Hectare ha. 10,000.0 
Kilometer km. 1,000.0 Sq. kilometer sq.km. |1,000,000.0 
Myriameter Mm. 10,000 .0 
Megameter 1,000,000.0 

Cubic Measure Volume 

Unit Symbol | Value in Cubic Meters Unit Symbol] Value in Liters 
Cubic kilometer | cu. km. |1,000,000,000 Milliliter ml, 0.001 
Cubichectometer] cu. hm. 1,000,000 Centiliter cl. 0.01 
Cubic dekameter| cu. dkm. 1,000 Deciliter dl. 0.1 
Cubic meter cu. m. 1 Liter (unit) 1. 1.0 
Cubic.decimeter | cu. dm. 0.001 Dekaliter dkl. 10.0 
Cubic centimeter} cu. cm. 0.000 001 Hectoliter hl. 100.0 
Cubic millimeter | cu. mm 0.000 000 001 Kiloliter kl. 1,000.0 
Cubic micron 3 0.071 

Weight 

Unit Symbol Value in Grams Unit Symbol] Value in Grams. 
Microgram “y: 0.000 O01 Gram (unit) g. 1.0 
Milligram mg. 0.001 Dekagram dkg. 10.0 
Centigram cg. 0.01 Hectogram hg. 100.0 
Decigram dg. 0.1 Kilogram kg. 1,000.0 
Gram (unit) g. 1.0 Myriagram Mg 10,000.0 

Quintal q. 100,000.0 
Ton t 1,000,000.0 


* A subscript after a figure indicates the number of times it is repeated. Thus 0.038 = 0.0008 
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METRIC EQUIVALENTS 


Table 23.—Metric Equivalents of Length * 


English to Metric Metric to English |___ Los. 
linch= 25.4 mm. 1.404834 1 mm. = 0.03937 in. 2.595165 
= 2.54 cm. 0.404834 = 0.003281 ft. 3.515984 
= 0.0254 m. 2.404834 = 0.001094 yd. 3.038863 
1 foot = 304.800 mm. 2.484015 1 cm. = 0.3937 in. 1.595165 
= 30.480 cm. 1.484015 = 0.03281 ft. 2.515984 
= 0.3048 m. 1.484015 = 0.01094 yd. 2.038863 
l yard = 91.4402 cm, 1.961137 lmeter= 39.37 in. 1.595162 
= 0.9144 m. 1.961137 =. (3.2808 ft. 0.515984 
= 0.03914 km. 4.961137 = 1.0936 yd. 0.038863 
1 rod = 502.9211 cm. 2.701500 = 0.1988 rd. 1.298500 
= 5.0292 m. 0.701500 = 0.04971 chain] 2.696440 
= 0.005029 km. 3.701500 = 0.036214 mi. 4.793350 
1 chain = 2011.68 cm. 3.303559 1 kilometer = 3280.833 ft. 3.515984 
= 20.1168 m. 1.303559 = 1093.611 yd. 3.038863 
= 0.02012 km. 2.303559 = 198.838 rods 2.298500 
1 mile = 1609.344 m. 3.206650 = 49.7095 chains} 1.696440 
= 1.6093 km. 0.206650 = 0.6214 mi. 1.793350 
Table 24.—Metric Equivalents of Area * 
English to Metric Log. Metric to English Log. 
1 cir. mil = 0.035067 sq.mm. | 4.704751} 1sq. mm. = 1,973.55 cir. mils 3.295249 
1 sq. in. = 645.163 sq. mm. 2.809669 = 0.001550 sq. in. 3.190331 
= 6.4516 sq. cm. 0.809669 = 0.0410764 sq. ft. 5.031968 
= 0.036452 sq. m. 4.809669 = 0.051196 sq. yd. 6.077726 
1sq.ft.= 92,903.41 sq. mm. 4.968032 1 sq. cm. = 0.1550 sq. in. 1.190331 
= 929.0341 sq. cm. 2.968032 = 0.001076 sq. ft. 3.031968 
= 0.0929 sq. m. 2.968032 = 0.031196 sq. yd. 4.077726 
= 0.05929 hectare 6.968032 1sq. m. = 1,549.9969 sq. in. 3.190331 
= 0.07929 sq. km. 8.968032 = 10.7639 sq. ft. 1.031968 
lsq. yd. = 836,130.74 sq. mm. 5.922274 = 1.1960 sq. yd. 0.077726 
= 8,361.307 sq. cm. 3.922274 = 0.002471 sq. chain 3.392882 
= 0.83613 sq. m. 1.922274 = 0.032471 acre 4.392882 
= 0.04836 hectare 5.922274 = 0.053861 sq. mi. 7.586700 
= 0.05836 sq. km. 7.922274 lhectare= 107,638.7 sq. ft. 5.031968 
1 sq. chain = 404.686 sq.m. 2.607118 = 11,959.85 sq. yd. 4.077726 
= 0.04047 hectare 2.607118 = 24.710 sq. chain 1.392882 
= 0.034047 sq. km. 4.607118 = 2.4710 acres 0.392882 
lacre = 4,046.86 sq. m. 3.607118 = 0.003861 sq. mi. 3.586700 
= 0.4047 hectare 1.607118 1 sq. km. = 10,763,867.36 sq. ft. 7.031968 
= 0.004047 sq. km. 3.607118 = 1,195,985.26 sq. yd. 6.077726 
1 sq. mile = 2,589,998 sq. m. 6.413300 = 2,471.050 sq. chains | 3.392882 
= 259.0 hectare 2.413300 = 247.1045 acres 2.392882 
= 2.590 sq. km. 0.413300 = 0.3861 sq. mi. 1.586700 
Table 25.—Metric Equivalents of Weight or Mass * 
English to Metric Log. Metric to English Log. 
Lgrain= 64.797 _ me. 1.811568 1 milligram = 0.01543 grain 3.188433 
= 0.0648 gm. 2.811568 = 0.048215 oz. Troy 5.507191 
1 oz. Troy or = 0.043527 oz. avoir. 5.547454 
apothecary = 31,103.5 mg. 4.492809 lgram= 15.4324 grains 1.188433 
= 31.103 gm. 1.492809 = 0.03215 oz. Troy 2.507191 
: = 0.03110 kg. 2.492809 = 0.03527 oz. avoir. 2.547454 
1 02. avoirdupois = 28,349 5. mg. 4.452546 = 0.022679 lb. Troy 3.428010 
= 28.3495 gm. 1.452546 = 0.02205 Ib. avoir. 3.343334 
= 0.02835 kg. 2.452546 1 kilogram = 32.1508 oz. Troy 1.507191 
1 pound Troy or = 35.2740 oz. avoir. 1.547454 
apothecary = 373.2417 gm. 2.571990 = 2.6792 lb. Troy 0.428010 
; _= 0.3732 keg. 1.571990 = 2.2046 Ib. avoir. 0.348334 
1 poundavoirdupois = 453.5925 gm. 2.656666 = 0.021102 short ton 3.043304 
= 0.4536' ke. 1.656666 = 0.039842 long ton 4.993086 
= 0.034536 metric ton| 4.656666 1 metric ton = 2204.62 Ib. avoir. 3.343334 
1 short ton = piace kg. 2.957696 = 1.1023 short tons 0.043304 
= .9072 metricton} 1.957696 = 0.9842 : 
1 long ton = 1,016.06 kg. 3.006914 ee ten ea 
= 1.0161 metric ton| 0.006914 


* A subscript after a figure indicates the number of times it is repeated. 


Thus 0.038 = 0.0008 


METRIC EQUIVALENTS 


Table 26.—Metric Equivalents of Capacity or Volume * 


English to Metric Log. Metric to English Log. 
lou.in. = 16,387.17 cu.mm. | 4.214504 lou. mm. = 0.046102 cu.in. | 5.785496 
= 16.3872 cu.cm. | 1.214504 a= 0.032705 fluid dr. | 4.432185 
= 0.016387 1. 2.214504 = 0.043381 fluid oz. | 5.529094 
= 0.0316387 hl. 4.214504 lcu. cm, = 0.06102 cu. in. 2.785496 
= 0.0416387 cu. m. 5.214504 = 0.043531 cu. ft. 5.547951 
lou. ft. = 28,317.08 cu.cm. | 4.452049 = 0.051308 cu.yd. | 6.116589 
= 28.3169 1. 1.452049 = 0.042838 bushel 5.452972 
= 0.2832 hl. 1.452049 = 0.2705 fluid dr. | 1.432185 
= 0.02832 cu.m. 2.452049 = 0.03381 fluid oz. | 2.529094 
lu. yd. = 764,559.5 cu.cm. | 5.883411 = 0.001057 quart 3.023944 
= 764.5595 1. 2.883411 ' = 0.032642 gallon 4.421884 
= 7.6456 = hl. 0.883411 1 liter = 61.02398 cu. in. 1.785496 
= 0.7646 cu.m 1.883411 = 0.035313 cu. ft. 2.547951 
i bushel = 35,239.3 cu.cm. | 4.547027 = 0.0013079cu. yd, | 3.116589 
= 35.2393 1, 1.547027 = 0.028377 bushel 2.452972 
= 0.3524 = hL. 1.547027 = 1.0567 quart 0.023944 
= 0.03524 cu. m. 2.547027 = 0.2642 gallon 1.421884 
1 fluid drachm = 3,696.7 cu.mm. | 3.567815 lhectoliter = 6,102.398 cu. in. 3.785496 
= 3.6967 cu.cm. | 0.567815 = 3.5318 cu, ft. 0.547951 
1 fluid oz. = 29,573.7 cu. mm. | 4.470906 = 0.13079 cu. yd. 1.116589 
= 29.5737 cu. cm. 1.470906 = 2.8377 bushels 0.452972 
1 quart = 946 .359 cu. cm 2.976056 1cu. meter = 61,023.38 cu. in. 4.785496 
= 0.9464 OL 1.976056 = 35.3183 cu. ft. 1.547951 
= 0.03946 cu. m. 4.976056 = 1.3079 cu. yd. 0.116589 
10U.S. gallon = 3,785.43 cu.cm. | 3.578116 _ 28:3773 bushels | 1.452972 
= 3.7854 1. 0.578116 = 1,056.682 quarts 3.023944 
= 0.003785 cu. m. 3.578116 = 264.170 gallons | 2.421884 
Table 27.—Metric Equivalents of Density* 
English to Metric Log. Metric to English Log. 
1 Ib. per cu. in. = 27.680 gm. per cu. cm.} 1.442162 1 gm. per cu. cm. = 0.03613 Ib. per cu. in. | 2.557838 
= 27,679.7 kg. per cu. m.| 4.442162 = 62.430 lb. per cu. ft. | 1.795381 
1 Ib. per cu. ft. = 0.01602 gm. per cu. cm.} 2.204619 = 8.3454 Ib. per U.S. gal.} 0.921450 
= 16.0183 kg. per cu. m. } 1.204619 1 kg. per cu. m. = 0.043618 lb. per cu. in. | 5.557838 
= 0.01602 metric ton per = 0.062430 Ib. per cu. ft.| 2.795381 
cu. m. 2.204619 = 1.6856 lb. per cu. yd. | 0.226746 
1 Ib. per cu. yd. = 0.5933 kg. per cu. m. | 1.773254 = 0.093345 lb. per U. 8. 
= 0.035933 metric tons gal. 3.921450 
per cu. m. 4.773254 |1 metric ton per cu. m = 62.4286 Ib. per cu. ft. | 1.795381 
1b. per U. S. gal. = 0.1198 gm. per cu. em.| 1.078550 = 1685.487 lb. per cu. yd.| 3.226746 
= 119.826 kg. per cu. m. | 2.078550 = 0.8428 short ton per _ 
1 shortton percu.yd. = 1.1865 metric tons per cu. yd. 1.925715 
cu. m. 0.074285 = 0.7525 long ton per cu.| _ 
1 long ton per cu. yd. = 1.3289 metric tons per yd. 1.876498 
cu. m. 0.123502 
Table 28—Metric Equivalents of Velocity* 
English to Metric Log. Metric to English Log. 
1 in. per sec., = 2.54001 cm. per sec. 0.404834 1 cm. per sec, = 0.3937 in. per sec. 1.595165 
= 0.0254 m. per sec. 2.404834 = 0.03281 ft. per sec. 2.515984 
= 1.5240 m. per min. 0.182985 = 1.9685 ft. per min. 0.294136 
1 ft. per sec. = 30.4801 cm. per sec. 1.484015 = 0,02237 mi. per hr. 2.349653 
= 0.3048 m. per sec. 1.484015 = 0.01943 knot 2.288367 
= 18.2880 m. per min. 1.262166 1 m. per sec. = 39.37 in. per sec. 1.595165 
= 1.0973 km. per hr. 0.040318 = 3.2808 ft. per sec. 0.515984 
1 ft. per min. = 0.5080 cm. per sec, 1.705864 = 196.8500 ft. per min. 2.294136 
= 0.00508 m. per sec. 3.705864 = 2.2369 mi. per hr. 0.349653 
» = 0.3048 m. per min. 1.484015 = 1.9426 knots 0.288367 
= 0.018288 km. per hr. 2.262166 1 m. per min. = 0.6562 in. per sec. 1.817014 
1 mile per hr. = 44.704 cm. per sec. 1.650348 = 0.05468 ft. per sec. 2.737833 
= 0.4470 m. per sec. 1.650348 = 3.2808 ft. per min. 0.515984 
= 26.8222 m. per min. 1.428495 = 0.03728 mi. per br. 2.571508 
= 1.6093 km. per hr. 0.206650 = 0.03238 knot 2.510218 
1 knot = 51.4791 cm. per sec. 1.711631 1 km, per hr. = 0.9113 ft. per sec. 1.959681 
= 0.5148 m. per sec. 1.711631 = 54.6806 ft. per min. 1.737833 
= 30.8875 m. per min. 1.489782 = 0.62138 mi. per hr. 1.793357 
= 1.8532 km. per hr. 0.267933 = 0.5396 knot 1.732072 


* A subscript after a figure indicates the number of times it is repeated. Thus 0.038 = 0.0008 
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Table 29.— Metric Equivalents of Pressure* 


English to Metric Log. Metric to English Log. 

i . in. = 0.7031 gm. persq. mm. 1.846996 1 gm. per sq. mm. = 1.4223 lb. per sq. in. 0.153004 
oo = Spee ae cm. 2.846996 = 204.8170 lb. per sq. ft. 2.311366 
= 0.07031 kg. per sq. cm. 2.846996 1 gm. per sq. cm. = 0.01422 lb. per sq. in. | 2.153004 

= 0.7031 metric ton per sq. m.} 1.846996 = 2.0482 lb. per sq. ft. 0.311366 

= 0.07031 metric atmospheref | 2.846996 1 kg. per sq. cm. = 14.2234 Ib. per sq. in. | 1.153004 

1 Ib. per sq. ft. = 0.004882 gm. persq. mm. | 3.688598 = 2048.1696 lb. per sq. ft.| 3.311366 
= 0.4882 gm. per sq. cm. 1.688598 |1 metric ton persq.m. = 1.4223 lb. per sq. in. 0.153004 

= 0.034882 kg. per sq. cm. 4.688598 = 204.8170 lb. per sq. ft. 2.311366 

= 0.004882 metric ton persq. m.| 3.688598 = 0.1024 ton per sq. ft.§ 1.010342 

= 0.034882 metric atmosphere f| 4.688598 1 metric atmospheret = 14.2234 lb. per sq. in. | 1.153004 

1 ton per sq. ft.f= 9.7648 metric tons per sq. m.| 0.989663 = 2048.1696 Ib. per sq. ft.| 3.311366 
= 0.9765 metric atmospheret | 1.989663 = 1.0241 tons per sa. ft. 0.010342 

1 atmosphere { = 1.0335 metric atmospheres ft] 0.014310 = 0.9676 atmosphere t | 1.985696 


+ 1 metric atmosphere=1 kg. persq.cm. {$1 atmosphere=14.7 lb. persq.in. §1ton=2000 lb. 


Table 30.— Metric Equivalents of Force * 


English to Metric Log. Metric to English 
1 lb. = 444,800 dynes 5.648165 1 dyne = 0.052248 Ib. 
= 453.6 grams 2.656673 = 0.047233 poundal 
= 0.04448 joule per cm. | 2.648165 = 0.01020 gram 
= 0.4536 kg. 1.656673 = 0.051020 ke. 
= 32.17 poundals 1.507451 = 0.051 joule per cm. 
1 poundal = 13,826 dynes 4.140696 1 gram = 0.022205 lb. 
= 14.10 grams 1.149219 = 0.07093 poundal 
= 0.0;13826 joule per cm. | 3.140696 = 980.7 dynes 
= 0.01410 kg. 2.149219 = 0.001 kg. 
= 0.03108 lb. 2.492481 = 0.049807 joule per cm. 
1 joule 
ae om, } = 22.48 Ib. 
= 723.3 poundals 
= 10,000,000 dynes 
= 10,200 grams 
= 10.20 kg. 
1 kg. = 2.205 Ib. 


70.93 poundals 

= 980,700 dynes 

= 1000 grams 

= 0.09807 joule per cm. 


Table 31.—Metric Equivalents of Power, Work and Energy * 


English to Metric Log Metric to English 
1 ft.-lb. = 0.1383 kg.-m. 1.140683 1 kilogram-meter = 7.2331 ft.-Ib. 

= 0.053766 kw.-hr. 7.575880 = 0.053653 Hp.-hr. 

= 0.05121 cheval-vapeur-hr.t | 7.709698 = 0.029303 B.t.u. 

= 0.033241 kg.-calorie 4.510660 |1 kilogram-meter per sec. = 7.2331 ft.-Ib. per sec. 
1 ft.-lb. per sec. = 0.1383 kg.-m. per sec. 1.140683 = 0.01315 Hp. 

= 0.021383 poncelet + 3.140683 }1 kilogram-meter per min.= 7.2331 ft.-lb. per 

= 0.021843 cheval-vapeur t 3.265619 min. 

= 0.033241 kg.-cal. per sec. 4.510660 = 0.032180 Hp. 
1 ft.-Ib. per min. = 0.1383 kg.-m. per min. 1.140683 1 kilowatt-hour = 2,655,180 ft.-lb. 

= 0.021383 poncelet f 3.140683 = 1.3341 Hp.-hr. 

= 0.043072 cheval-vapeur t 5.487469 = 3411.5 B.t.u. 

1 Hp. = 76.0398 kg.-m. per sec. 1.881040 1 cheval-vapeur t = 542.48 ft.-Ib. per sec. 
= 4562.384 kg.-m. per min. 3.659191 = 32,548.57 ft.-Ib. per 
= 0.7604 poncelet ¢ 1.881040 min. 
= 1.01390 cheval-vapeur ¢ 0.016616 = 0.9863 Hp. 

1 Hp.-br. = 273,742.9 kg.-m. 5.437436 1 cheval-vapeur-hour = 1,952,914 ft.-Ib. 
= 0.7456 kw.-hr. 1.872516 = 2513.56 B.t.u. 
= 641.6895 kg.-cal. 2.807325 1 Poncelet ¢ = 723.31 ft.-lb. per sec. 
1 B.t.u. = 0.2520 kg.-cal. 1.401401 = 43,398.10 ft.-lb. per 
= 107.4925 kg.-m. 2.031123 min. 
= 0.032931 kw.-hr. 4.467016 = 1.3151 Hp. 
= 0.033978 cheval-vapeur-hr. t | 4.599711 1 kilogram-calorie = 3085.60 ft.-Ib. 
= 0.021558 Hp.-hr. 
= 3.9686 B.t.u. 


1 kilogram-calorie per sec.= 3085.60 ft.-lb. per 
sec. 
= 5.610 Hp. 
* A subscript after a figure indicates the number of times it is repeated. Thus 0.038 = 
t 1lponcelet = 100kg.-m.'persec. {1 cheval-vapeur = 75 kg.-m. per sec, = 1 meteia ho 


6.008600 


2.991536 


Log. 
0.859318 
6.562651 
3.968622 
0.859318 
2.118929 


0.859318 
4.340809 
6.424082 
0.125189 
3.532946 
2.734384 


4.512532 
1.994018 
6.290683 
3.400294 
2.859318 


4.637471 
0.118929 
3.489360 
3.192675 
0.598367 


3.489360 
0.748982 


0.0008. 
rsepower. 


INDEX 


Wote: The double numbers refer to both section and page numbers: © 
For example, 13—09 indicates page 09 of Section 13. 


In order to prevent this index from growing to unwieldy proportions, 
the various properties of the metals and alloys, as tensile strength, 
specific gravity, specific heat, modulus of elasticity, yield point, etc., 


are not indexed separately. 


They are included under the general 


head of properties of the individual metals and alloys. 


A 


Abrasion, gear, 14-16 
resistance, alloys for, 4-19 
refractories, 5-08 
stainless steel for, 3-22 
Abrasive, abrasives 
airless, casting cleaning, 20-38 
cut-off discs, 21-102 
grain size, 21-66, 21-92 
head, polishing wheels, 21-90 
polishing, 21-92 
processes, 21—66 to 21-96 
bibliography, 21-66 
buffing, 21-92 to 21-96 
honing, 21-88 2 
lapping, 21—87 
polishing, 21-88 to 21-92 
types of, 21-66 
wheel, wheels, 21-66 
bond, 21-66 
care of, 21-78 
causes of breakage, 21-80 
diamond, 21-68 
disc, for surfacing, 21-75 
factor of safety, 21-80 
factors influencing selection, 21-70 
glazing, 21-81 
grade, 21-67 
grain depth of cut, 21—76 
guards, 27—07 
loading, 21—81 
marking, 21-67 
mounting, 21—79 
operating speed, 21—80 


polishing, 21-88 to 21-92; see Polishing 


wheels 
protection, 21-81, 21-82, 21-84 
resinoid bond, 21—67 
rubber bond, 21—66 
selection, 21—66, 21-68 
shellac bond, 21—66 
silicate bond, 21-66 
speed, 21-68 
spindle sizes, 21-81 
starting, 21-78 
structure, 21-67 
symbols, 21—67 
synthetic resin bond, 21-66 
troubles, 21-81 
vitrified bond, 21-66 
wear, 21-76, 21-81 


Absorption capacity of wood, 22-31 


dynamometers, 24-83 
noise, in ducts, 16-24 
sound, 16-23 


A. C. motor, motors 


adjustable speed, brush shifting, 25-32 
control, polyphase induction motors, 25-54 
single-phase motors, 25—53 
squirrel-cage motors, 25-54 
synchronous motors, 25-59 
wound-rotor motors, 25-56 
costs, 25-23, 25-28, 25-38, 25-43 
dimensions, 25-23, 25-26, 25-38, 25-43 
full load current, 25-14 
polyphase, application, 25-50 


induction, large-power, 25-28 

large-power, adjustable varying speed, 
brush shifting, 25-33 

large-power, constant horsepower, 25—3C 
large-power, constant torque, 25-30 
large-power, costs, 25-38 
large-power, crane, 25-32 
large-power, dimensions, 25-38 
large-power, efficiency, 25-33 
large-power, elevator, 25-32 
large-power, frame sizes, 25-31 
large-power, hoist, 25-32 
large-power, horsepower, 25-29 
large-power, mechanical features, 25-35 
large-power, multi-speed, squirrel-cage, 


25-30 

large-power, multi-speed wound-rotor, 
25-31 

large-power, operating characteristics, 
25-33 


large-power, quiet-operating, 25-31 
large-power, service factor, 25-33 
large-power, speed ratings, 25-29 
large-power, squirrel-cage, 25-28 
large-power, squirrel-cage, frame sizes, 
25-31, 25-34 to 25-37 
large-power, starting current, 25-29, 25— 
34 
large-power, temperature rise, 25-33 
large-power, torque, 25-29, 25-34 
large-power, variable torque, 25-30 
large-power, voltage variation, 25-34 
large-power, weights, 25-38 
large-power, wound-rotor, 25-30 
large-power, wound-rotor, frame sizes, 
25-32 
small-power, high-frequency, 25-20 


y A.C.-Acc INDEX Ace-Alc 


A. C. motor, motors, (cont.) 
small-power, (cont.) 
reluctance, 25-20 
squirrel-cage induction, 25-20 
synchronous, 25-20 
synchronous, large power, costs, 25-43 
large-power, dimensions, 25-43 
large-power, efficiency, 25-41 
large-power, high-speed, 25-39 
large-power, high torque, 25-40 
large-power, horsepower, 25-39 
large-power, low-speed, 25-39 
large-power, mechanical features, 25-43 
large-power, operating characteristics, 
25-40 
large-power, power-factor, 25-40 
large-power, speed ratings, 25-39 
large-power, standard rating, 25-39 
large-power, starting current, 25-42 
large-power, synchronous induction, 25— 
40 
large-power, temperature rise, 25—40 
large-power, torque, 25-41 
large-power, voltage variation, 25-42 
large-power, weights, 25-43 
single-phase, applications, 25-50 
large power, 25-23, 25-24 
brush shifting, repulsion, 25-25 
capacitor, 25-25 
costs, 25-28 
dimensions, 25-26 
efficiency, 25-25 
frame sizes, 25-26 
operating characteristics, 25-25 
temperature rise, 25-25 
torque, 25-26 
voltage variation, 25-26 
weights, 25-26 
repulsion-induction, 25-24 
repulsion-start induction, 25-24 
small power, 25-18 
capacitor, 25-19 
capacitor-start, 25-19 
repulsion-induction, 25-19 
repulsion-start induction, 25-19 
series-wound, 25-20 
shaded-pole, 25-19 
slip, 25-12 
small power, hysteresis, 25-20 
reluctance, 25-20 
speeds, 25-18 
split-phase, 25-19 
standard ratings, 25-18 
synchronous, 25-20 
starting current, 25-15, 25-21, 25-26, 25-34, 
25-42 
synchronous speeds, 25-12 
torque, 25-14, 25-22, 25-26, 25-34, 25-41 
vertical, frame sizes, 25-28 
voltage ratings, 25-11 
variation, 25-22, 25-34, 25-42 
weights, 25-23, 25-26, 25-38, 25-43 
Acacia, specific gravity and weight, 5-21 
Acceleration, def., 8-19 
angular, def., 8-19 
cranes, 23-31, 23-32 
curves, 8-19 
due to gravity, 8-20 
force of, 8-20 
formulas, 8-20 
reciprocating parts, graphical analysis, 11-14 
resistance to, 8-20 
uniform, cam motion, 8-12 
work of, 8-21 


Acetate of lime, properties, 1-04 
Acetic acid, absorption by rubber, 5-31 
properties, 1-04, 1-12 
Acetone, absorption by rubber, 5-31 
Acetylene, properties, 1-13 
welding, 2-50 
Acid, acids 
alloys resistant to, 4-19 
mine water, stainless steel for, 3-22 
organic, effect on zinc, 4-11 
process, iron melting, 20-19 
resistance, corrosiron, 3—24 
copper-aluminum-iron-bronze, 3-25 
-resisting brick, 5-14 
specific gravity, 1-12 
stains, 22-28 
steel, 2-10, 2-11 
-still castings, analyses, 20-08 
Acme thread, 9-03 
Acoustic filters, 16-24 
Actinium, atomic weight, 1-03 
Acuity, visual, 26-15 
Adapter sleeve, ball bearing, 13—82 
Addendum, bevel gears, 14-22 
helical gears, 14-19 
Adhesives (see also Glue) 
plywood, 22-25 
resin, film, 22-26 
Tego, 22-26 
Admiralty metal, properties, 4-28 
Adnic, 4-51 
Adsorption tests, molding sand, 20-33 
Advance metal, 4-51 


Aerial tramways, track strand, 6-42, 6-46 


Aerocrete building construction, 17-27 
roof construction, 17-40 
Agate, hardness, 1-15 
Aging, aluminum alloys, 4-39 
cast iron, 20—20 
Agricultural equipment, bearings, 13-82 
equipment, steel for, 2-38 
implement castings, analyses, 20-08 
Air, absorption by rubber, 5-30 
compressibility, 1-16 
-compressor bearings, 13-82, 13-92 
fly-wheels, 11—19 
lubricants, 13-55 
motors for, 25-50 


critical velocity, unloading systems, 26—1C 


cylinder castings, analyses, 20-08 
flotation velocity, 26-10 
furnace, 20-17, 20-18 
refractories for, 5-17 
vs. cupola, 20-18 
hoists, 23-45 
pressure, cupola practice, 20-10 
oil burners, 18-10 
properties, 1-13 
supply, cupolas, 20-13 
velocity, conveying ducts, 26-10 
Aircraft engine bearings, 13-31 
forgings, steel for, 2-38 
sheet and strip, steel for, 2-38 
Airplane crank-shafts, grinding, 21-71 
cylinder castings, analyses, 20-08 
propellers, balancing, 16-08 
forging equipment, 19-05 
strand and cord, 6-37 
vibration, 16-16 
A.I.S.C. specifications, 17-14 
Alabaster, hardness, 1-15 
Alclad products, 4-34, 4-40, 4-47 
Alcohol, absorption by rubber, 5-31 
compressibility, 1-15 
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Alcohol, (cont.) 
effect on zine, 4-11 
properties, 1-04, 1-12 
Alden absorption dynamometers, 24—83 
Alder, specific gravity and weight, 5-21 
Alignment, thrust bearings, 13—37 
Alkali, alloys resistant to, 4-19 
caustic, 1-09 
Allowance, allowances 
finish, aluminum castings, 4-35 
fits, 12-23 
grinding, 21-75 
screws and nuts, 9-07 
screw threads, def., 9-05 
Alloy, alloys 
aluminum, 4-25, 4-34 to 4-49 
bearing metal, white, 4-63 
brass, 4-18 to 4~33; see Brass 
bronze, 4-18 to 4-33; see Bronze 
cast iron, 20-15 
copper-base, sand-cast, corrosion, 4-23 
defects, 4-19 
fabrication, 4-19 
inspection, 4-19 
corrosion cracking, 4-09 
corrosion-resistant, 3-19 to 3-26 
deep-drawing nickel, 4-53 
defects in, 4-08 
die-casting, 4-13, 4-60; see Die-casting 
drawing temperatures, 4-07 
effect on cast iron, 20-05 
electrical properties, 4-07 
endurance limit, 4-08 
engineering, 4—09 
failure of, 4-08 
fatigue failure, 4-08 
fracture of, 4-08 
free-cutting, 4-24 
heat treatment range, 4-07 
high-silicon, 3-24 
-temperature, 4-24 
iron-chromium-nickel, 3-19 to 3-24; see also 
Stainless steel 
magnesium, 4-55 to 4-58; see Magnesium 
nickel-copper; see Nickel 
nickel-silver, 4-23 to 4-33, 4-54; see Nickel- 
silver 
non-destructive inspection, 4-08 
non-ferrous, 4—03 to 4-638 
brass, 4-18 to 4-33; see Brass 
bronze, 4-18 to 4-33; see Bronze 
cutting, 21-25 
cutting-fluids, 21-22 
die-casting, 4-13, 4-60; see Die-casting 
drilling, lubricant, 21-48 
drilling speeds, 21-47 
effect of composition on melting, 20—50 
magnesium; see Magnesium 
melting, 20—49 
nickel-silver, 4-23 to 4-33, 4-54; see Nickel- 
silver 
pouring temperature, 20-51 
permanent mold casting, 4-37 
quaternary, 2-18 
quenching temperatures, 4—07 
resistance, 4—53 to 4-55 
sand-cast copper-base, 4-18 to 4-23; see 
Brass; also Bronze 
season cracking, 4-09 
Smith, 18-17 
steel, 2-16 to 2-21; see Steel, alloy 
structural, aluminum, 4-49 
testing, 4-07 
thermal conductivity, 4-07 
Ti1—43 
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Alloy, alloys, (cont.) 
white, properties, 4-22 
wrought copper-base, properties, 
4-33; see Brass; also Bronze 
zinc, 4-10 to 4-17; see Zinc 
Alloying elements, effect on steel, 2-17 
Aloxite, 21-66 
Alternating-current, def., 25-03 
frequencies, standard, 25-11 
motors; see A.C. motors 
voltages, standard, 25-11 
Altitude, effect on electric motors, 25-10 
Alum, hardness, 1-15 
properties, 1—04 
Alumina, crystalline, 5-04, 5-05 
properties, 1-04 
-silica system, equilibrium diagram, 5—05 
Aluminum, 4—25, 4-34 to 4-49 
Alclad products, 4-34, 4-47 
alloy, alloys 
cast, 4-35, 4-36, 4-49 
design stresses, high-temperature, 4-42 
heat treatment, 4-42 
melting, 20-49 
planing speeds, 21-29 
properties at high temperature, 4-38 
structural, 4-49 
wrought, 4-38 to 4-42 
aging, 4-39 
cold working, 4-39, 4-41 
column formulas, 4—41 
design stresses, 4-42 
heat treatment, 4-39 
properties, 4-39, 4-40 
temper, 4-38 
angles, dimensions and properties, 6-15 
bar, 4-47 
beams, dimensions and properties, 6-13 
broaching, 21—99 
-bronze, effect of composition on melting, 
20-50 
pouring temperatures, 20-51 
properties, 4—20, 4-30 
at high temperatures, 4-18 
under repeated stress, 7-15 
buffing, 4-46; 21-94 
cables, 4-48 
castings, high temperature, 4-37 
molding sand, 20-31 
permanent mold, 4-35 
pressure die-, 4-35; 20-29; see Die-castings 
shrinkage allowance, 20-10 
tolerances, 4-35 
channels, dimensions and properties, 6-12 
cleansing agents, 4-46 
coloring, 4-47 
commercial forms, 4-35 
compressibility, 1-16, 4-34 
conductors, 4-48 
corrosion resistance, 4—25 
cutting lubricants, 4-44, 21-22, 21-48 
cutting speeds and feeds, 4—44 
drilling, 4-43, 21-47 
effect on zinc, 4-12 
electrical properties, 1-05, 4-34, 4-48 
electrical uses, 4—48 
electroplating, 4-46 
fabrication, 4-43 
feeds for, 4-44 
files for, 4-44 
finishing, 4-45 
foil, 4-47 
forging, 4-43 
grinding, 21-71, 21-74, 21-75 


4-26 to 


4 Alu-And INDEX Ang-Arc 


; & ‘ Angle, angles ¥ 
Carats Ea, aluminum, dimensions and propataes 6-15 
penetration, 18-05 corresponding to taper per foot, 12-22 
joining, 4-44 cutting tool, 21-10 
lacquering, 4-46 wood planers, 22—41 
lathe tools, 4-43 drill lip, 21-48 ‘ 
machinability, 21-19 lead, worm-gear drives, 14-35 
machining, 4-43 limiting, belt conveyors, 23-63 
cemented-carbide tools, 21-12; 21-26 of spiral, gearing, 14-23 
tool angles, 21-11 of twist, shafts, 7-41, 7-42 
magnetic properties, 4-34 screw thread, 9-04 . 
melting processes, 4-35 structural, dimensions and properties, 17—66, 
milling, 4-43, 21-40, 21-42 17-67 
molding practice, 4-35 gages for, 17-65 
-oxide coatings, 4-46 radius of gyration of two, 17-65 
paint, 4-46 safe loads on, 17-65, 17-68 
painting, 4-46 tension values, 17-68 
pistons, grinding, 21-72 Angstrom, 4-59 
planer tools, 4-43 Angular acceleration, def., 8-19 
plastic properties, 21-56 velocity, def., 8-19 
range, 21-54 Animal glue, 22-25 
plate, 4-47, 6-08 Annealing, 4-06 
polishing, 4-46, 21-91 alloy steel, 2-16 
products, 4-47 -box castings, analyses, 20-08 
properties, 1-03 to 1-05, 4-34 east iron, 20-21 
under repeated stress, 7-14 cold-worked metals, 21—54 
reamers for, 4—44 copper, 4-10 
rivets, 4-45 effect on stainless steel, 3-21 
riveting, 4-45 furnace, furnaces 
rod, 4-47 applications, 18-24 
roofing, 17-42 atmosphere control, 18-23 
sand-blast finish, 4-47 i capacity, 18-05 
satin finish, 4-47 electric, applications, 18-24 
sawing, 4-44, 21-101, 21-102 fuel consumption, 18-05 
scratch brush finish, 4-47 refractories for, 5-17 
shaper tools, 4-43 temperatures, 18—03 
sheet, 4-47, 6-08, 6-09 ingot iron, 2-09 
corrugated, 6—09 malleable castings, 20—40 
safe load, 6-09 specifications, steel forgings, 2-33 
softening temperatures, 4-06 spontaneous, 21—54 
soldering, 4-45 stainless steel, 3-23 
structural sections, 4-47 steel, 2-13, 2-15 
uses, 4-49 castings, 2-15, 20-26 
switchboard construction, 4-48 temperature, Monel metal, 4-52 
taps for, 4-44 nickel, 4-50 
tees, dimensions and properties, 6-14 tool steel, 2-15, 21-26, 21-27 
tool materials, 4-44 Anodes, nickel, 4-50 
tubing, 4-47 Anthracite, hardness, 1-15 
25S Alloy, heat treatment range, a weight, 5-37 
welding, 4-44 Anti-fatigue, steel for, 2-38 
wire, 4-47 Antimony, compressibility, 1-16 
hard-drawn, 6-23 electrical resistivity, 1-05 
zees. dimensions and properties, 6-14 hardness, 1-05, 1-15 
Alundum, 21-66 properties, 1-03 to 1-05 
Amber, hardness, 1-15 Anvil block castings, analyses, 20-08 
Ambrac, 4—22, 4-30, 4-51 drop-hammer, 19-10 
American wire gage, 6-23, 6-24 power hammer, 19-12 
Ammonia, absorption by rubber, 5-30 Apartments, building construction, 17-14 
-cylinder castings, analyses, 20-08 Apatite, hardness, 1-15 
dissociator, 18-24 A. P. I. hydrometer scale, 1-10 


properties, 1-04, 1-12, 1-13 Apothecary’s fluid measure, 28-52 
Ammonium compounds, properties, 1-04 weight, 28-52 
Amplitude indicator, 16-05 Apparatus, isolation of, 16-16 
Amsler testing machine, 7-52 Apparent efficiency, def., 25-03 
Analysis, analyses power, def., 25-03 
chemical, cast iron, 20-04 Applewood, specific gravity and weight, 5-21 
Fink roof truss, 17-07 Aragonite, hardness, 1-15 
graphical, of trusses, 17-08 Arbors, buffing and polishing lathes, 21-95 
iron castings, 20-07 keys and keyways for, 12-09 
Anchor, bearing linings, 13-50 Arbor-vitae, specific gravity and weight, 5-21 
bolts, 9-38 Arc, arcs 
ates for, 2-38 circular, center of gravity, Ce 


cinch, 9-39 circular, table, 28-41 
Andalusite, 1-15, 5-04, 5-05 furnaces, 18-26 
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Arc, arcs, (cont.) 
mercury vapor, 26-14 
of contact, belts, 24-16, 24-19 
welding, 2—50, 2-51 
Arch, arches 
cinder concrete, 17-25 
corrugated, 17—84 
hollow tile, 17-25, 17-26 
refractories for, 5-17 
roof, 17-44 
timbrel, 17—44 
Architectural shapes, alloy for, 4-24 
extruded, properties, 4—32 
trim, alloys for, 4-19 
work, alloy for, 4-19 
Area, measures of, 28-52 
metric equivalents, 28—54 
projected, journal bearings, 13-17 
Argon, atomic weight, 1-03 
properties, 1-13 
Armature castings, analyses, 20-09 
def., 25-03 
Armco ingot iron, 2-06 to 2-10; see Ingot iron 
Arms, fly-wheel, 11-21 : 
hollow, 11-22 
gear wheels, 14-06 
pulley, 11-21, 24-08 
rabble, stainless steel for, 3-22 
Arsenic, atomic weight, 1-03 
compressibility, 1-16 
hardness, 1—05, 1-15 
properties, 1-04, 1-05 
wood preservative, 22-29 
Arsenious oxide, 1-04 
Asbestos, 5-37 
hardness, 1-15 
properties, 1-12 
roofing, 17-41, 17-42 - 
Ash, ashes 
boiler fly, 26-11 
conveyor, 23-69 
handling, 23-57 
specific gravity, 1-12 
steam ejector conveyor, 23-69 
weight, 1-12 
wood, allowable unit stresses, 7-28, 7-29 
characteristics and uses, 5-21 
nail-holding power, 9-45 
specific gravity and weight, 5-21 
time required to dry, 22-18 
Ashlar-masonry, def., 17-21 
weight of, 17-12 
working stresses in compression, 17—19 
A.S.M.E. boiler code, welded joints, 2—57 
Aspen, allowable unit stresses, 7-28, 7-29 
specific gravity and weight, 5-21 
Asphalt, coefficient of rolling friction, 8-27 
hardness, 1-15 
Asphaltum, 1-12 
Assembly, selective, 21-110 
A.S.T.M. steel specifications, 2-21 
Asynchronous machine, def., 25-03 
Atomic hydrogen, welding, 2-52 
weights, 1-03 
Atomization, fuel oil, 18-10 
Atomizers, steam consumption, 18-11 
Atmosphere, atmospheres 
alloys resistant to, 4-19 
carburizing, 18-19 
control, industrial furnaces, 18-23 
controlled, industrial furnaces, 18-18 
corrosion-resistant alloys, 4-24 
explosive, 25-17 
nitriding, 18-19 
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Atmosphere, atmospheres, (cont.) 
non-oxidizing, 18-18 
protective, cost of, 18-24 

Atmospheric corrosion, stainless steel for, 3-22 

Attachments, milling machine, 21-46 

Auger bits, grinding, 21-71 

Augite, hardness, 1-15 

Austenite, 2-12, 2-13 

Austenitic manganese-steel castings, 20-25, 20- 

29 
steels, 2-21 

Automatic machine products, steel for, 2-38 
trip, def., 25-03 

Automobile, automobiles 
axles, grinding, 21-71 
bumpers, polishing, 21-91 
castings, analyses, 20-08 
crank-shafts, grinding, 21-71 

hardening, 18-17 
cylinder blocks, milling, 21-43 
castings, analyses, 20-08 
gaging, 21-110 
differential bearings, 13-92 
engine suspension, 16-16 
noise, level, 16-19 
parts, forging equipment, 19-05 
stainless steel for, 3-22 
steel for, 2-38 
radiators, alloy for, 4-24 
steels, 2-37 to 2-48 
suspensions, 16-17 
springs, 10-03, 10-17 
trim, steel for, 2-38 
valve spring material, 10-03 

Auto-transformer, def., 25-03 

Avialite, properties, 4-30 

Aviation parts, steel for, 2-38 

Avoirdupois weight, 28-52 

Axe heads, grinding, 21-75 

Axial brakes, 15-17 
compression, 7-04, 7-13 
stress, 7-04, 7-08, 7-12 
tension, 7-04, 7-13 

Axis, neutral, def., 7-18 

Axle, axles 
car, forging equipment, 19-05 

steel specifications, 2-24 
design, 11-03 
grinding, 21-71 
locomotive, steel specifications, 2-24 
materials, 11-03 
proof tests, 2-30 
steel for, 2-38 


B 

Babbitt 

bearings, loading and clearance, 13-31 

machinability, 21-19 

metal, 4-62, 13-49 

hardness, 1-14 
molten, heat loss from, 18-27 

Backs, veneer, 22—24 
Back-knife lathe, 22-46 
Back-rake, metal-cutting tools, 21-08 
Backing, masonry, 17—22 
Bake oven, refractories for, 5-17 
Bakelite, cemented-carbide tools for, 21-12 

drilling speeds, 21-47 

machinability, 21-19 
Balance, dynamic, 16—06 

grinding wheels, 21-78 

mechanical, 16—06 

polishing wheels, 21-90 

static, 16—06 
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Balancing, airplane propellers, 16—08 
machines, 16—07 
motors, 16—07 
Balata belting, 24-38 
belting, coefficient of friction, 24-36 
Bale conveyor, 23-72 
plywood, 22—26 
Ball, balls 
-bearing adapter sleeve, 13-82 
angular-contact, 13-61, 13-66 
speed factor, 13-72 
annular, 13-59 
applications, 13-81 
average load, 13-72 
eylindrical-roller, 13-70, 13-79, 13-80 
design life, 13-71, 13-74 
practice, 13-61 
dimensions, 13—61 to 13-70 
double-row groove, 13-65 
endurance-load relations, 13-68 
fits, 13-75 to 13-77 
frietion, 8-30 
gear-reduction unit, 13-81 
grinding, 21-71 
load-carrying capacity, 13-61 to 13-70 
load equation, 13-71 
load-life rating, 13-67 
lubrication, 13-78 
maintenance, 13-79 
mean effective load, 13-72 
mountings, 13-75 
operating temperature, 13-78 
pillow-block, 13-81 
races, steel for, 2-38 
radial, 13-60 to 13-62 
reference rating, 13-71, 13-72 
selection, 13-61, 13-74 
chart, 13-71 
of size, 13-71, 13-80 
self-aligning, 13-60, 13-63 
speed factors, 13-72 
service life, 13-74 
single-row, speed factor, 13-72 
speed, 13-71, 13—72 
spherical-roller, 13-69, 13-79, 13-80 
speed factor, 13-72 
standards, 13-59 
steel for, 2-38 
thrust, 13-68 
tolerances, 13-75 to 13-77 
vertical mounting, 13-81 
grinding, 21-71 
hollow copper, 7-47 
-mill castings, analyses, 20-08 
steel for, 2-38 
Balsa, characteristics and uses, 5-21 
Balsam wool, sound absorption, 16-23 
Bamboo, specific gravity and weight, 5-21 
Band, bands 
brakes, 15-16 
elliptic spring, 10-18 
-mills, 22-10 
capacity and horsepower, 22-11 
protection, abrasive wheels, 21-84 
resaws, 22-12 
-saw, 22-35, 22-40 
fly-wheels, 11-23 
guard, 27-06 
metal, 21-101 
Bar, bars 
aluminum, 6-09 
bumper, steel for, 2-38 
bus, aluminum, 4-48 
cold-finished steel, 2-36 
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Bar, bars, (cont.) 
deformed, specifications, 2-22 
forging equipment, 19-05 
heating rate, 19-06 
hot-rolled steel, 2-35, 2-36, 2-37 
magnesium alloy, 4-56 
steel, area and weight, 6-10 
specifications, 2-22, 2-26 
twisted, specifications, 2-22 
upset ends, 9-41, 9-42 
vibration, 16—04 
weight in various materials, 6-03, 6-10 
wrought-iron, specifications, 2-05 
Barite, hardness, 1-15 
Barium, atomic weight, 1-03 
compounds, 1—04 
properties, 1-04, 1-05 
Barley, weight, 5-37 
Barrel elevator, 23-71 
-stave saws, 22-35 
tumbling, dust collection system, 26-09 
-type roofs, 17-44 
Barth key, 12-03, 12-04, 12-06 
Barytes, 1-12 
Basalt, 1-12 
Bascule bridges, bearing bronze for, 4-66 
Bases, column 17-18, 17-73 
Basic steel, 2-10, 2-11 
Basswood, allowable unit stresses, 7-28, 7-29 
nail-holding power, 9-45 
plywood, properties, 5-25 
time required to dry, 22-18 
weight, 5-21 
Bastard-sawn lumber, 22-05 
Batteries, storage, 23-80 
Baumé hydrometer scale, 1-10 


. Bauxite, 1-12, 5-04, 5-05 
| Beading, metal, 21-58 


Beam, beams 
and slab floors, 17-25 
angles used as, 17-68 
axially end-loaded, 7-32 
bending-moment, 7-19 
under various loads, 7—22 to 7-24 
brake, tests, 7-59 
building, permissible stresses, 17-15 
cantilever, def., 7-17 
reactions, 7-18 
uniform strength, 7-30 
cast-iron, strength, 7-27 
tests of, 7-27 
concentrated loads, 7-26, 17-49 
conditions of equilibrium, 7-18 
connections, 17-49, 17-61 
constrained, def., 7-17 
continuous, 7-17, 7-30 
curved, 7-27 
dangerous section, 7-19 
deflection due to shear, 7-25 
under various loads, 7-22 to 7-24 
uniform strength, 7-30 
design, 17—49 
procedure, 7—25, 7-26 
elastic curve, def., 7-18 
deflection, 7-25 
fixed, def., 7-17 
flexure of, 7-17, 7-19 
foundry lifting, 20-37 
horizontal shear in, 7-19 
impact on, 7-17 
laterally unsupported, 17-48 
modulus of rupture, def., 7-24 
moment diagram, 7-19 
of inertia, def., 7-24 
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Beam, beams, (cont.) 


neutral axis, def., 7-18 
surface, 7-17 
permissible stress in web, 17-15 
plow, steel for, 2-38 
reactions at supports, 7-18 
rectangular, uniform strength, 7-30 
resisting moment, 7-19 
shear, 7-18 
restrained, 7-17, 7-26 
section modulus, def., 7-25 
shear diagram, 7-18 
simple, def., 7-17 
reactions, 7-18 
safe loads on, 7-26 
uniform strength, 7-30 
steel, buckling, 17-47 
concentrated loads on, 17—47 
dimensions, 17—50, 17-58 
deflection, 17-48 
elements of sections, 17-50, 17-58 
properties, 17—50, 17-58 
shearing value of web, 17-47 
specifications, 17-17 
unbraced, safe loads, 17-48 
strength of gear teeth, 14-15, 14-20, 14-24, 
14-33 
structural, safe loads, 17-47, 17-55, 17-60 
theory of, 7-17 to 7-34 
timber, horizontal shear, 7-26 
trussed, graphical analysis, 17—09 
types of, 7-17 
uniform cross-section, 7-25 
strength, 7-27, 7-30 
vertical deflection, 7-26 
shear in, 7-18, 7-22 to 7-24 
web shear, 7-25 
wide-flange, properties, 17-50 - 
wood, safe loads, 17-34 


Bearing, bearings, 13—03 to 13-94 


adjustment, 13-10 
alloys for, 4-19, 4-24 
backs, alloys for, 4-19 
ball, 13-59 to 13-82; see Ball bearings 
bibliography, 13-58 
bronze, machine tools, 4-66 
cam-shaft, grinding, 21-71 
cast-iron, 13-31 
centrifugal pump, 13-31 
classification, 13-03 
clearance, 13-17, 13-18 

oil film, 13-47 

-standards, 13-33 
closures, 13—08 
coefficient of friction, 8-28, 13-19, 13-21, 

13-22 

comb-ring closure, 13-08 
correction for side leakage, 13-16 
erank-pin, 13-31 
crank-shaft, grinding, 21-72 
crown-ring closure, 13—09 
curved wedge film, 13-46 
eylindrical-roller ball-, 13-79, 13-80 
design factors, 13-03 
elasticity, 16-10 
electric generator, 13-31 

motor, 25-16 
elements, standardization, 13-05 
end play, 13-06 
engine, main, 13-31 
Fast, 13-48 
fiber, 13-49 
fitted, oil films, 13—47 
fitting under load, 13-50 
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Bearing, bearings, (cont.) 


fixed, 13-04 
friction with various lubricants, 8-30 
gas engine, 13-31 
graphitic alloy, 13-49 
guide, 13-12 
guide-and-thrust, 13-41 
integral, 13-04 
ivory, 13-49 
jewel, 13-49 
journal, 13-04 to 13-33 
capacity, 13-11 
centrally-loaded, 13-15, 13-22, 13-24, 13- 
29 
characteristics, 13-15, 13-29 
clearance of, 13-31, 13-33 
clearance-type, 13-15, 13-24, 13-28 
coefficient of friction, 8-28, 13-19, 13-21, 
13-22 
effect of clearance change, 13-47 
film pressure, maximum, 13-29 
thickness, 13-27 
fitted, 13-15, 138-24, 13-27 
fitted-partial, 13-15, 13-20, 13-24, 13- 
27 
friction, 13-15 
loss, 13-17, 13-24, 13-28 
full, 13-28 
heavy-duty, 13-11 
interchangeable, 13-48 
load-capacity, 13-11 
loading, 13-15, 13-31 
lubrication, 13-06, 13-44 to 13-48, 13-51 
maximum load, 13-18, 13-20, 13-22 
minimum friction, 13-17 
offset-partial, 18-15, 13-26 
oil grooves, 13-06 
retention, 13-08 
120-deg. clearance-,capacity characteristics, 
13-30 
optimum conditions, 13-32, 13-47 
partial, 13-15, 13-18 
power loss, 13-17 
pressure-velocity relations, 13-32 
projected area, 13-17 
proportions, 13-17 
side-leakage, 13-16 
correction factors, 13-29 
speed limitations, 13-30 
total lift, 13-29 
vertical, 13-12 
vibration, 16-09 
viscosity-diameter-clearance relations, 135 
32 
Kingsbury journal, 13-31 
thrust, clearance and loading, 13-31 
lignum vitae, 13-50 
linings, anchoring, 13-50 
lubrication, 13-06, 13-44 to 13-49, 13-51 
machine tool, 13-31 
marine, 13-31 
materials, 13-49 
mechanical oilers, 13-52 
metals, 4-62 to 4-67 
babbitt, 4-62 
bronze, 4- 64 
composition, 4-63, 4-65 
crank-pin, 4—62 
crosshead-pin, 4—66 
elastic limit, 4-63, 4-65 
hardness, 4-63, 4-65 
internal combustion engine, 4-62 
Lumen bronze, 4—66 
melting point, 4-63 
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Bearing, bearings, (cont.) 
metals, (cont.) 
pouring temperature, 4-63 
specific gravity, 4-63, 4-65 
steam engine, 4-62 
tensile strength, 4-63, 4-65 
minimum friction condition, 13-46 
miscellaneous, 13—48 
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Bearing, bearings, (cont.) 
thrust, (cont.) 

Kingsbury, 13-36, 13-38 to 13-41 
load correction factor, 13-40 
loading, 13-31, 13-39 
lubrication, 13-34 
marine, 13-42 
Michell, 13-36 


mountings, 13-06, 13-10, 13-41, 13-75, 13-92 mountings, 13—41 


needle, 13—85 
Nomy, 13-48 
oil cooling, 13—52 
oil film, 13-04 to 13-52 
speed limitations, 13-30 
oilless, 13-49 
operating factor, 13-03 
optimum friction conditions, 13-46 
optimum load conditions, 13-46 
packing ring, 13-09 
peening, 13-50 
pivot, bronze for, 4-66 
pivoted-shoe shell, 13-05 
post, 24-07 
quill, 13-85 
railway cars, 13-31 
renewable, 13-04 
resin-bonded, 13-50 
ring oiling, 13—06 
roll neck, 4-66, 13-31, 13-48 


multi-collar, 13-35 
oil grooves, 13—34 
oil pressure, 13-35 
perfectly lubricated, 13-36 
power loss, 13-41 
Reist, 13-36, 13-43 
restrained wedge film, 13-36 
reversible, 13—37 
semi-free wedge film, 13-37 
Sperry, 13-37 
spherical, 13-42 
spherical-washer, 13-38 
vertical, 13-41 
vibration control, 13-38 
washer-supported ring, 13-34 
tinning, 13—50 
water leakage prevention, 13—09 
wipers, 13-09 
wood, 13—49 
woodworking machinery, 13-35 


rolling contact, 13-59 to 13-94; see Ball Beck hydrometer scale, 1-10 


bearings, Roller bearings 
rubber, 13—50 
Tunning-in, 13-50 
seal ring, 13—09 
self-aligning, 13—04 
shell, 13-06 
shaft deflection, 13-12 
shells, 13—04 
side leakage, 13-45 
spherical-roller ball, 13-79, 13-80 
spherical-seated, 13-05 
steady, 13-12 
steam-turbine, 13-31 
step, bronze for, 4-66 
surfaces, finishing, 13-50 
forming, 13—51 
newly finished, starting friction, 8-26 
thrust, 13-33 to 13-43 
adjustable, 13-38 
alignment, 13-37 
and guide combined, 13-41 
ball, 13-60 
bronze for, 4—66 
capacity, 13-39, 13-40 
clearance, 13-31 
construction details, 13-37 
design, 13-34 
dimensions, 13-39 
effect of side leakage, 13-48 
elastic support, 13-38 
equalization, 13-37 
equalizing support, 13-38 
film forms, 13-37 
thickness, 13—40 
fixed wedge film, 13-36 
free wedge film, 13-36 
friction, 13-41 
coefficient, 13-35 
General Electric, 18-36, 13-43 
Gibbs, 13-36, 13-43 
horizontal high-speed, 13-42 
horseshoes, 13-35 
hydroelectric unit, 13-43 
imperfectly lubricated, 13-34 


Bedplate castings, analyses, 20—08 
Bedstead castings, analyses, 20-08 
Beech, allowable unit stresses, 7-28, 7-29 
specific gravity and weight, 5-21 
time required to dry, 22-18 
Bell metal, 1-15, 4-19, 4-21 
Belleville springs, 10—03 
Belt, belts, 24-14 to 24-38; see also Belting 
are of contact, 24-16, 24-19 
bench, 24-20 
canvas, 24-37 
centrifugal tension, 24-14 
clamps, 24-20 
cleaning, 24-21 
coefficient of friction, 24-36 
conveyor, 23-61 
coefficient of friction, 23-62 
countershaft, 24-14, 24-15, 24-17 
crossed, are of contact, 24-16 
length, 24-35 
with cone pulleys, 24-12 
data, 24-35 
defects, 24-22 
distance between pulleys, 24-36 
dressing, 24-21 
drives, 24-14 to 24-38 
arrangement, 24-24 to 24-28 
bearings, 13-92 
guide pulleys, 24-25 
idler pulleys, 24-24 
mule pulley stands, 24-26 
pivoted-motor, 24-32 
quarter-twist belts, 24-25 
Rockwood, 24-32 
short center, 24-28 
Texrope, 24-28 
V-belt, 24-28 
horsepower, 24-31 
effect of humidity, 24-36 
effective pull, 24-15, 24-17 
endless, 24—22 
glue, 24-22 
grease, 24-21 
guards, 27-04 
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Belt, belts, (cont.) Benedict metal, properties, 4-22 
horsepower, 24-15, 24-16, 24-19 Benzene, absorption by rubber, 5-31 
initial tension, 24-15, 24-17 Benzine, specific gravity, 1-12 
injurious conditions, 24—22 Benzyl chloride, absorption by rubber, 5-31 
Joints, 24-22 to 24-24 Beryl, hardness, 1-15 
lacing, 24-23, 24-35 Beryllium, atomic weight, 1-03 

metallic, 24-24 -copper, properties, 4-32, 10-06 
leather, horsepower, 24-16 properties, 1-04, 1-05 
length, 24-35 Bessemer steel, 2-10, 2-11 

in coil, 24—35 Beta naphthol wood preservative, 22-30 
machine, 24-14, 24-15, 24-17 Bethell wood preservation process, 22~30 
maintenance, 24-20 Bevel gears; see Gears 
oil removal, 24-21 Bibliography . 
performance of, 24-23 abrasive processes, 21-66 
planer, 21-31 bearings, 13-58 
ply-separation, 24-22 control mechanisms, 15-03 
rivets, 6-49 forging, 19-22 
rubber, 24-37 foundry practice, 20-03 

conveyor, 23-61 friction, 8-23 
sag, 24-36 gearing, 14-16 
sanders, 22-48 industrial heating processes, 18—03 
service factors, 24-18 non-ferrous metals and alloys, 4-03 
splices, 24-23 surface qualities, 21-114 
steel, 23-65 woodworking, 22-48 

mesh, 23-65 Billets, forging equipment, 19-05 
stretch of, 24-21 grinding, 21-71 
tensions, 24-14, 24-37 heating rate, 19-06 

measurement, 24-20 Bin, coal, 23-46, 23-47 
Teon, 24-37 gates, 23-48 
tightening of, 24-21 system, pulverized coal, 23-48 
V-, 24-28 Binder castings, analyses, 20-08 
weight, 24-36 parts, steel for, 2-38 
width of pulley for, 24-09, 24-20 Birch, allowable unit stresses, 7-28, 7-29 

Belting, balata, 24-38 nail-holding power, 9—45 
canvas, 24-37 specific gravity and weight, 5-21 
coefficient of friction, 24-15, 24-36 time required to dry, 22-18 
horsepower, 24-15, 24-19 yellow, plywood, properties, 5-25 
rubber, 24-37 5 Birmingham wire gate, 6-24, 6-25 
specifications, 24-35 Bismuth, atomic weight, 1-03 
strength, 24-36 compressibility, 1-16 
Taylor’s rules, 24-22 hardness, 1-05, 1-15 
Teon, 24-37 properties, 1-05, 1-08 
theory, 24-14 Bits, auger, grinding, 21-71 
thickness, 24—36 router, 22-38 
use of rosin, 24—22 wood boring, 22-37 
weight, 24-36 Bituminous coal, weight, 5-37 

Bemis safety hook, 23-11 coatings, 3-18 

Bench, belt, 24—20 Blacksmith furnace, 18-13 
coal gas, refractories for, 5-17 Blackwall hitch, 6-29 
draw, 21-59 Blanc fixe, 1-04 

Bend, bends Blank diameters, shell drawing, 21-60, 21-62 
forging equipment, 19-05 holding devices, 21-61 
reverse, wire-rope, 23—07 pressure, shell drawing, 21-61 
test, ductility determination, 7-60 Blanking, pressure required, 21-60 

specimens, 7—54 stainless steel, 3-23 
steel, 2-28 Blast, cupola, 20-12 
wrought-iron bars and plates, 2-05 -furnace castings, analyses, 20-08 

Bending factors, columns, 17-73, 17-77 refractories for, 5-17 
furnace temperatures, 18-03 stoves, refractories for, 5-17 
in rolls, 21-60 pipe, cupola, 20-14 
loads, columns, 7-39 pressures, cupolas, 20—11 
machines, motor horsepower, 21-105 Bleaching solution, alloys resistant to, 4-19 
moment, beams, 7-19, 7-22 to 7-24 Block, blocks 

cranks, 11-10 ' anvil, casting analyses, 20—08 
flat plates, 7-49 brakes, 15-15 
pins, 12-16 chain, 23-36 
shaft, 11-03 concrete, 17—23 
reversed, endurance limit, 7-12 die, 19-05, 19-06 
endurance ratios under, 7-13 differential, 23-36 
steel for, 2-38 gages, precision, 21-112 
stresses, structural steel, 17-15 Hoke, 21-112 
timber, 7—28 Johansson, 21-113 
wood, 22-32 to 22-34; see Wood bending Manila rope, 23-04 


zinc, 4-17 machine element, 8-04 
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Block, blocks, (cont.) 
tackle, 23-03 
wire-rope, 23-05 
working stresses in compression, 17-19 
Blower, blowers 
belt service factors, 24-18, 24-30 
-case castings, analyses, 20—08 
cupola service, 20-12 
motors, 25-50 
stainless steel for, 3-22 
systems, fire protection, 23-68 
Blowholes in castings, 4-08 
« in steel, 2-12 
Blue dust, 3-15 
Bluestone, properties, 1-04, 1-12 
Bluing, furnace temperatures, 18—03 
Board measure, 28-52 
content, dimensioned stock, 22—06 
Boards, sawing sizes, 22—05 
Boat, boats 
cargo, drag-scrapers in, 23-17 
knot, 6-29 
loading, 23—33 
self-unloading, 23-17 
spikes, keg of, 6—52 
unloading, 23-35 
Bodies, falling, 8-21 
Bohnlite, 4-56 
Boiler, boilers; see also Steam boilers 
baffles, stainless steel for, 3-22 
castings, analyses, 20-08 
corrosion, 3-18 
flue gas dust concentration, 26-11 
houses, ash handling, 23-57 
conveyor design, 23-46 
proof tests, 7-59 
setting, refractories for, 5-17 
Boiling point; see material in question 
Bolt, bolts, 9-24 to 9-44 
alloys for, 4-24 
anchor, 9-38 
specifications, 17-18 
carriage, 9-31 
cutters, motors for, 25-50 
design for shock load, 9-43 
drift, resistance in wood, 9-46 
expansion, 9-38 
eye, 9-40 
forging equipment, 19-05 
foundation, 9-38 
heads dimensions, 9—24, 9-25 
grinding, 21-75 
heavy, 9-25 
tolerances, 9-24, 9-25 
weight, 9-26 
-heading furnace, fuel consumption, 18—05 
hook, 9-39 
impact stress, 9-43 
impact tests, 9-43 
initial tension, 9-43 
length of thread, 9-26 
machines, motors, 21-106, 25-50 
machine-, weight, 9-26 
patch, 9-41 
-pointers, motors for, 25-50 
proportions in building construction, 17-16 
rag, 9-38 
spacing for wrench clearance, 9-30 
static tests, 9-44 
steel for, 2-38 
stove, 9-30 
strength of, 9-43, 9-44 
stress due to screwing up, 9-43 
stresses in, 9—44 


Bolt, bolts, (cont.) 

T-, 9-40 

tap, 9-24 

tests, 7-59 
Bond, abrasive wheels, 21-66 

brickwork, 17—22 

rubber to metal, 5-30 
Bonderizing process, corrosion 

3-14 

Bone glue, 22—25 
Book-matching, veneer, 22—24 
Boom, swiveling loading, 23—60 
Boot, elevator-, 23-52 

V-bucket carrier, 23-53 
Booths, spray, 22-29 
Borax, properties, 1-04, 1-12 
Borers, woodworking, 22—45 
Boric acid, hardness, 1-15 
Boring, borings, 

briquetted, 20-17 


resistance, 


machines, motor horsepower, 21-104 


mills, motors, 25-50 
tools, woodworking, 22-37 
Borolon, 21—66 
Boron, atomic weight, 1—03 
Bottle molds, milling, 21-43 
oxygen, forging equipment, 19-05 
Bottom, cupola, 20-12 


Boulton wood preservation process, 22-31 


Bow’s notation, 17-08 
Bow string truss, 17-43 
Bower-Barff process, 3-13 


Bowl castings, slag-car, analyses, 20—09 


Bowline knot, 6—28, 6-30 
Box couplings, 24-54 
elevator, 23-71 


Boxwood, specific gravity and weight, 5-21 


Brackelsburg furnace, 20-18 
Brackets, steel for, 2-38 
Brackett dynamometer, 24-84 
Brake, brakes, 15-15 to 15-20 
axial, 15-17 
band, 15-16 
resistance, 15-17 
-beams, tests, 7-59 
block, 15-15 
resistance, 15-15 
coil, 15-18 
cone, 15-17 
crane, 15-19, 23-30 
disc, 15-18 
-drum castings, analyses, 20-08 
dynamometer block-, 24-82 
water-, 24-83 
electric, 15-19 
friction, 15-15 
capacity, 24-83 
coefficients, 15-19 
heat losses, 15-19 
heating of, 15-20 
load, 15-18 
magnetic, 15-19 
materials, friction of, 15-20 
Prony, 24-82 
rope, 24—82 
-shoe castings, analyses, 20-08 
friction of, 15-19 
Weston, 15-18 
Braking, dynamic, 25-58 
Branch circuit, def., 25-03 
Brass, 4-18 to 4-33 
alloys, selection, 4-18 
brazing-, properties, 4-26 
buffing, 21-94 
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Brass, (cont.) 
castings, corrosion, 4-23 
defects, 4-19 
design, 4-23 
fabrication, 4-19 
inspection, 4-19 
molding sand, 20-31 
shrinkage allowance, 20-10 
coefficient of friction, 8-24 
corrosion cracking, 4-23 
cutting, cemented-carbide tools, 21-12 
fluid, 21-22 
tool angles, 21-11 
tool life, 21-12 
drilling, 21-47, 21-48 
effect of composition on melting, 20—50 
electric furnace refractories, 5-18 
energy required for melting, 18—27 
flanges, composition pinions, 14-36 
forging temperature, 19-07 
grinding, 21-71, 21-74, 21-75 
hardness, 1-14, 1-15 
heat content, 18—04 
penetration, 18—05 
high-tensile, properties, 4-20 
leaded, properties, 4-28 
machinability, 21-19 
milling, 21-40 
pipe, corrosion, 3-18 
planing, 21-29 
plastic properties, 21-56 
properties, 1-05, 4-20, 4-26 
at high temperature, 4-18 
under repeated stress, 7-14 
polishing, 21-91 
pouring temperature, 20—51 
red, properties at high temperatures, 4-18 
rods, weight per foot, 6-11 
rolled, 7-08 Ss 
sand-cast alloys, 4-18 to 4-23 
sawing, 21-101, 21-102 
season cracking, 4-23 
sheet, weight, 6—07 
softening temperature, 4—06 
wire, properties, 4-26 
springs, fiber stress, 10-12 
wrought, 4-23 to 4-33 
yellow, properties at 
4-18 
Brazing, alloys for, 4-24 
furnace, electric, applications, 18-24 
ingot iron, 2—09 
solder, alloy for, 4—-54 
stainless steel, 3-24 
Bread ovens, energy required, 18-22 
Breakdown torque, A.C. motors, 25-14, 25-26, 
25-34, 25-41 
Brick, bricks 
acid resisting, 5-14 
carbon, 5—34 
chrome, 5—07; see Firebrick 
clay, 5-36 
coefficient of friction, 8-25 
common, 5-36, 17—22 
digester, 5-16 
enameled, 17—22 
face, 17-22 
factor of safety, 7-11 : 
fire, 5-03 to 5-20; see Firebrick 
fireclay, 5-04; see Firebrick 
Forsterite, 5-16 
glazed, 17-22 
high-alumina, 5-05 to 5-10; see Firebrick 
insulating, 5-16 


high temperature, 
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Brick, brick, (cont.) 
machinery, belt service factors, 24-18, 24—30 
magnesite, 5-07 to 5-10; see Firebrick 
Metalkase, 5-07 
sand-lime, 5-36 
silica, 5-06; see Firebrick 
specific gravity, 1-12 
thermal expansion, 7-10 
wall, sound absorption and transmission, 
16-23 
weight, 1-12 
Brickwork, bonds, 17—22 
bricks required, 5-36 
joints, 17-22 
mortar, 17—22 
specific gravity, 1-12 
weight, 1-12, 17-12 
working stresses in compression, 17-19 
Bridge, bridges 
bascule, bearing bronze for, 4-66 
coal storage, 23-33 
cranes, 23-26 
ore, 23-33 
pins, 12-14 
proof tests, 7-59 
strand, galvanized steel, 6-36 
Bright surfaces, exposed 'to oxidation, steel for, 
2-38 
Brightness, clouds, 26-14 
def., 26-13 
sky, 26-14 
surface, 26-13 
units of, 26-13 
Brilliancy, intrinsic, light sources, 5-34 
Brinell hardness, 1-13, 1-14 
Briquettes, foundry boring, 20-17 
presses, 20—17 
Britannia-metal, shrinkage allowance, 20-10 
buffing, 21-94 
British standard fine-screw threads, 9-19 
wire gage, 6-24, 6-25 
Brittleness, blue, steel, 18-05 
def., 7-06 
Broach, broaches 
capacity, 21-98 
care of, 21-99 
cemented-carbide, 21-99 
chip breaker, 21-98 
design, 21-98 
feeds, 21-98 
grinding, 21-71 
material, 21-97 
pitch of teeth, 21-98 
terminology, 21-97 
testing, 21-98 
types, 21-97 
Broaching, 21-97 to 21-100 
surface, 21-99 
Bromine, atomic weight, 1-03 
compressibility, 1-16 
specific gravity, 1-12 
Bronze, 4-18 to 4-33 
aluminum-; see Aluminum-bronze 
bearings, clearance and loading, 13-31 
Diesel engines, 4—66 
metal, 4—64 
thermal expansion, 4—67 
castings, 4-19 
corrosion, 4-23 
design, 4-23 
molding sand, 20-31 
coefficient of friction, 8-24 
copper-aluminum-iron, 3-25 
corrosion cracking, 4-23 
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Bronze, (cont.) 4 
cutting, cemented-carbide tools, 21-12, 21-26 
fluid, 21-22 
tool angles, 21-11 
tool life, 21-12 
drilling, 21-47 
effect of composition on melting, 20-50 
friction of, 15-20 
grinding, 21-71, 21-74, 21-75 
high-lead, 4-66 
high-tensile, properties, 4-20 
leaded, properties, 4-28 
Lumen, 4—66 
machinability, 21-19 
manganese-, corrosion, 3-05 
milling, 21-40 
pattern shrinkage, 4-65 
planing, 21-29 
plastic properties, 21-56 
pouring temperature, 20—51 
properties, 1-05, 4-21, 4-26 
at high temperatures, 4-18 
under repeated stress, 7-14 
rolled, 7-08 
sawing, 21-102 
season cracking, 4-23 
selection of, 4-19 
signal, properties, 4-28 
trolley-wire, properties, 6-22 
wire, properties, 6—19 
worm-gear, 4-64, 14-35 
wrought, 4-23 to 4-33 
Brown & Sharpe bearing clearance standards, 
13-33 
gage, 6-23, 6-24 
taper, 12-22 
Brushes, carbon and graphite, 5-32 
Bucket, buckets 
dragline, 23-22 
electric motor, 23-22 
elevator, 23-51, 23-52 
grab, 23-20 
orange-peel, 23-21 
single-line, 23—22 
skimmer, 23-19 
Buckling, steel beams, 17-47 
torsion springs, 10-16 
Buffs, 21-93 
material, 21-93 
packing, 21-93 
speed of, 21-94 
ventilation, 21-93 
Buffing, 21-92 to 21-96 
aluminum, 4-46 
compositions, 21-94 
horsepower, 21-94 
machines, 21-94 
dust collection, 26—09 
motors for, 25-50 
pressure, 21—94 
various metals, 21-94 
wheels, 21-92; see also Buffs 
Building, buildings, 17-03 to 17—46 
allowable unit stresses, 17-15 
bearing wall construction, 17-20 
brick, 5-36 
building ordinances, 17-13 
caisson foundations, 17-13 
columns, 4—41, 7-34 to 7-40, 17-21; see also 
Columns 
construction, 17-10 to 17—46 
Aerocrete, 17-27 
roofs, 17—40 
anchor-bolt specifications, 17-18 
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Building, buildings, (cont.) 
construction, (cont.) 
arches, 17—25 
beam specifications, 17-17 
bolts, 17-16 
brickwork, 17-22 
columns, 4-41, 7-34 to 7-40, 17-15, 17-21 
bases, specifications, 17-18 
slenderness ratio, 17-15 
concrete arches, 17-25 
connections, 17-16 
erection specifications, 17-19 
estimating, 17—45 
fire resistant floors, 17-24, 17-32 
fireproofing tile, 17-24 
flashings, 17-42 
floors, 17-24, 17-32 
finishes, 17-36 
laid on ground, 17-36 
loads, 17-12 
long span construction, 17-27 
plank, 17-21 
plates, 17-31, 17-32 
wood block, 17-37 
flooring strip, 17—37 
gypsteel floors, 17-35 
hollow-tile floors, 17-32 
inspection, 17-19 
joists, open-web steel, 17-27, 17-33 
safe loads, 17-34 
lacing, specifications, 17-18 
long-span, core depth, 17-28 
masonry backing, 17-22 
joints, 17—22 
working stresses, 17-19 
metal core, 17-28 
lath, 17-24 
mortar, 17—22, 17-24 
multi-story, 17-20 
painting, 17-18 
parging, 17-22 
partitions, fire resistant, 17-24 
tile, 17-24 
plaster board, 17-24 
plate girders, specifications, 17-17 
Porete roofs, 17-40 
precast slabs, 17—35 
pressed steel sections, 17—27 
riveting, 17-16 
roof, roofs, 17-37 to 17-44 
decks, 17-39 
frame, 17-37 
loads, 17—38 
purlins, 17-38, 17-39 
sawtooth, 17-38 
surfacing materials, 17-41 
truss, 17—38, 17-43 
single story, 17-21 
slow burning, 17-21 
snow loads, 17-13, 17-39 
steel areas, long-span construction, 17-28 
stone veneer, 17—21 
stone work, 17—21 
terra cotta tile, 17-23 
tie plates, 17-17 
types of buildings, 17-14 
walls, 17-21 
waterproofing, 17—44 
welded connections, 17-19 
wind loads, 17-14, 17-39 
wood frame roof, 17-37 
cost of, 17-46 
cubic contents, 17-46 
dead loads, 17-14 
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Building, buildings, (cont.) 
design specifications, 17-14 
erection loads, 17-14 
erection specifications, 17-14 
exits, 17-13, 27-09 
fireproofing requirements, 17-13 
footings, 17-11 
foundations, 17-10 
frames, 17-14 
impact loads, 17-14 
industrial, 17-20 
safety provisions, 27—09 
live loads, 17-12, 17-13, 17-14 
lumber, preservative treatments, 22-31 
material, minimum thickness, 17-15 
specifications, 17-14 
weights, 17-12 
members, combined stresses, 17-15 
reversal of stress, specifications, 17-14 
open-well foundations, 17-13 
piles, 17-10 
settlement, 17-11 
snow loads, 17-13, 17-39 
span lengths, 17-15 
specifications for design, fabrication and erec- 
tion, 17-14 
stairways, 17-14 
structural steel specifications, 17-14 
trim, stainless steel for, 3—22 
unsupported compression flanges, 17-15 
vibrations, 16-13 
wind loads, 17-14, 17-39 
Built-up edge, 21-34 
Bulk material, pneumatic conveying, 23-67 
modulus, 21-62 
Bullard-Dunn descaling process, 21-92 
Bulldozer, 19-22 
motors for, 25-50 - 
Bullet jackets, alloy for, 4-24 
Bulletin boards, safety, 27-11 
Bumper, automobile, polishing, 21-91 
bars, steel for, 2-38 
rubber pressure, 21-61 
Bundle carrier teeth for binders, steel for, 2-38 
Bunk hook, 23-12 
kiln, 22-21 
Bunkers, coal, 23-47 
Buoyancy, cork, 5-25 
Burners, gas, 18-11, 18-12 
industrial furnaces, 18-10 to 18-13 
oil, 18-10, 18-11 
Burr truss, 17—04 
Burrs, rivet, 6—50 
Bus bars, aluminum, 4—48 
Busheled scrap, 2—04 
Bushing, bushings, alloy for, 4-24 
casting, cylinder, analyses, 20-08 
gear, 14-36 
grinding, 21-71 
steel for, 2-38 
Butt brass, properties, 4-28 
Butter fat, absorption by rubber, 5-31 
Butternut, characteristics and uses, 5-21, 5-22 
Buttress thread, 9-03 
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Cabinet planers, 22—42 
Cable, cables 
aerial tramway, 6-42, 6-43 
aluminum, 4-48 
cranes, 23-16 
def., 6-27 
hoist-conveyors, 23-15 
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Cableways, 23-15 
Cadmium, atomic weight, 1-03 
compressibility, 1-16 
effect on zinc, 4-11 
light, wave lengths, 21-111 
properties, 1-05, 1-08 
Caisson, foundation, 17-13 
piles, 17-11 
Calcite, hardness, 1-15 
Calcium, atomic weight, 1-03 
compounds, 1-04 
compressibility, 1-16 
properties, 1-05, 1-08 
Calimine, hardness, 1-15 
Calipers, 21-107 
Calsun bronze, properties, 4~32 
wire properties, 6—20 
Cam, cams, 8-11 
castings, hardened, 20-22 
correction for roller follower, 8-14 
cylindrical, 8-14 
rollers, 8-14 
follower, rocker, 8-13 
gaging, 21-110 
grinding, 21-71 
machines, 21-85 
harmonic-motion, 8-12 
minimum radius of curvature, 8-14 
offset follower, 8-13 
rocker-follower, 8-13 
rollers, grinding, 21-71 
-shaft bearings, grinding, 21-71 
steel for, 2-38 
steel for, 2-38, 2-39 
uniform-acceleration, 8-12 
uniform-motion, 8-11, 8-12 
Camel-hair belting, coefficient of friction, 
24-36 
Candle, def., 26-13 
Candlepower, def., 26-13 
Cannel coal, weight, 5-37 
Cannery equipment, stainless steel for, 3-22 
Cantilever beams, 7-18, 7-30 
Canvas belts, 24-36, 24-37 
Cap, alloy for, 4—24 
gilding, properties, 4-28 
screw, see Screws, cap 
Capacitor, def., 25-03 
Capacity, metric equivalents, 28-55 
Car, cars 
axles, forging equipment, 19-05 
steel specifications, 2-24 
castings, analyses, 20—08 
coal, time required to unload, 23-49 
couplers, proof tests, 7-59 
dumper, 23-34, 23-49 
haulage, mine, 23-59 
hopper and gondola, corrosion of, 3-07 
industrial, bearings, 13-82, 13-92 
ingot, bearings, 13-82 
journal lubricants, 13-55 
kiln, 22-21 
loaders, 23-64, 23-65 
pullers, 23-45 
spotters, 23-45 
steel specifications, 2-22 
unloaders, 23-65, 23-68 
wheel castings, analyses, 20-08 
noise, 16—20 
Carat weight, 28-52 
Carbide, cemented, see Cemented-carbide 
of iron, 2-12 
Carbolic acid, specific gravity, 1-12 
Carbolon, 5-12 
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Carbon, 5-31 to 5-36 
-arc welding, 2-51, 5-36 
atomic weight, 1-03 
baking furnace, refractories for, 5-17 
bricks, 5-34 
required to form various circles, 5-35 
brushes, 5-32 
combined, in cast iron, 2—04 
compounds, 1—04 
compressibility, 1-16 
dioxide, absorption by rubber, 5-30 
compressibility, 1-16 
effect on zinc, 4-11 
properties, 1-13 
disulphide, absorption by rubber, 5-31 
specific gravity, 1-12 
effect on cast iron, 2-04, 20-06 
on steel, 2-11 
electrodes, 5—33 
in malleable castings, 20-40 
lighting, 5-34 
monoxide, absorption by rubber, 5-30 
properties, 1-13 
paste, 5-36 
properties, 5-32 
Raschig rings, 5-34 
residue, oil, 13—54 
spectroscopic, 5-34 
steel; see Steel, carbon 
tetrachloride, absorption by rubber, 5-31 
welding products, 5-36 
Carborundum, 5-12, 21-66 
Carburized parts, steel for, 2-38 
Carburizing furnace, fuel consumption, 18—05 
Cargo boats, drag-scrapers in, 23-17 
cranes, 23-36 
hoists, 23-44 
hook, 23-12 
Carpet, sound absorption, 16-23 
Carriage bolts, 9-31 
saw, 22-10 
Carrick bend, 6-29 
Carrier, hoist, 23-42 
pivoted bucket, 23—50 
V-bucket, 23-53 
Cartridge, alloy for, 4-24 
brass, properties, 4-26 
_heaters, electric, 18—21 
Carvers, woodworking, 22—44 
Casava glue, 22-25 
Case-hardened parts, steel for, 2-38 
wood, 22-21 
Casein glue, 22-25 
products, cutting, 
21-12 
Cast-iron 
alloy, 20-15 
analyses, 2-03, 20-04 
of castings, 20-07 
annealing, 20-21 
beams, strength of, 7-27 
bearings, loading and clearance, 13-31 
material, 13-49 
broaching, 21-99 
carbon-are welding, 2—60 
castings, various, recommended compositions, 
a 20-07 
: specifications, 20—06 
coefficient of friction, 8-24, 8-26 
columns, 7—40, 17-21 
combined carbon, 2—04 
corrosion resistance, 20-03 
resistant, 2-20 
drilling, 21-42, 21-47 


cemented-carbide tools, 
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Cast-iron, (cont.) 
effect of alloying, 20-05 
of heat treatment on constituents, 20-20 
of various elements, 2—04 
electrical properties, 20—05 
endurance ratios, reversed stresses, 7-13 
factor of safety, 7-11 
fatigue resistance, 20—05 
ferromanganese additions, 20-15 
ferrosilicon additions, 20-15 
flexural endurance limits, 14-16 
friction of, 15-20 
graphite in, 2-12 
gray, 20-03 
grinding, 21-70, 21-71, 21-74, 21-75 
growth, 20-05 
hardness, 1-14 
impact resistance, 20-05 
tests, 20-04 
machinability, 21-18 
machining, cemented-carbide tools, 21-12 
21-26 
chip pressure, 21-18 
cutting fluid, 21-22 
cutting speeds, 21-21 
horsepower, 21-21 
tool angles, 21-11 
tool life, 21-12 
magnetic properties, 20-05 
malleable; see Malleable iron 
metallic are welding, 2-60 
milling, 21-40, 21-42 
modulus of resilience, 7-08 
molybdenum, 2-21 
non-magnetic, 20-05 
normalizing, 20-20 
physical properties, 20-03 
pipe, corrosion protection, 3-12 
grinding, 21-72 
properties under repeated stress, 7-12 
planing, 21-29 
plastic properties, 21-56 
properties under repeated stress, 7-12 
red shortness, 2-04 
sawing, 21-101, 21-102 
segregation in, 2—04 
softening, 20-21 
tests, 20-06 
test bars, 20-07 
thermal properties, 7-10, 20-05 
toughness, 7-08 
uses, 20-03 
wear resistance, 20-03 
welding, 2-60 
white, 2-04 
Cast stone, 17-24 
Casting, castings 
alloys, aluminum, 4—49 
alloy-steel, 20-22, 20-24 
specifications, 2-24, 2-26 
aluminum, 4-35 
die-, 4-35; see Die-castings 
high-temperature, 4-37 
permanent mold, 4-35 
properties at high temperature, 4-38 
annealing, 20-21 
austenitic manganese-steel, specifications, 2-24 
blowholes in, 4-08 
brass, 4-19, 4-23 
bronze, 4-19, 4-23 
cam, 20—22 
carbon steel, 20-23 
centrifugal, 20-30 
chilled, 20-21 
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Casting, castings, (cont.) 
chromium-steel, specifications, 2-26 
cleaning, 20-38 

non-ferrous, 20—52 
conditions affecting quality, 20-20 
contraction cracks, 4—08 
corrosion-resistant, 20-25 
die, 20-29, 20-52; see Die-castings 
electric furnace, 20-19 
gas-holes in, 4-08 
grain size, 4-04 
gravity type, 20-29 
gray-iron, 20-03 to 20-10 
composition, 20—07 
test bars, 20-07 
hardness, 20-21 
iron, molding sand for, 20-31 
shrinkage, 20-07 
specifications, 20—06 
liquation in, 4—08 
magnesium alloy, 4-56, 4-58 
malleable, 20-39 to 20-46; 
castings 
mold pulls, 4-08 
nickel-silver, properties, 4—54 
nickel-steel, specifications, 2-26 
nitriding, 20-22 
non-destructive inspection, 4-08 
non-ferrous, design, 20—52 
molding sand for, 20—31 
shrinkage, 20-52 
ornamental, 2—04, 4-13 
pearlitic steel, 20-25 
permanent-mold, aluminum, 4-35, 4-37 
iron, 20-29 
non-ferrous, 20—29, 20—52 
properties at high temperatures, 4-38 
tolerances, 4-35 - 
pickling, 21-92 
pipe in, 4-08 
quenching, 20-21 
segregation in, 4-08 
shrinkage allowance, 20-10 
effect of silicon, 20-10 
steel, 20-22 to 20-29 
annealing, 2-15, 20-26 
austenitic manganese, 20-25, 20-29 
classification, 20-22 
cooling, 20—27 
corrosion-resistant, 20-25 
design, 20-26 
drawing, 20-27 
ductility improvement, 20-27 
gears, 14-35 
grinding, 21-73, 21-74 
heat treatment, 20-26 
machining, cemented-carbide tools, 21-26 
melting media, 20-28 
milling, 21-40 
normalizing, 20-27 
pattern shrinkage allowance, 20-10, 20-26 
pipe in, 2-12 
planing, 21-29 
pouring temperatures, 20-26 
quenching, 20-27 
specifications, 2-26, 20-27 
structural, specifications, 20-27 
tempering, 20—27 
wall thickness, 20-26 
strain relief by annealing, 2-15 
structural, specifications, 2-24, 20-27 
weight from weight of pattern, 20-10 
welding, 2-58 
white iron, analyses, 20—09 


see Malleable 
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Casting, castings, (cont.) 
x-ray examination, 7-58 
zine slush, 4-13 
Castle nuts, 9-29 
Castor oil, absorption by rubber, 5-31 
viscosity-pressure relations, 8-29 
Cathodes, nickel, 4-50 
Cauls, aluminum, 22-27 
Caustic alkali, 1-09 
lunar, 1-04 
pot, casting analyses, 20-08 
potash, 1-04 
soda, 1-04 
Cedar, allowable unit stresses, 7-28, 7-29 
characteristics and uses, 5-22 
holding power of lag screws, 9-47 
nail-holding power, 9-45 
preservative treatments, 22-31 
specific gravity and weight, 5-21 
Ceiling, suspended, weight, 17-12 
Celotex, sound absorption, 16-23 
Cement, conveying, 23-68, 23-69 
corrosion-resistant, 3-13, 3-19 
dust, 26-11 ‘ 
elevators, 23-57 
floors, 17-36 
high-temperature, 5-11 
kilns, refractories for, 5-19 
mortar, fusion point, 5-11 
weight, 17-12 
specific gravity, 1-12 
weight, 1-12, 5-38 
Cementation, galvanizing by, 3-14 
Cemented-carbide, 4-59 
broaches, 21-99 
milling cutters, 21-39, 21-40 
tools, angles, 21-12 
feeds, 21-26 
grinding, 21-24 
life, 21-12 
performance, 21-26 
speeds, 21-26 
Cementite, 2-12 
Center of gravity, 8-16 
lines, plane figures and solid bodies, 8-14 
of gyration, def., 8-18 
fly-wheel rims, 11-16 
of oscillation, 8-22 
Centigrade, conversion to Fahrenheit, 28-50 
Centimeter-gram-second system, 8-20 
Centrifugal force, 8-22 
-pump bearings, 13-31 
tension, belts, 24—14 
Centripetal force, 8-22 
Ceramic kilns, refractories for, 5-19 
Cerium, 1—03 
Cesium, 1-03, 1-16 
Chain, chains, 6-30, 6-34 
blocks, 23-36 ° 
break test loads, 6-30 
bronze, alloy for, 4-24 
conveyor, 23-56, 23-72 
crane, 6-30 
dimensions, 6-31 
drives, 24-38 to 24-48 
guards, 27—04 
roller, 24-38 to 24—45 
silent chain, 24-45 to 24-48 
elevators, 23-51, 23-52 
end links, 6-33 
examination of, 6-33 
failures, causes, 6-30 
forging equipment, 19-05 
grinding, 21-71 
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Chain, chains, (cont.) 
guards, 27-04 | 
high-speed, 24-45 to 24-48 
hoists, 23-39 
electric, 23-41 
hooks, 6-33 
knot, 6-29 
lubrication, 6-33 
\ mortising, 22-39 
physical properties and tests, 6-30 
pins, steel for, 2-38 
proof-coil, 6-30 
proof tests, 6-30, 7-59 
pulls, flight conveyors, 23-55 
retarder, conveyor, 23-60 
rings, 6-33 
roller, 24-38 to 24-45; see Roller chain 
safe loads, 6—32 
safety hook, 6-33 
-saw mortisers, 22-46 
silent, 24-45 to 24-48; see Silent chain 
sling, 6—32, 6-33 
specifications, 6-32 
splicing, 6-31 
storage, 6-33 
stud link, 6-34 
uses, 6-31 
V-bucket carrier, 23-54 
weight, 6-31 
window weight, alloy for, 4-24 
Chalcocite, weight, 5-37 
Chalcopyrite, weight, 5-37 
Chalk, 1-12 
Chambers, dust-settling, 26—04 
Channels 
aluminum, 6-I'2, 6-13 
shearing value of web, 17-47 
steel, dimensions and properties, 17-62 
safe loads on, 17—64 
Chapmanizing, atmosphere for, 18-18 
Charcoal, 5-37 
iron, 2-04 
Charges, cupola, 20-11, 20-12 
Charging machine, 23-30 
non-ferrous melting furnaces, 20-49 
Charpy impact pendulum testing machine, 
7-53 
impact strength, die-casting alloys, 4-61 
magnesium alloys, 4—57 
Chatter, 21-23 
Chemical, chemicals 
castings, analyses, 20-08 
corrosion, 3-11 
elements, 1-03 
compressibility, 1-16 
plants, stainless steel for, 3-22 
pneumatic conveying, 23-68 


Cherry wood, specific gravity and weight, 5-21 


time require to dry, 22-18 
Chestnut, allowable unit stresses, 7-28, 7-29 
characteristics and uses, 5-22 
nail-holding power, 9-45 
preservative treatments, 22-31 
specific gravity and weight, 5—21 
time required to dry, 22-18 
Cheval-vapeur, 28—56 
‘Chill-castings, analyses, 20-08 
‘Chimney, air furnaces, 20-18 
flashing, 17—43 
refractories for, 5-20 
Chip, chips 
-breakers, 21-23 
broach, 21-98 
wood planer, 22-40 
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Chip, chips, (cont.) 
conveying, 23-68 
formation, milling, 21-33 
proportions, metal cutting tools, 21-09, 

21-24 
removal, wood boring, 22-38 

Chipping goggles, 27-09 

Chisels, grinding, 21-71 
hollow, 22-39 

Chlorine, atomic weight, 1-03 
properties, 1-13 

Chloroform, absorption by rubber, 5-31 
properties, 1-12, 1-15 

Chords, of circle, table, 28—41 

Chrome brick, 5—07; see Firebrick 
furnace, 5-10 
-molybdenum steel, 2-20 
ore, 5-07, 5-10 
-vanadium steel, 2-18, 2-20 

specifications, 2-22, 2-43 

Chromite, analyses, 5—07 

Chromium, atomic weight, 1-03 
buffing, 21-94 
compressibility, 1-16 
effect on cast iron, 2—04 
in castings, effect of heat treatment, 20-20 
-nickel-steel castings, 20—24 
oxide, buffing composition, 21-94 
plating, aluminum, 4—46 

grinding for, 21-71 
properties, 10-05, 1—08 
-steel, 2-18, 2-47 

fusion welding, 2—59 

specifications, 2-43 
-vanadium steels, 2—47 

Chuck, geared, 21-96 
protection, abrasive wheel, 21-84 

Chutes, spiral, 23-74 

Cinch anchors, 9-39 

Cinder concrete arches, 17-25 
fill, weight, 17-12 
traps, 26—06 

Circle, circles 
arcs, table, 28—41 
areas and circumferences, table, 28-25 

diameter in feet and inches, 28-45 
brick required for various, 5-15, 5-35 
chords, table, 28—41 
elements of, 7-21 
hollow, elements of, 7-21 
moment of inertia, 7-21, 8-17 
radius of gyration, 7-21, 8-18 

of oscillation, 8-22 
sector, center of gravity, 8-16 
segments, areas, 28-41, 28-43 

center of gravity, 8-16 

Circuit breaker, def., 25-03 

Circular measure, 28-53 
mil, def., 25-03 

gage, electric wires, 6-25 
pitch, 14-05 

Circumference of circles, table, 28-25, 28-45 

Clamp, belt, 24—20 
shaft coupling, 24-54 
torsion springs, 10-15 
wire rope, 6-45 

Clay brick, building, 5-36 

cutting, cemented-carbide tools, 21-12 
silica, 5-10 
specific gravity, 1-12 
tile, 17—41 

floors, 17-36 
weight, 1-12, 5-37 


machinery, belt service factors, 24-18, 24-30 
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Cleaning, airless abrasive, 20-38 
aluminum, 4-46 
coal, 23-60 
magnesium alloys, 4—57 
Clearance-angle, metal cutting tools, 21-08 
journal bearings, 13-33 
milling cutters, 21-41 
railroad track, 27-09 
rivet, 9-48 
torsion springs, 10-16 
wire-rope sheave grooves, 6-35 
wrench, 9-30 
Cleveland Twist Drill Co. taper, 12-21 
Clip saws, 22-39 
wire-rope, 6—45, 23-10 
Clock brass, properties, 4-28 
parts, alloy for, 4-24 
Closures, bearing, 13—08 
Clothing, safety provisions, 27-10 
Clouds, brightness, 26-14 
Clove hitch, 6-29, 6-30 
Clutch, clutches, 24-61 to 24-68 
conical friction, 24-64 
discs, steel for, 2-38 
fingers, steel for, 2-38 
friction, 24-62 to 24-64 
casting analyses, 20-08 
jaw, 24-61 
load-starting, 24-64 to 24-67 
magnetic, 24-67 
mounting of, 24-64 
multiple-dise, 24-62, 24-63 
Ramsey-Pulvis, 24-64 
selection of, 24-63 
service factors, 24—62 
shifting gear for, 24-68 
slip-ring, 24-67 
Coal bins, 23-46 y 
gates, 23-48 
bunkers, 23-47 
cars, time required to unload, 23-49 
cleaning, 23-60 
coefficient of friction in flight conveyors, 23-56 
conveying costs, 23-59 
in boiler houses, 23-46 
conveyors; see Conveyors 
crushers, 23-49 
elevators, 23—57 
gas benches, refractories for, 5-17 
handling from cars, 23-48 
handling, travelling hopper, 23-46 
industrial furnace fuel, 18—08 
mine car haulage, 23—59 
conveyors, 23-58 
mining machines, belt service factor, 24-18, 
24-30 
picking table, 23-60 
pulverized, handling, 23-48 
sizing, 23-60 
specific gravity, 1-12 
spouts, stokers, 23-46 
storage bridges, 23-33 
drag-scraper system, 23-16 
locomotive crane system, 23-20 
tar creosote, 22-29 
unloading, 23-34 
weight, 1-12, 5-37 
Coating, coatings 
bituminous, 3-18 
concrete pipe, 3-19 
lead, 3-16 
oxide, for aluminum, 4-46 
pipe, bituminous, 3-18 
azine, 4-12 
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Cobalt, atomic weight, 1-03 
properties, 1-05, 1-08 
tool steel, 21-25 
Cod liver oil, absorption by rubber, 5-31 
Codes, building, 17-13 
safety, 27-03 to 27-12 
forging, 19-22 
welding, 2—55 to 2-58 
Coefficient, coefficients 
of friction, ball-bearings, 8-30 
belt conveyors, 23-62 
belting, 24-15 
brakes, 15-19 
brake materials, 15-20 
coal in flight conveyors, 23-56 
def., 8-24 
effect of lubrication, 8-28 
of temperature, 8-29 
imperfect lubrication, 8-28 
journal bearings, 8-29, 13-18 to 13-22 
lagged pulleys, 23-62 
low, 8-28 
newly finished bearings, 8-26 
roller-bearings, 8-31 
rolling, 8-27 
rope sheaves, 8-32 
screws, 8-32 
speed-pressure relations, 8—29 
thrust bearings, 13-35 
various materials, 8-24 
wire-rope, 23-14 
worm gear drives, 14—34 
of impact, 7-16 
of steadiness, fly-wheels, 11-15 
of viscosity, 13-44 
Coil, coils 
belting, length, 24-35 
brakes, 15-18 
proof, 6-30 
springs; see Springs, coil 
wire, 6-18 
Coke consumption, cupola, 20-11 
elevators, 23-57 
-oven gas, industrial furnace fuel, 18—09 
refractories for, 5-18 
specific gravity, 1-12 
weight, 1-12, 5-37 
Cold-rolling, effect on ingot iron, 2-08 
-saws, 21-102 
motor horsepower, 21-105 
shut, 23-12 
-working, aluminum alloys, 4-39 
effect on metals, 4-06 
ingot iron, 2-09 
magnesium alloys, 4-58 
metals, 21—54 
Monel metal, 4-53 
nickel alloys, 4-51 
steel for, 2-38 
-temper relations, aluminum alloys, 4-4} 
Collar, shaft, 13-34, 20-08, 24—04 
Collectors, dust, 26—04 to 26-07 
efficiency, 26-11 
electrical, crane, 23-31 
hoists, 23-43 
Color, alloys for, 4-24 
oil, 18-54 
Coloring, aluminum, 4—47 
Columbium, atomic weight, 1-03 
Column, columns, 7-34 to 7-40 
aluminum alloy, 4-41 
bases, 17-18, 17-73 
bending factors, 17-73 
cast-iron, 7-40, 17-21 
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Column, columns, (cont.) 
crane, 23-31 
cross bending in, 7-39 
design, 17-73 
eccentric loads, 7-38 
end conditions, 7-34 
footings, 17-11 
formulas, 7-35, 7-39 
New York City, 7-40 
wood columns, 7-37 
grillage supports, 17-76 
radius of gyration, 7-34 
safe loads, 17-73 to 17-79 
slenderness ratio, 7-34, 17-15 
steel, 17-73 to 17-79 
bending factor, 17-77 
building construction, 17-21 
design, 7-38 
dimensions, 17-77 
eccentric loading, 17-73 
properties, 17-77 
tests, 7-38 
strength of, 7-38 
stresses in, 17-15 
tests, 7-38, 7-59 
transverse loads, 7-38 
ultimate loads, 7-36 
wooden, 7-37, 17-21 
Comb-ring, bearing closure, 13-08 
Combined stresses, 7—08 
Combustion control, 15-13 
in cupolas, 20-12 
Commutation pole, def., 25-03 
Commutator, def., 25-04 
segments, alloy for, 4-24 
Comparator, 21-109 
internal, 21-110 
Composition, alloys, 4—20 to 4-22 
brasses, 4-20 to 4-22 
bronzes, 4~20, 4-21 
buffing, 21-94 
cork, 5-25 
metals, 4-05 
Compounds, rubbing, 22-29 
intermetallic, 4-04 
Compressed-air locomotives, 23—59 
Compressibility, 1-15 
aluminum, 4—34 
chemical elements, 1-16 
cork, 5-25 
gases, 1-15 
liquids, 1-15 
rubber, 5-27, 5-28 
Compression and shear, combined, 7—09 
axial, def., 7-04 
endurance ratios under, 7-13 
drift, rubber, 5-31 
springs, 10-03 to10—22;seeSprings, compression 
stress, allowable, in timber, 7-29 
def., 7-03 
due to shearing, 7-08 
structural steel, 17-15 
test specimens, 7—55 
Compressors, belt service factor, 24-18 
cylinder, milling, 21-43 
refrigerating, motors for, 25-50 
V-belt service factor, 24-30 
Concrete blocks, 17—23 
footings, 17-11 
material required for, 17-23 
permissible bearing stress, 17-15 
pipe coating, 3-19 
reinforcement steel, specifications, 2-22 
roofs, 17-40, 17-41, 17-44 
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Concrete, (cont.) 
specific gravity, 1-12 
weight, 1-12, 17-12 
working stresses in compression, 17-19 
Condensers, alloys for, 4-53 
stainless steel for, 3-22 
tubes, alloys for, 4-24 
Conductivity, electrical; see Electrical conduc- 
tivity 
thermal; see Thermal conductivity 
Conductor, aluminum, 4-48 
def., 25-04 
electric crane, 23-31 
hoists, 23—43 
Cone brakes, 15-17 
center of gravity, 8-16 
frustum, center of gravity, 8-16 
moment of inertia, 8-17 
pulleys, 24-12 
castings, analyses, 20-08 
crossed belts for, 24-12 
shaft speeds, 24-13 
speeds in geometrical progression, 24-13 
pyrometric, 5—03 
radius of gyration, 8-18 
springs, 10-13 
Connecting-rods, gaging, 21-110 
grinding, 21-71 
guards, 27—08 
steel for, 2-38 
Connections, beam, 17—49, 17-61 
dust hoods, 26—09 
steel buildings, 17-16 
welded, building construction, 17-19 
Connectors, spring, wall, 16—22 
Constantan, 4-51 
properties under repeated stress, 7-14 
Construction, building, 17-10 to 17-46 
Contact, arc of, belts, 24-16, 24-19 
fingers, alloy for, 4-24 
Containers, pressure, forging equipment, 19-05 
Contour, cutting tools, 21-09 
gages, 21-112 
Control, 15-03 to 15-14 
anticipator, 15-11 
asymtotic, 15-06 
brakes, 15-15 to 15-20 
combustion, 15-13 
continuous, 15-10 
direct-acting, 15-12 
electric motor, 25-51 to 25-60; see alse 
Controllers 
equipment, relay types, 15-09 
humidity, 15-13 
hunting, 15-14 
intermittent, 15-12 
interrupted, 15-12 
isoposic, 15-06, 15-10 
level of liquid, 15-13 
light, 26-14 
-mechanisms, 15-03 to 15-20 
bibliography, 15-03 
characteristics, 15-04 to 15-06 
speed characteristics, 15-06 
types of regulation, 15-06 
work capacity, 15-06 
mixture ratio, flowing fluids, 15-13 
point, 15-05 
potential, 15-13 
pressure, 15-12 
proportional, 15-09 
racing, 15-14 
rate-of-flow, 15-13 
relay, 15-04 
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Control, (cont.) 
self-operating, 15-07, 15-12 abt amid hate edt 
speed, 15-06, 15-12 distributing, 23-48 
temperature, 15-13, 18-18 mine, 23-58 
troubles, 15-14 : distributing, 23-48, 23-54 
two- and three-point, 15-12 -elevator, V-bucket, horsepower, 23-54 
voltage, 15-13 flight, 23-55 
Controllers, crane, 23-30 chain, 23—56 
cycle, 15-14 pulls, 23-55 
def., 25-04 coefficients of friction, 23-56 
electric motor, def., 25-04, 25-06 distributing, 23-54 
motor, 25—51 to 25-60 horsepower, 23-55 
adjustable speed, 25-54, 25-57 shaft sizes, 23-55 
armature and field control speed adjust- head-shafts, 23-56 
ment, 25-58 horsepower, 23-54, 23-55, 23-62 
costs, 25—54, 25-57, 25-58, 25-60 Hydrojet ash, 23-70 
D.C. motors, 25—57 industrial furnace, 18-17 
enclosures, 25—52 ' mine, belt, 23-59 
magnetic, full-voltage, 25-53, 25-54, 25-58 monorail chain, 23-72 
part-winding, 25-60 motors for, 25-50 
primary and secondary, 25—56 Nuveyor system, 23-70 
primary, manual secondary, 25—56 overhead, 23-73 
reduced-voltage adjustable speed, 25-58 package, 23-71 
reduced-voltage auto-transformer, 25-55 pneumatic, 23-67 
reduced-voltage, constant speed, 25-58 coal unloading, 23-68 
reduced-voltage resistor type, 25-55 portable, 23-64 
manual drum, 25-58 retarding, 23-60 
full-voltage, 25-53, 25-54, 25-57 roller, 23-72 
primary and secondary, 25-56 scraper, coal mine, 23-58 
reduced-voltage, 25-53, 25-55, 25-57 screw, 23-65 to 23-67 
multi-speed, 25-55 feeders, 23-66 
overload protection, 25-51 horsepower, 23-66 
reversing, 25—54, 25-56 thrust, 23-67 
self-operating, 15—03 troughs, 23-67 
Conventional efficiency, def., 25-04 sectional, 23-64 
Conversion, metric units, 28—54 shaker, 23-58 
temperature, 28-50 " slat, 23-72 
Converter, Bessemer, 2-10 suction, 23-68 
refractories for, 5-18 trolley, 23-72 
Conveying, see also Conveyors vibrating, 23-58 
Fuller-Kinyon system, 23—68 wire-rope retarder, 23-60 
Kennedy transport system, 23-69 Cooking equipment, stainless steel for, 3-22 
pneumatic, 23-69, 26-10 wood, 22-14 
bulk material, 23-67 Cooling, bearing oil, 13-52 
costs, 23-67 steel castings, 20-27 
pulverized material, 23-68 Coopers’ rivets, 6—49 
suction, 23-68 Cooperage saws, 22-35 
Conveyor, conveyors Cope head, moulders, 22-43 
ashes, 23-69, 23-70 - Copel, alloy, 4-51 
bale, 23-72 Copper 
bearings, 13-82 -aluminum-iron bronze, 3-25 
belt, 23-61 to 23-65 annealing, 4-10 
advantages, 23-63 atomic weight, 1-03 
belt thickness, 23-62 balls, hollow, 7-47 
capacity, 23-61 -base alloys, properties at high temperatures, 
car loader and unloader, 23-64, 23-65 4-18 
costs, 23-59 : die-casting alloys, 4-62 
discharge, 23-63 sand-cast, 4-18 to 4-23 
distributing, 23-54 sand-cast, corrosion, 4-23 
horsepower, 23-62 sand-cast, fabrication, 4-19 
inclined, 23-63 tensile properties, 4-18 
limitations, 23-64 bronze alloys, wrought, properties, 4-26 to 
limiting angles, 23-63 4-33 
loading, 23-63 -bearing malleable iron, 20-46 
package, 23-72 -beryllium, heat treatment range, 4—07 
portable, 23-64 blast furnaces, refractories for, 5-17 
pulley diameter, 23-63 brazing furnace, applications, 18—24 
sectional, 23-64 buffing, 21-94 
standard, 23-64 commercial, composition, 4-09, 4-10 
steel, 23-65 compounds, 1-04 
underground, 23-59 compressibility, 1-16 
vs. flight, 23-54 converter, refractories for, 5-18 
weighing on, 23-65 corrosion, 4-10 


cable hoist-, 23-15 4 deoxidized, properties, 4-26 
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Copper (cont.) ‘ 
effect on corrosion, 3—06 
effect on steel, 2—12 
effect on zinc, 4-12 
electrical resistivity, 1-05 
electrodeposition, 4-10 
electrolytic, 4-10 
energy required for melting, 18-27 
fabrication, 4-10 
fire-refined, 4-10 
forging temperature, 19-07 
grinding, 21—70, 21-71 
hardened, 4-10 
hardness, 1-05, 1-14, 1-15, 4-09 
heat content, 18-04 
penetration, 18-05 
high-conductivity, 4-10 
lake, 4-09 
machinability, 21-19 
machining, cemented-carbide tools, 21—12 
cutting fluid, 21-22 
tool angles, 21-11 
-nickel alloy, 15-20% Ni, 4-53 
-nickel-silicon, heat treatment range, 4-07 
ore, weight, 5-37 
oxygen-free, 4-10 
pipe, corrosion, 3—08, 3-18 
plastic properties, 21—56 
properties, 1-05, 4-09, 4-20, 4-26 
under repeated stress, 7-14 
reverberatory furnaces, refractories for, 5-20 
rods, weight, 6-12 
roofing, 17-42 
sawing, 21-101, 21-102 
sheet, weight, 6-07, 6-08 
softening temperature, 4-06 
-steel, 3-04, 3-06, 3-07, 3-16 
tensile strength, 4-09 
tubing, collapsing pressure, 7-46 
welding, 4-10 
wire, see Wire, copper, 6-19 to 6-22 
Copperas, 1—04 
Copying lathes, 22-45 
Cord, def., 6-27 
machine element, 8—04 
tension in, 8-20 
Cordage, technical terms, 6-27 
Core, cores 
banded, 22—25 
-blowing machines, 20-36 
foundry, 20-33 
hardness, steel for, 2-38 
lumber, 22—24 
mixtures, 20-33 
non-ferrous castings, 20-51 
ovens, energy required, 18-22 
railed, 22—25 
toughness, steel for, 2-38 
veneer, 22-24 
departmental arrangement, 22-25 
Cork, 5-25 
coefficient of friction, 8-25 
compositions, 5—25 
coefficient of friction, 5-26 
elastic suspension, 16-15 
friction of, 5-26, 15-20 
-insert pulleys, 24-09 
insulation, 5-26 
products, 5-26 
properties, 1-12, 5-21, 5-25 
resistance to liquid penetration, 5-25 
-tile floors, 17-36 
uses, 5-26 
weight, 1-12, 5~37 


Corrosion, 3-03 to 3-19 


aluminum, 4—25 
atmospheric, 3-06 
prevention of, 3-11 
bituminous coating protection, 3-18 
Bonderizing, 3-14 
Bower-Barff process, 3-13 
brass and bronze castings, 4-23 
pipe, 3-18 
chemical, 3-11 
copper, 4-10 
pipe, 3-18 
Coslett process, 3-13 
cracking, 4—09 
brass, 4-23 
bronze, 4-23 
deactivation, 3-18 
effect of copper, 3-06 
of cyclic stress, 3-05 
of manganese, 3-07 
of oxygen, 3-04 
of sulphur, 3-06 
on endurance limit, 3-05, 7-15 
electrochemical theory, 3-03 
electrolytic, 3-05 
factors controlling, 3—04 
fatigue, 3-05, 7-15 
fixation of oxygen, 3-17 
galvanizing, 3-14, 3-15 
high-silicon alloys, 3-24 
hopper and gondola cars, 3-07 
lead coating, 3-16 
magnesium alloys, 4-56 
manganese-bronze, 3—05 
mechanism of, 3-03 
molybdenum, 4—60 
niter process, 3-13 
Parkerizing, 3-13 
phosphatic coatings, 3-13 
pipe, 3-07 
non-ferrous, 3-18 
planished iron, 3-13 
prevention, 3-11 
principles of testing, 3-06 
protection against underwater, 3-16 
relative, 3-06 
resistance, cast iron, 20-03 
corrosiron, 3-24 
duriron, 3-24 
malleable castings, 20-46 
phosphatic coatings, 3-13 
Sherardizing, 3-15 
stainless steel, 3-22 
steel for, 2-38 
-resistant alloys, 2-43, 4-19, 4-24 
cement, 3-19 
metals, 3-16, 3-19 to 3-26 
paint, 3-12 
processes, 3-13 
silicon cast iron, 2-20 
spring material, 10-05 
steel, 2-18 
castings, 20-25 
fusion welding, 2-59 
S.A.E., 2-47 
varnish, 3-12 
Russia iron, 3-13 
Sherardizing, 3-14 
soil, 3-07 
protection, 3-18 
steam boilers, 3-18 
steel pipe, 3-07 
surface films, 3-04 
tests, 3-06 
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Corrosion, (cont.) 
tie plates, 3-07 
tungsten, 4—59 
underwater, 3-16 
vent lines, 3-07 
water, 3-07 
wrought iron, 3-06 
zinc, 4-10 
Corrosiron, 3—24 
Corrosive sublimate, 1-04 
Corrugated arches, 17-84 
furnaces, allowable pressures, 7—47 
sheets, 17-84 
Corundum, 5—04 
hardness, 1-15 
Cosecants, table, 28—46 
Cosines, table, 28—46 
Coslett process, corrosion resistance, 3-13 
Cost, costs 
buildings, 17-46 
coal conveying, 23-59 
eleetric furnace operation, foundry, 20—19 
motors, 25-23, 25-28, 25-38, 25-43, 25-49 
handling by electric trucks, 23-79 
industrial furnace fuels, 18—10 
machining, 21-13 
pneumatic conveying, 23-67 
protective atmosphere, industrial furnaces, 
18-24 
Cotangents, table, 28-46 
Cotters, friction, 8-32 
Cottered joints, 12-13 
Cotton 
belting, coefficient of friction, 24-36 
ducts for conveying, 26-10 
gins, belt service factors, 24-18, 24-30 
machinery castings, analyses, 20-08 
ropes, 24—52 - 
sheeting, 21-93 
Cottonseed oil, absorption by rubber, 5-31 
specific gravity, 1-12 
Cottonwood, allowable unit stresses, 7-28, 7-29 
nail-holding power, 9-45 
time required to dry, 22-18 
Coulter blades, steel for, 2-38 
Counter-electromotive-force, def., 25-04 
Counterbores, 22-38 
Countershafts, 24-03 
belts; see Belts 
speeds, lathe, 21-03 
steel for, 2-38 
Couplers, proof tests, 7-59 
Coupling, couplings 
box, 24-54 
castings, analyses, 20-08 
clamp shaft, 24—54 
flange, 24-55 
flexible, 24—56 
friction, 24—54 
hydraulic, 24-79 
hydroelectric unit, 24-55 
integrally-forged, 24-55 
leather-laced, 24—57 
leather-link, 24—56 
Meriam flexible, 24-58 
Morse flexible, 24-59 
Oldham, 24—59 
Sellers, 24—56 
service factors, 24—58 
shaft, 24-54 to 24-61 
slip, 24-59 
Westinghouse flexible, 24-58 
Coupon, test, malleable castings, 20-45 
Coversed sines, table, 28-46 


Crab hoists, 23-40 
Cracks, contraction, in castings, 4-08 
Cradle dynamometer, 24-84 
Crane, cranes 
acceleration, 23-31, 23-32 
auxiliary hoist, 23-28 
bearings, 13-82, 13-92 
bracket jib, 23-24 
brakes, 23-30 
bridge, 3—motor, 23-27 
cable, 23-16 
cargo, 23-36 
chain, 6-30 
charging machine, 23-30 
controllers, 23-30 
crawler, 23-18 
design, 23-28 
electrical collectors, 23-31 
conductors, 23-31 
equipment, 23-30 
gantry, 23-28 
grab bucket, 23-28 
guards, 27-08 
hammer-head, 23-36 
heavy duty, 23-29 
hoisting rope, 23-31 
hooks, forging equipment, 19-05 
I-beam, 23-26 
ingot-stripping, 23-30 
jib, 23-24 
level-luffing, 23-36 
light duty, 23-27 
locomotive, 23-17 
locomotive, coal storage, 23-20 
motors, 23-30, 23-32, 25-45, 25-50 
operating speed, 23-31 
pillar, 23-23 
pillar jib, 23-24 
pontoon, 23-36 
portable jib, 23-24 
storage battery, 23-77 
power required to drive, 23-31 
ratings, 23-27 
safety standards, 23-23 
soaking pit, 23-30 
special, 23-30 
speeds, 23-32 
supports, 23-31 
switchboards, 23-30 
tramrail bridge, 23-27 
traveling bridge, 23-26 
load brakes, 15-19 
wall, 23-24 
walking, 23-24 
wharf, 23-35 
wiring, 23-30 
Crank, cranks, 11-10 to 11-14 
-and-rocker linkwork, 8-07 
angle and piston position, 11-14 
automotive, forging, 19-04 
balanced, 11-11 
cast-iron, 11-10 
discs, 11-11 
forces acting on, 11-12 
guards, 27-08 
inertia forces, 11-13 
overhung, 11—10 
-pin, pins, 11-10 to 11-14 
bearings, 13-31 
bronze, 4-66 
bearing-metal, 4-62 
grinding, 21-72 
overhung, 11-11 
tangential forces on, 11-12 
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Crank, cranks, (cont.) 
-shaft, shafts, forged, 11-11 
forging equipment, 19-05 
grain in, 19-04 
grinding, 21-71 
hardening, 18-17 
steel for, 2-38 
steel, 11-11 
tangential effort, 11-12 
Creamery equipment, stainless steel for, 3-22 
Creep, def., 7-07 
ingot iron, 2-07 
limit, 7-07 
stresses, 4—06 
stainless steel, 3-21, 3-22 
test, 7-58 
Creosote, 22—29 
oil, absorption by rubber, 5-31 
timber preservative, 5-22, 22—29 
Crew, veneer manufacture, 22-17 
Critical cooling velocity of steel, 2-13 
dispersion, metals, 4-05 
frequency, 16-11 
point curves of steel, 2-13 
speed calculation, 16-09 
shafts, 11-08 to 11-10 
turbine discs, 16-12 
vibration, 16-09 
Cross-band, veneer, 22—24 
Crosshead guards, 27-08 
-pins, bearing metal, 4-66 
position at various crank angles, 11-14 
Cross-sections, non-circular, torsion, 7-41 
Crossings, railroad, guarding, 27—09 
Crossties, wood preservation treatments, 22—31 
Crown, pulleys, 24-09 
Crown-ring bearing closures, 13—09 
Crucible, foundry, 20-47 
furnace, refractories for, 5-18 
steel, 2-11 
Crusher castings, analyses, 20-08 
coal, 23-49 
stone, 8-06 
Crushing machinery, fly-wheels, 11-15 
strength, refractories, 5-08 
silicon-carbide, 5-14 
Crystals, steel, effect of heat refining on size, 2-15 
Crystolon, 5-12, 21-66 
Cubes and cube roots of numbers, 28-25 
Cubic measure, 28—52 
Cullet, glass house, elevators, 23-57 
Cultivator discs, steel for, 2-38 
Cup tests, for ductility, 7-60 
Cupola, cupolas 
air pressure, 20-10 
supply, 20-13 
balanced-blast, 20-17 
blast, 20-11, 20-12 
-gate control, 20-13 
blower sizes, 20-12 
bottom, 20-12 
briquettes, boring, 20-17 
charges, 20-11, 20-12 
coke consumption, 20-11 
combustion, 20-12 
dimensions, 20-16 
flux, 20-12 
hot blast, 20-16 
iron temperatures, 20-11 
lighting, 20-12 
lining, 20-12 
melting losses, 20-15 
rates, 20-11 
ratio, 20-10, 20-13 


Cupola, cupolas, (cont.) 
mixtures, 20-14 
operating characteristics, 20-16 
operation, 20-14 
Poumay, 20-16 
practice, 20-10 
refractories, 5-18 
tap hole, 20-12 
tuyere area, 20-12 
ratios, 20-10 
vs. air furnace, 20-18 
wind box, 20-12 
Cuprite, 5-37 
Cupron, 4-51 
Cupro-nickel, 4-30, 4-51 
Curling, 21-58 
Current, alternating; see Alternating current 
(A.C.) 
-carrying capacity, electrodes, 5-33 
direct; see Direct current (D.C.) 
electric; see Electric current 
short-circuit, 25—08 
Curtains, sound, absorption. 16—23 
Curvature correction factors, torsion springs, 
10-15 
stress factors, flat springs, 10-19 
Curve, curves 
acceleration, 8-19 
acceleration-time, 8-19 
critical point, of steel, 2-13 
liquidus, 4-04 
solidus, 4-04 
space-time, 8-19 
velocity, 8-19 
-time, 8-19 
Cushions, cork, 5-26 
springs; see Springs 
Cut, depth of, def., 21-09 
Cutlery, alloys for, 4-54 
grinding, wheel speed, 21-69 
polishing, 21-91 
steel for, 2-38 
Cutter grinders, 21-86 
grinding, wheel speeds, 21-69 
heads, 22-37 
wood planer, 22-40 
knives, 22-36 
milling, 21-34 to 21-40; see Milling cutters 
plug, 22-38 
wood, 22-35 
Cutting angles, wood planers, 22—41 
circles, wood planers, 22—40 
fluids, 21-19, 21-52 
aluminum, 4—44 
drilling, 21-52 
effect on cutting speed, 21-22 
milling, 21-41 
Monel metal, 4-53 
quantity required, 21-19 
recommended practice, 21-22 
stainless steel, 3-23 
speeds, aluminum, 4—44 
cast iron, 21-18 
effect of cutting fluid, 21-22 
of length of tool extension, 21-23 
of work set-up, 21-23 
of work slenderness, 21-23 
on tool life, 21-12 
metal-cutting tools, def., 21-09 
milling cutters, 21-40 
Monel metal, 21-13 
planers, 21-29 
single-point tools, 21-11 to 21-19. 
steel, 21-14 to 21-18 


Cut-D.C, 


Cutting, (Cont.) 


speeds, (cont.) 

Stellite tools, 21-25 

-tool pressure relation, 21-13 
tools; see Tools 


Cyanided parts, steel for, 2-38 
Cyanite, 5-04, 5-05 
Cycle controllers, 15-14 


duty, electric motors, 25-09 
plastic, metals, 21-55 


Cyclone, dust collecting, 26-06 
Cyclops metal, properties under repeated stress, 


7-12 


Cylinder, cylinders 


blocks, automobile, milling, 21-43 

cams, 8-14 

cast-iron, grinding, 21-72 

castings, analyses, 20-08 

center of gravity, 8-16 

frustum, center of gravity, 8-16 

gaging, 21-110 

grinding machines, 21-84 

hollow, moment of inertia, 8-17 
radius of gyration, 8-18 

in contact, stresses in, 7-50 

lubricants, 13-55 

radius of gyration, 8-18 

solid, stresses in, 7—50 

strength of, 7-44 to 7-47 

strength under external pressure, 7—45, 7-47 
under internal pressure, 7-44, 7-47 


Cypress, allowable unit stresses, 7-28, 7-29 


characteristics and uses, 5-21, 5-22 
holding power, wood screws, 9-46 
nail holding power, 9-45 

shingles, 17-85 
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Dado saws, 22-35 

Dairy equipment, stainless steel for, 3-22 

Damping, noise prevention, 16-21 
sliding friction, 16-17 
vibration, 16-17, 16-18 

Dangerous section, beams, 7-19 

Dardelet nuts, dimensions, 9-17 
screw threads, 9-14 to 9-16 

Davis metal, 4-51 

Day, sidereal, 28-53 

D.C. motor, motors 


applications, 25—50 

control, 25-48, 25-57 

costs, 25—49 

dimensions, 25—49 

full load current, 25-14 

large-power, adjustable speed, 25-45 
costs, 25-49 
crane, 25-45 
dimensions and weights, 25-49 
efficiency, 25-47 
elevator, 25-46 
fan, 25-46 

* frame sizes, 25-48 

general purpose, 25—44 
horsepower, 25-44, 25-46 
low-speed engine-type, 25-47 
mechanical features, 25-49 
mill type, 25-46 
operating characteristics, 25-47 
rolling mill, 25-46 
shunt-wound, 25-45 
speed ratings, 25-44, 25-46 
_torque, 25-47 
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D. C. motor, motors, (cont.) 
large power (cont.) 
small-power, 25-20 
speeds, 25-18 
standard ratings, 25-18 
starting current, 25-14, 25-47 
torque, 25-14, 25-47 
vertical, frame sizes, 25-28 
voltage variation, 25-47 
weights, 25-49 
Deactivation, 3-18 
Dead-loads, buildings, 17-14 
roofs, 17-38 
Deaeration, mechanical, 3-17 
Deaerator, 3-17 
Dean & Davis viscosity index scale, 13-55 
Deceleration, def., 8-19 
‘uniform, cam motion, 8-12 
Decibel, 16-19 
Decimal log scale, 22-04 
Deck, log, 22-09 
roof, 17-39 
Decorations, alloys for, 4-24 
Dedendum, bevel gears, 14-22 
Defects, effect on endurance, 7-13 
Deflection, beams, 7-21 to 7-25 
beams steel, 17-48 
beams, uniform strength, 7-30 
elliptic springs, 10-17 
flat plates, 7-48 
helical springs, 10—08, 10-10 
impact, steel beams, 17—48 
shaft, journal bearings, 13-12 
shafting, 24—04 
springs, 10—06, 10—08, 10-10, 10-17 
vertical, beams, 7—26 
Deformation, def., 7-04 
constants, spur gears, 14-15 
due to impact, 7-16 
to normal stress, 7—09 
power required in forging, 19-07 
Degree, electrical, def., 25-04 
de Lavaud centrifugal casting process, 20-30 
Demand charge, electric motor rates, 25-07 
Density (see also substance in question) 
aluminum, 4-34 
alloys, 4-36, 4-37 
brasses, 4-26 to 4-33 
bronzes, 4—26 to 4-33 
carbon brick, 5-35 
copper, 4-09, 4—26 
die-casting alloys, 4-37, 4-61 
magnesium, 4-55 
metals, 1-06; see also metal in question 
metric equivalents, 28-55 
Monel metal, 4—52 
nickel, 4—50 
nickel alloys, 4-30, 4-51, 4-52 
polishing wheels, 21-89 
tungsten, 4-59 
zinc, 4-11 
Depth, bevel gear teeth, 14-22 
gage, 21-108 
of cut, def., 21-09 
Derricks, 23-24, 23-25 
safety standards, 23-23 
Descaling processes, 21-92 
Design, axle, 11—03 
beams, 7-25, 7-26, 17-49 
brass and bronze castings, 4-23 
castings, non-ferrous, 20-52 
steel, 20-26 
column, 7-38, 17-73 
crane, 23-28 
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Design, (cont.) 
guns, 7-47 
hollow shafts, 11-05 
springs, 10-06, 10-14, 10-20 
stresses aluminum alloys, 4-42 
elliptic springs, 10-18 
structural, 17-13 
welding, 2-53 
worm gears, 14-31, 14-32 
Desk castings, analyses, 20-09 
Diagram, equilibrium, alumina-silica system, 
5-05 
metallography, 4-03 
force, for shafts, 11-03 
stress-deformation, 7-05 
Dial indicators, 21—108 
Diameter, pitch, screw threads, def., 9-04 
Diametral pitch, 14-05 
Diamond cutting tools, 21-26 
hardness, 1-15 
specific heat, 5-32 
wheels, 21-68 
Diaphragms, alloys for, 4-24 
Diaspore, 5—04, 5-05 
Die, dies 
-blocks, forging equipment, 19-05 
hardness, 19-06 
-casting, castings, 20—29, 20-52 
alloys, aluminum, 4-37 
copper-base, 4-62 
lead base, 4-61 
magnesium base, 4-62 
properties, 4-61 
tin base, 4-60 
zinc base, 4-13, 4-61 
aluminum, 4-35 
buffing, 21-94 
magnesium alloy, 4-56 
tolerances, 4-37 
cold-heading, 19-21 
cushions, pneumatic, 21-61 
drawing, 4-59 
grinding, 21-72, 21-75 
drop-hammer, casting analyses, 20-08 
-forging, 19-04; see also Forging 
grinding, 21—72, 21-75 
hammer, 19—06 
hydraulic press, 19-16 
machine forging, 19-21 
material, 19-05, 19-17 
profile, 21-59 
setting, drop-forging, 19-06 
-sinking machines, 21—46 
threading, grinding, 21-72, 21-75 
U-bending in, 21-59 
V-bending in, 21-59 
Dielectric constant, rubber, 5-27 
Diesel engine, bronze bearing metal, 4-66 
crank-shafts, grinding, 21-71 
cylinder castings, analyses, 20-08 
shafts, torsional vibration, 16-11 
locomotives, industrial, 23-81 
Differential blocks, 23-36 
pulley, 8-05 
screw, 8-10 
screw punch, 8-11 
windlass, 8-05 
Digester brick, 5-16 
Dimensioned stock, board measure content, 
22-06 
Direct-current, def., 25-04 
motors; see D.C. motors 
voltages, standard, 25-11 
Dirt exclusion, journal bearings, 13-08 


INDEX 


Dis-Dri 


Disc, discs 
abrasive cut-off, 21-102 
brakes, 15-18 
crank, 11-11 
friction cut-off, 21-102 
grinders, 21-85 
rotating, 11-24 
steel for, 2-38 
turbine, 16-12 
vibration, 16—04 
Dispersion, critical, metals, 4-05 
austenite, 2-13 
Dissociator, ammonia, 18-24 
Distillation furnace, refractories for, 5-18 
Division, by logarithms, 28-04 
Dogwood, specific gravity and weight, 5-21 
Dolomite, hardness, 1-15 
kilns, refractories for, 5-19 
specific gravity and weight, 1-12 
Dome, roof, 17-44 
Domed head, steam boilers, 7-44 
Double-band mill, 22-09 
knot, 6-29 
-sling chain, dimensions, 6-33 
Douglas-fir, allowable unit stresses, 7-28, 7-29, 
17-35 
characteristics and uses, 5-22 
holding power of wood screws, 9-46 
joists, safe loads, 17-34 
preservative treatments, 22-31 
resistance of drift bolts, in., 9-46 
Dowmetal, 4-56 
Doyle log seale, 22—04 
Draft, drop-forging dies, 19-06 
Drag-link, 8—07 
steel for, 2-38 
-scrapers, 23-16 
cargo boats, 23-17 
compressed air, 23-45 
Dragline buckets, 23-22 
crawler, 23-18 
scraper, 23-16 
Draws, metal forming, 21-60 
Draw-bench, 21-59 
Drawing and Forming 
alloys for, 4-24 
blank holding, 21-61 
brass, properties, 4-26 
dies, 4-59 
effect on metals, 4-06 
furnaces, electric, applications, 18-24 
metal, loads, 21-60 
press, 21—58 
shell, 19-16, 21-60 
blank diameters, 21-60, 21-62 
stainless steel, 3-22, 3-23 
steel castings, 20-27 
steel for, 2-38 
temperatures, 4-07, 18-03 
wire, 21-59 
zinc, 4-17 
Dressing, belt, 24-21 
Drift bolts, resistance in wood, 9-46 
rubber, 5-31 
Drill, drills 
cutting fluids, 21-48 
feeds, 21-47 
for aluminum, 4-43 
ingot iron, 2-09 
magnesium alloys, 4-58 
grinding, 21-48, 21-72 
guards, 27-07 
lip angle, 21-48 
power required to drive, 21-49 
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Drill, drills, (cont.) 
press, economic tool life, 21-12 
shank taper, 12-20 
speed, 21-46 
spur, machine, 22-38 
standard sizes, 21-49 
tap, 9-24 
taper head, 22-38 
twist, end thrust, 21-50, 21-51 
forces acting on, 21—50 
proportions, 21-48 
torque, 21-50, 21-51 
Drilling, 21-46 to 21-53; see also Drills 
experiments on, 21—50 
machines, motors for, 25-50 
machines, motor horsepower, 21-104 
stainless steel, 3-23 
Drive, drives 
belt, 24-14 to 24-38; see Belts 
chain, 24-38 to 24-48; see Chain drives 
chain links, steel for, 2-38 
friction, 14-04 
guards, 27-03 
group, 21-106 
hydraulic, 24-79 
internal gear, 14-14 
machine-tool, 21—04 
motor, 21—102 to 21-106 
planer, 21-31 
rope, 24—48 to 24-53; see Rope drives 
saw mill, 22-14 
screws, 9-38 
spiral gear, 14-25, 14-26 


variable-speed, 24-69 to 24-81; see Variable- 


speed drives 
worm gear, 14-26, 14-28, 14-34 
Drop-forging, 19-04; see also Forging 
hammers, 19-07 " 
air consumption, 19-10 
dies, casting analyses, 20-08 
steam consumption, 19-10 
test, carbon steel rails, 2-37 
Dross furnace, refractories, 5-18 
Drum, drums 
brake, casting analyses, 20-08 
power winding, 23-45 
sanders, 22—47 
winding, 23-07 
wire-rope, 6-34, 23-07 
attaching rope, 23-10 
diameter ratios, 23—08 
Dry-kilns, 22-17 to 22—21, see Kilns 
Dry measure, 28-52 
Dryers, veneer, 22-17 
Drying, woods, time 
22-19 
Duchemin’s formula, 17-38 
Ductility, def., 7-06 
dynamic, zine, 4-15 
of metals, 4-05 
steel castings, 20-27 
Ducts, conveying, 26-10 
noise absorption, 16—24 
sound transmission, 16-22 
Dumper, car, 23-34, 23-49 
Duplex steel, 2-10 
Duplexing, foundry, 20-19 
Duralumin, 4—57 
heat treatment range, 4-07 
machining, cemented-carbide tools, 21-12 
properties under repeated stress, 7-14 
Duriron, 3-24 
Duro, 5-16 
Durometer, 5-27 


required, 22-18, 


INDEX 


Dus-Ela 2 3) 


Dust, dusts 
blue, 27—04 
boiler fly ash, 26-11 
cement mill, 26-11 
collection, 26—03 to 26-11 
abrasive machinery, 26-09 
cement dust, 26-11 
computation of fan duty, 26-08 
hood design, 26-08, 26-09 
Hydrojet system, 23-70 
piping design, 26-08 
planing mill, 26-07 
State laws, 26-09 
tumbling barrel systems, 26—09 
collector, efficiency, 26-11 
electrostatic precipitation, 26-05 
explosiveness, 26-04 
filters, 26-04 
flue gas, 26-11 
particles, shape, 26-03 
properties, 26-03 
settling chambers, 26-04 
tests, 26-03 
washers, 26-05 
zine, 4-13 
Duty cycle, electric motors, 25-09 
Dwellings, live load requirements, 17-12 
Dye adsorption test, molding sand, 20-33 
Dynamic braking, 25-58 
stresses, steel for, 2-38 
Dynamo castings, analyses, 20-08 
Dynamometers, 24-82 to 24-84 
absorption, 24-83 
block brake, 24-82 
cradle, 24—84 
electric, 24-84 
Prony brake, 24-82 
rope brake, 24-82 
traction, 24-82 
transmission, 24-84 © 
water brake, 24-83 
Dyne, def., 8-20 
Dyprosium, atomic weight, 1-03 
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Earth, coefficient of friction, 8-25 
specific gravity and weight, 1-12, 5-37 
Ebony, specific gravity and weight, 5-21 
Edge, built-up, 21-34 
Edgers, lumber, 22-12, 22-14 
Edison gage, electric wires, 6-25 
Efficiency, bevel gears, 14-25 
conventional, def., 25-04 
electric motors, 25-13, 25-21, 25-25, 25-33, 
25-40, 25-47 
helical gears, 14—20 
industrial furnaces, 18-05 
knots, 6-30 
machine, def., 8-03 
riveted joints, 9-50 
rope drives, 24—50 
springs, 10-21 
spur gears, 14-18 
welded joints, 2—57 
worm gears, 14-34 
Effort, tangential, on cranks, 11-12 
85% magnesia, heat loss through, 18-25 
Ejectors, steam-, for ashes, 23-69 
Elastic curve, def., 7-18 
deflection, beams, 7—25 
limit, bearing metals, 4-63, 4-65 
brasses, 4-26 to 4-38 
bronzes, 4-26 to 4-38 
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Elastic, (cont.) ; 
limit, (cont.) 
commercial, 7-04 
def., 7-04 
Johnson’s apparent, 7-04 
metals; see Metal in question 
modulus, rubber, 5-27 
suspension; see Suspension, elastic 
Elasticity, bearing, 16-10 
coefficient of, 7-05 
def., 7-06 
modulus of, def., 7-05; see Modulus of elas- 
ticity 
Electric 
current, free rotor, 25-14 
locked rotor, 25-14, 25-21 
motor starting, 25-14, 25-21, 25-26, 25-34, 
25-42 
dynamometer, 24-84 
furnace, furnaces 
applications, 18-24 
arc, 18-26 
castings, 20-19 
costs, 20-19 
electrodes, 5-33 
energy required, 18-25, 18-27 
foundry, 20-19, 20-23 
heat liberation, 18-06 
heat losses, 18-25 
induction, 18-27 
melting, 18-26 
non-ferrous alloys, 20-49 
rating, 18-25 
refractories, 5-18, 18-26 
resistance type, 18-26 
steel, 2-10, 2-11 
heating, 18-20 to 18-22 
cartridge heaters, 18—21 
immersion units, 18-21 
ovens, 18-21, 18-22 
resistance furnaces, 18-22 
strip heaters, 18-21 
hoists, 23-41 
lights, flicker, 25-07 
locomotives, 23-59, 23-80 
motor, motors, 25-03 to 25-60; see also A.C, 
motors, D.C. motors 
adjustable speed, 25-12, 25-32, 25-33 
ambient temperature, 25-10 
amortisseur winding, 25-40 
application, 25-06, 25-49 
arrangement of driven machine, 25-08 
bearings, 13-82, 25-16 
combination switches, 25-53 
compound-wound, def., 25-04 
connection to driven machine, 25-08 
constant horsepower, 25-30 
speed, 25-12 
torque, 25-30 
continuity of power supply, 25-08 
control, 25-51 to 25-60; see also Controllers 
direct-current motors, 25-48, 25-57 
overload protection, 25-51 
plugging, 25-10 
polyphase induction motors, 25-54, 25-56 
single-phase motors, 25-53 
squirrel cage motors, 25-54 
synchronous motors, 25-59 
controller enclosures, 25-52 
costs, 25-23, 25-28, 25-38, 25-43, 25-49 
crane, 25-32, 25-45 
deceleration, 25-10 
dimensions, 25-23, 25-26, 25-38, 25-43, 
25-49 
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Electric, (cont.) 
motor, motors, (cont.) 
direction of rotation, 25-13 
drip-proof, 25-17 
duty cycle, 25-09 
effect of altitude, 25-10 
of voltage drop, 25-07 
efficiency, 25-13, 25-21, 
25-40, 25-47 
def., 25-04 
elevator, 25-32, 25-46 
enclosed, 25-17 
enclosures, 25-16 
end shields, 25-16 
explosion-proof, 25-17 
factors affecting selection, 25-06 
fan, 25-46 
fly-wheel effect, 25-09 
fractional horsepower, 25-18 
frame sizes, 25-26, 25-31, 25-32, 235-34 
to 25-37 
frequency of starting, 25-10 
full load current, 25-14 
fuses, 25-52 
gear type, 25-16, 25-38, 25-49 
general purpose, def., 25-04 
guarding, 27—09 
hoist, 25-32, 25-45 
hollow shaft construction, 25-16 
horsepower, 25-09, 25-24, 25-29, 25-39, 
25-44 to 25-46 
rating, 25-11 
induction, 25-28 to 25-38 
def., 25-05 
installation in mines, 25-18 
insulation, 25-11 
large-power, def., 25-05 
location, 25-10 
mechanical form, 25-16 
multi-speed, 25-30, 25-31 
noise, 25-10 
non-excited synchronous, def., 25-05 
no-thrust type, 25-16 
open machine, def., 25-05 
operating schedule, 25-10 
operating sequence, 25-10 
operating speed, 25-12 
phase, 25-11 
plugging control, 25-10 
power, def., 25-05 
factor, 25-06, 25-13, 25-40 
supply, 25-07, 25-10 
protected, 25-16 
pulsating current, 25-08 
quiet operating, 25-31 
rating, 25-06, 25-09, 25-24, 25-29, 25-39, 
25-44 to 25-46 
reactor-start, def., 25-05 
repulsion, def., 25-05 
repulsion-induction, def., 25-05 
repulsion-start induction, def., 25-05 
resistance-start, def., 25-05 
root-mean-square horsepower, 25-09 
running torque, 25-09 
semi-protected, 25-17 
series-wound, def., 25-05 
shaded pole, def., 25-05 
short-circuit current, 25-08 
protection, 25-52 
shunt-wound, def., 25-05 
single-phase, 25-18 to 25-28; see A.C, 
motors 
slip, 25-06, 25-12 
slip-ring, def., 25-05 
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Electric, (cont.) 
motor, motors, (cont.) 
small-power, 25-05, 25-18, 25-21, 25-23 
cost, 25-23 
universal, 25-20 
weights and dimensions, 25-23 
space requirements, 25-08 
special purpose, def., 25-05 
speeds, 25-09 
characteristic, 25-12 
regulation, 25-09 
splash-proof, 25-17 
split-phase, def., 25-05 
squirrel-cage, 25-05, 25-28 
starting current, 25-08, 25-14, 25-21, 
25-26, 25-34, 25-42 
torque, 25—07 
super-synchronous, 25—40 
synchronous, 25-05, 25-39 to 25-44 
exciters, 25-43 
induction, 25-40 
machine, def., 25-06 
temperature rise, 25-11, 25-21, 25-25, 
25-33, 25-40, 25-47 
thrust, 25-10, 25-16 ; 
tight, def., 25-06 
torque, 25-09, 25-14, 25-22, 25-26, 25-34, 
25-41 
efficiency, 25-16 
totally-enclosed, 25-17 
under-voltage protection, 25-52 
universal type, 25—05, 25-20 
variable torque, 25-30 
varying speed, 25-12 
vertical, 25-16, 25-28 
voltage, 25-07, 25-11 
surges, 25—08 
variation, 25-22, 25-34, 25-42, 25-47 
weights, 25-23, 25-26, 25-38, 25-43, 
25-49 
wound-rotor induction, 25-05, 25-30 
WR2, 25-09, 25-10 
power rates, 25—07 
tractors, 23-76, 23-77 
trucks, 23-76, 23-79 
welding, 2—48 
electrodes, 2—51 
Electrical 
conductivity, alloys, 4-07 
bronze bearing metal, 465 
die-casting alloys, 4-61 
magnesium, 4—55 
magnesium alloys, 4—57 
degree, def., 25-04 
equipment, alloys for, 4-19, 4-24 
cranes, 23-30 
fittings, alloys for, 4-19 
hazards, guarding, 27—08 
machinery castings, analyses, 20-08 
fly-wheels, 11-15 
resistivity, carbon, 5-32 
metals, 1-06; see also metal or alloy in 
question 
refractories, 5-09 
resistance alloys, 4-55 
rubber, 5-27 
Electrode, carbon, 5-33 
current-carrying capacity, 5-33 
welding, 2-49, 4-44, 5-36 
Electrodeposition, copper, 4-10 
Electrogalvanizing, 3-14, 4-13 
Electrolimit gage, 21-109 
Electrolytic copper, 4-10 
iron, 2-06 
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Electromotive force, def., 25-04 
Electron metal, properties under repeated 
stress, 7-14 
Electroplating, aluminum, 4—46 
Elements, chemical, 1-03 
of sections, 7-20, 7-21 
structural, 17-49 to 17-78 
Elevator, elevators 
ashes, 23-57 
automatic, 23-71 
centrifugal-discharge, 23-50, 23-51 
head-chutes, 23-52 
horsepower, 23-52 
continuous bucket, 23-52 
-conveyor, V-bucket horsepower, 23-54 
guards, 27-08 
head-shafts, 23-56 
miscellaneous materials, 23-57 
motors, 25-32, 25-46 
package, 23-71 
perfect discharge, 23-53 
portable, 23-57 
rigid arm, 23-71 
rope, 6—41 
shaft sizes, 23-56 
suspended tray, 23-71 
V-bucket carrier, 23-53 
Ellipse, elements of, 7-21 
quadrant, center of gravity, 8-16 
Ellipsoid, center of gravity, 8-17 
radius of gyration, 8-18 
Elm, allowable unit stresses, 7-28, 7-29 
characteristics and uses, 5-22 
nail-holding power, 9-45 
specific gravity and weight, 5-21 
time required to dry, 22-18 
Elongation, determination of, 7-57 
roller chain, 24—43 
Embossing-head casting analyses, 20-08 
Emery cake, buffing composition, 21-94 
specific gravity and weight, 1-12 
wheels; see Abrasive wheels 
Emery-Tatnall testing machine, 7-52 
Enamel, 22-28 
for zinc, 4-17 
frit furnace, refractories for, 5-18 
Enameling-furnace, applications, 18-24 
fuel consumption, 18-05 
refractories, 5-18 
Enclosures, motor controller, 25—52 
End, ends 
-conditions, columns, 7-34 
elliptic spring, 10-18 
-play, bearings, 13-06 
-shields, electric motors, 25-16 
spring, 10-12 
upset, bars, 9-41, 9-42 
Endurance limit, determination, 7-11 
effect of corrosion, 3-05, 7-15 
factors affecting, 7-12, 7-13 
flexural, phenolic laminated material, 14-34 
metals, 4-08, 7-12; see also metal or alloy 
in question 
reversed bending, 7-12 
short time test, 7-58 
values, 7-12 
Endurance-load relations, ball bearings, 13-68 
Endurance, springs, 10-20 
Energy, electric, furnaces, 18-08, 18-25, 18-27 
fly-wheels, 11-15 
measure of, 8-21 
metric equivalents, 28-56 
required for forging, 19-03 
stored, relation to size of member, 7— 16 
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Engine bearings, 13-31 
fly-wheels, 11-15, 11-17 
gas, cylinder castings, analyses, 20-08 
guards, 27-08 
-plane haulage, 23-13 
Engler viscosity, 13-57 
English bond, brickwork, 17—22 
screw threads, 9-18 
Engravers plates, tests, 7-59 
Epicyclic gear trains, 14-12 
Epsom salts, 1-04 
Equations, critical speed, 11—08, 11—09 
exponential, solution, 28-05 
Hertz, 7-50 
Equilateral polygon, elements of, 7-21 
Equilibrium diagram, alumina-silica system, 
5-05 
iron and steel, 2-17 
metallography, 4-03 
Equivalent, pyrometric cone, 5-03 
Erbium, atomic weight, 1-03 
Erection loads, buildings, 17-14 
specifications, building construction, 17-19 
Erosion resistance, alloys for, 4-24 
Estimating, building construction, 17-45 
Etch test, wrought-iron bars, 2-06 
Ether, specific gravity, 1-12 
Ethyl-acetate, absorption by rubber, 5-31 
-ether, absorption by rubber, 5-31 
Ethylene, absorption by rubber, 5-30 
compressibility, 1-16 
properties, 1-13 
Euler’s formula, 7-35 
Europium, atomic weight, 1-03 
Eutectic, metallography, 4-04 
Evaporators, stainless steel for, 3-22 
Everbrite metal, 4-51 
Everdur flats, plates and sheets, 6-08 
properties, 4-20, 4-32 
wire, 6-20 
Examination, x-ray, 7-58 
Excavation, crawler shovel, 23-18 
dragline scraper, 23-17 
underwater, 23-18 
Excelsior metal, 4—51 
Exciter, def., 25-04 
synchronous motors, 25-43 
Exits, building, 17-13, 27-09 
Expansion bolts, 9-38 
linear, stainless steel, 3-20 
thermal, various metals, 1-06; see also metal 
or alloy in question 
Explosiveness, dust, 26—04 
Exponential equations, solution, 28-05 
Extractor, centrifugal, bearings, 13-82 
Extrusion, 4-06, 19-16 
Eye fatigue, 26-20 
protection, 27—09 
splice, efficiency, 6-30 
Eye-bar flats, steel, specifications, 2-22 
tests, 7-59 
Eye-bolts, 9-40 
Eyelets, alloys for, 4-24 
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Fabrication, aluminum, 4-43 
brass castings, 4-19 
bronze castings, 4-19 
building, specifications for, 17-14 
copper, 4-10 
ingot iron, 2-09 
magnesium alloys, 4-58 
stainless steel, 3-22 
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Face, formed, polishing, 21-89 
grinders, 21-86 
veneer, 22—23 
Facings, mold, 20-34 
Factor, factors 
bearing design, 13-03 
bending, columns, 17-73 
steel columns, 17—77 
inertia, cranks, 11-13 
of safety, abrasive wheels, 21-80 
def., 7-10 
rules for, 7-10 
various materials, 7-11 
tangential effort, 11-12 
Factory lumber, 22-05 
Factories, live load requirements, 17—12 
Fahrenheit, conversion to centigrade, 28—51 
Failure, alloys, 4—08 
chain, 6-30 
cottered joints, 12-14 
fatigue, 4—08, 7-11 
metals, 4-08 
progressive, 7-11 
torsion, 7—43 
wood joints, 9-54 
Falling bodies, formulas, 8-21 
Fan, fans 
belt service factors, 24-18, 24-30 
blades, steel for, 2-38 
casing castings, analyses, 20-08 
dust-collecting, 26-08 
motors, 25-46, 25-50 
stainless steel for, 3-22 
truss, 17-44 
Farmer testing machine, 7-54 
Fast bearing, 13-48 
Fastenings, 9-03 to 9-54 
riveted, 9-47 to 9-54 
screw, 9-03 to 9-47 
strength of, 9-43 
Fatigue, corrosion, 3-05, 7-15 
crack, 7-11 
eye, 26-20 
failure, 7-11 
chain, 6-31 
metals, 4-08 
resistance, alloy for, 4-24 
resistance, cast iron, 20-05 
shafts, 11-05 
springs, 10-20 
strength, aluminum alloys, 4-36, 4-40 
Feather keys, 12-07, 12-09 
Feed, feeds 
aluminum, 4—44 
broaching, 21-98 
drills, 21-47 
hydraulic, machine tool, 21-06 
machine, def., 21-09 
machine-tools, geometric progression, 21-06 
mechanism, cabinet planer, 22-42 
metal saws, 21-101 
milling cutters, 21-40 
Monel metal, 21-13 
planer, 21-29 
saw mill carriages, 22-11 
shotgun, 22-11, 22-14 
single-point tools, 21-11 
twin-engine, 22-11 
Feeders, screw conveyor, 23-66 
Feldspar, hardness, 1-15 
specific gravity and weight, 1-12 
Fellows stub-tooth gear system, 14-09 
Felt, acoustic, 16-21 
noise-preventing, 16-21 
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Felt, (cont.) 

ring bearing closures, 13-08 

roofing, 17-12, 17-42, 17-81 

sound absorption, 16-23 

transmission, 16-23 

Fence posts, preservative treatments, 22-31 
Ferric oxide, 1-04 
Ferrite, 2-12 
Ferroalloy additions to iron, 20-15 

furnaces, electrodes, 5-33 
Ferrocyanide pot castings, analyses, 20-08 
Ferromanganese, 2—03, 20-15 
Ferrophosphorus, 2—03 
Ferrosilicon, 2—03, 20-15 


Ferrous metals, properties under repeated 


stress, 7-12 
oxide, 1-04 
sulphate, weight, 1-04 
Ferry resistance wire, 4-51 
Fiber bearings, 13-49 
coefficient of friction, 14-04 
friction of, 15-20 
wheels, 14-04 
grinding, 21-75 
stress, helical springs, 10-07 to 10-12 
phosphor-bronze spring wire, 10-12 
Fifth roots, table, 28-25 
Files for aluminum, 4-44 
Filler rod, aluminum welding, 4-44 
Filling, floor, 17-32 
wood, 22-27 
Film, films 
bearing, negative pressure, 13-29 
curved wedge, lubrication, 13-46 
forms, thrust bearings, 13-37 
oil, clearance bearings, 13-47 
fitted bearing, 13-47 
flat wedge, 13-45 
viscosity change in, 13-45 
surface, corrosion, 3-04 
thickness, journal bearings, 13—27 
lubrication, 13-45 
Filters, acoustic, 16-24 
dust, 26-04 
sound, 16—24, 16—26 
Finger hook, 23-12 
Finish allowance, aluminum castings, 4-35 
aluminum, 4—45 
influence on friction, 8-26 
magnesium alloy, 4-57 
surface, effect on endurance, 7-13 
Finishing, wood, 22-27 
Fink roof truss, 17-07, 17-44 
Fir, allowable unit stresses, 7-28, 7-29 
Douglas, see Douglas fir 
holding power of wood screws, 9-46 
nail-holding power, 9-45 
specific gravity and weight, 5-21 
Fire alarm, fusible alloy, 1-08 
wires, 6-16 
-point, oil, 13-54 
pot castings, analyses, 20-08 
protection, blower systems, 23-68 
-refined copper, 4-10 
retardant treatment of wood, 22-30 
Firebar castings, analyses, 20-08 
Firebox sheets, stainless steel for, 3-22 
Firebrick, 5-03 to 5-20 
acid resisting, 5-14 
analyses, 5—04 
applications, 5-17 
behavior at high temperature, 5-08 
bonding mortars, 5-10, 5-11 
chrome, 5-07 


Firebrick, (cont.) 
chrome, (cont.) 
applications, 5-17 
cold crushing strength, 5-08 
commercial, 5-11 
electrical resistivity, 5-09 
high-alumina, 5—04 
applications, 5-17 
laying, 5-06 
magnesite, 5-07 to 5-11 
modulus of rupture, 5-09 
physical properties, 5-08 to 5-10 
porosity, 5-09 
pyrometric cone equivalents, 5-05 
refractoriness, 5—03 
required for furnace walls, 5-12 
for various circles, 5-15 
shapes, 5-12 to 5-14 
silica, 5-06 to 5-11 
sizes, 5-12 to 5-14 
slagging resistance, 5-09 
spalling resistance, 5-09, 5-10 
thermal properties, 5-05, 5-08 to 5-10 
volume, 5-12 
weight, 5-11 
Fireclay, analyses, 5-04 
mortar, fusion point, 5-11 
Fireproofing, of buildings, 17-13 
First aid outfits, 27-10 
Fisherman’s bend, 6-29 
Fits, 12-23 to 12-30 
ball bearing, 13-75 to 13-77 
classification, 12—23 
force-, 12—26, 12-27 to 12-30 
free-, 12-23, 12-24 
loose, 12—23, 12-24 
medium, 12-24, 12-25 
screw threads, 9-07 to 9-13 
shrinkage, 7-47, 12-30 
snug, 12-24, 12-25 
tight, 12-25, 12-26 
tolerance, 12—23 
tunking, 12-25 
wringing, 12-25 
Fitting, fittings 
alloys for, 4-19 
cast-steel pipe, specifications, 20-28 
castings, pipe, analyses, 20—09 
chemical, alloys for, 4-19 
electrical, alloys for, 4-19 
pipe, alloys for, 4-19 
spline, 12-10, 12-11 
square shaft, 12-12 
underwater, alloy for, 4-19 
valve, alloys for, 4-19 
wire rope, 6—44 to 6-46 
Fixation oxygen in water, 3-17 
Fixtures, planer, 21-30 
Flame-arc stream, intrinsic brilliancy, 5-34 
Flange, flanges 
abrasive wheel, 21-79, 21-82, 27-07 
brass, composition pinions, 14-36 
cast-steel, specifications, 20-28 
couplings, 24-55 
unsupported compression, building members, 
17-15 
Flanging metal, 21-58 
Flash point, oil, 13-54 
Flashings, roof, 17-42 
Flat, eyebar, steel, specifications, 2-22 
optical, 21-110 
rope, steel, 6-42 
steel, specifications, 2-35 
steel, weight of, 6-03, 6-08 
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Flattened-strand wire rope, 6-39, 6-40 
Flax, ducts for conveying, 26-10 
Flemish bond, brickwork, 17—22 
loop, 6-29, 6-30 
Flexure 
endurance limit, phenolic laminated material, 
14-34 
spur gears, 14-16 
formula, beams, 7-19 
phenomena of, 7-17 
shafts, 11-04 
tests, 7-53 
theory of, 7-17 
Flicker, electric lights, 25-07 
Flight conveyors, 23-55 
Flint, hardness, 1-15 
Flitches, veneer, 22-07, 22-14 
Floats, cork, 5-26 
Floor, floors 
arches, safe loads, 17-26 
beam and slab type, 17-25 
building, 17-24 to 17-37 
cellular steel, 17-32 
cement, 17-36 
cinder concrete, 17-25 
clay tile, 17-36 
composition, 17-36 
cork tile, 17-36 
finishes, 17-36 
fire-resistant, 17-24 
girderless concrete, 17-25 
hollow-tile, 17-25, 17-32 
joists, safe loads, 17-34 
laid on ground, 17-36 
linoleum, 17-36 
loads, building, 17-12 
long span construction, 17-27, 17-32 
open-web steel joists, 17-27 
openings, guarding, 27-09 
plank, 17-21 
plates, dimensions, 17-31 
precast slab, 17-35 
proof tests, 7-59 
rolling resistance of, 23-78 
rubber tile, 17-36 
steel plate, 17-32 
suspensions, 16-16 
terrazo, 17-36 
wood block, 17-37 
joist, 17-35 
Flooring, machines, woodworking, 22-44 
rubber tile, 17-36 
strip, 17-37 
weight, 17-12 
Flour-mill machinery, belt service factors, 
24-18, 24-30 
fly-wheels, 11-15 
Flow, control, 15-13 
grain, forging, 19-04, 19-21 
of metals, 4—06, 7-07 
plastic, 19-03, 19-16, 19-21 
viscous, 13-44 
between plates, 13-44 
through tubes, 13-44 
Fluctuation, dynamic, 15-04 
Flue gas dust concentration, 26-11 
Flues, industrial furnaces, 18-06 
Fluid, cutting; see Cutting fluid 
flowing, control of mixture ratio, 15-13 
friction, 8-27 
transmission, 24~79 
Fluidity, pressure of, 19-16 
Fluoric acid, specific gravity, 1-12 
Fluorine, atomic weight, 1-03 
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Fluorite, hardness, 1-15 
Flux, cupola, 20-12 
luminous, def., 26-13 
soldering, 4-68 
Fly cutter, 21-38 
Fly-wheel, wheels, 11-15 to 11-24 
air compressors, 11-19 
arms, 11-21, 11-22 
band saw, 11-23 
castings, analyses, 20-08 
center of gyration of rims, 11-16 
coefficient of steadiness, 11-15 
construction, 11—21, 11-22 
dimensions, 11-19, 11-21 
dise, 11-24 
effect, electric motors, 25—09 
energy, 11-15 
metal-working presses, 21-64 
engine, 11-17 
equations for weight, 11-18 
guards, 27-08 
high-speed, 11-23 
joints, 11-20, 11-22 
presses and punches, 11-18 
rims, 11-16, 11-21 
sectional, 11—22 
shafts, vibration, 16-11 
shears, 11-18 
shrink links, 11-23 
slow-down, metal working presses, 2i-64 
speeds, 11-19, 11-20 
stresses in, 11-17 
tests, 11-20 
Theiss formula, 11-18 
various types of machinery, 11-15 
weight, 11-17 
wire-wound, 11-23 
wooden, 11—20 
Foil, aluminum, 4-47 
Follower, offset, cam, 8-13 
Food manufacturing, stainless steel for, 3-22 
Foot, decimals of, 28-49 
Foot-candle, 26-13, 26-15 
indoors, 26—16 
levels, 26-15 
sunlight, 26-16 
visibility requirements, 26-19 
work place requirements, 26-16, 26-17 
Foot rule, 21-107 
Footings, column wall, 17-11 
sound transmission, 16-22 
Force, forces 
acting on cranks, 11-12 
centrifugal, 8-22 
centripetal, 8-22 
counter-electromotive, def., 25-04 
diagram, shafts, 11-03 
electromotive, def., 25-04 
fits, 12-26, 12-28, 12-30 
inertia, cranks, 11-13 
metric equivalents, 28-56 
of acceleration, 8-20 
unit of, 8-20 
work and energy, 8-19 to 8-22 
Forge furnace, refractories, 5-18 
rolling, 21-58 
shop, arrangement, 19-13 
welding, 2-48 
Forging, forgings 
alloys, 4-24 
alloy steel, specifications, 2-33 
aluminum, 4—43 
anvil ratios, 19-10 
automobile cranks, 19-04 


For-For 


Forging, forgings, (coni.) 
bibliography, 19-22 
carbon steel, specifications, 2-33 
die-, 19-04 
die-design, 19-06 
drop-, 19-04 
dies, 19-06 
die setting, 19-06 
effect on metals, 4-06 
energy required, 19-03 
extruding, 19-16 
furnace, fuel consumption, 18-05 
temperature, 18—03 
grain flow, 19—04, 19-21 
grinding, 21-72, 21-74 
hammer-, 19-04 
-hammers, 19-12, 19-13 
steam consumption, 19-11 
heating rate, 18—05, 19-06 
heat-treated, steel for, 2-39 
helve-hammer, 19-12 
hydraulic, 19-16, 19-17 
impact, 19-04, 19-05 
ingots, 19-13 
locomotives, specifications, 2-24 
machine, 19-21 
-machine, upset, 19-22 
fly-wheels, 11-15 
Magnesium alloys, 4-58 
methods, 19-13 
non-destructive inspection, 4-08 
pickling, 21-92 
piercing, 19-16 
planing speeds, 21-29 
power-hammer, 19-11 
anvil weights, 19-12 
power required for deformation, 19-07 
press, four-column, 19-18 3 
hydraulic, 19-17 
mechanical, 19-22 
steam-hydraulic, 19-19, 19-20 
pressure, 19—04, 19-05 
of fluidity, 19-16 
proof tests, 2-30 
required chemical composition, 2-34 
safety code, 19-22 
shell drawing, 19-16 
shop arrangement, 19-13 
specifications, 2-26 
spring-hammer, 19-12 
stainless steel, 3-24 
steel for, 2-38, 2-39 
drilling speeds, 21-47 
tests, 2-35 
strain relief by annealing, 2-15 
structural, specifications, 2-33 
temperatures, 19—07 
Monel metal, 4—52 
nickel, 4—50 
tensile properties, 2-34 
tolerance, 19-13 
tools, 19-19 
trimming, 19-07 
x-ray examinations, 7-58 
Fork, tuning, 16-19 
stock, alloy for, 4-54 
Forming, cutting fluid, 21-22 
furnace temperatures, 18-03 
machines, motor horsepower, 21-105 
stainless steel for, 3-22, 3-23 
steel for, 2-39 
Formula, formulas 
band brake, 15-16 
block brake, 15-15 
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Formula, formulas, (cont.) 


cap-screw dimensions, 9-32 
column, 7-35 
New York City, 7-40 
transverse loads, 7-39 2 
dimension, machine-screws, 9-31 
Euler’s, 7-35 
secant, columns, 7-35 
straight-line, column, 7-36, 7-39 
Theiss, fly-wheel weight, 11-18 
torsion, shafts, 7-41 
wood column, 7—37 


Forsterite brick, 5-16 
Foundation, foundations 


bolts, 9-38 
building, 17-10 
caisson, 17-13 


‘ hammer, 19-07, 19-12 


open-well, 17-13 
vibration, 16-13 


Foundry-practice, 20-03 to 20-52 


acid melting, 20-19 
air furnace, 20-17 
alloy irons, 20-15 
annealing, 20-21 
blast pipe diameters, 20-14 
blower sizes, 20-12 
briquetted borings, 20-17 
casting cleaning, 20-38, 20-52 
casting quality, 20-20 
centrifugal castings, 20-30 
cores, 20-33 
core-blowing machines, 20-36 
cupola blast, 20-12, 20-13 
bottom, 20-12 
charges, 20-11, 20-12 
combustion, 20-12 
dimensions, 20-16 
lighting, 20-12 
lining, 20-12 
melting rates, 20-11 
mixtures, 20-14 
operation, 20-14, 20-16 
temperatures, 20-11 
types, 20-16 
die castings, 20-29, 20-52; see also Die castings 
duplex melting, 20-19 
electric furnaces, 20-18, 20-23 
fluxes, 20-12 
foundry iron, 2—03 
furnace linings, 20-49 
heat treatment, gray iron, 20—20 
ladles, 20-37 
lifting beams, 20-37 
malleable, 20-39 to 20-46; see Malleable 
castings 
melting losses, 20-15 
melting ratio, 20-10, 20-13 
mold facings, 20-34 
surface hardness, 20-33 
molding machines, 20-34; see Molding ma- 
chines 
sand, 20-30 to 20-34; see also Molding sand 
nitriding, 20—22 
non-ferrous, 20—47 to 20-52 
casting cleaning, 20-52 
charging, 20-49 
cores, 20-51 
electric furnaces, 20-49 
furnace linings, 20-49 
melting equipment, 20-47 
temperatures, 20-50 
time, 20-49 
molding, 20-51 
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Foundry practice, (cont.) 
open hearth furnace, 20-23 ‘ 
permanent mold castings, 20-29, 20-5: 
powdered coal furnaces, 20-18 
protective shoes, 27-10 
quenching, 20-21 
sand, conveying, 23-63 
sandblasting, 20-38, 20-52 
steel castings, 20-22 to 20-29; see Castings, 
steel 
tuyere area, 20-10, 20-12 
ratios, 20-11 
4-bar linkage, 8-07 
Fourdrinier wire, properties, 4-28 
Fractures, types of, 7—07 
Frames, building, 17-14 
Freemont impact testing machine, 7-53 
Freight handling, on ships, 23-35 
French screw threads, 9-18, 9-19 
Frequency, alternating-current, 25-04, 25-11 
calculations, elastic suspensions, 16-15 
critical, 16-11 
meter, reed, 16-04 
sound, 16-18 
Friction, 8—23 to 8-32 
ball-bearings, 8-30 
brakes, 15-15 
capacity, 24-83 
materials, 15-20 
clutches, 24-62 to 24-64 
castings, analyses, 20-08 
guards, 27-04 
coefficient of, 8-24; see Coefficient of friction 
cork, 5-26 
cotters, 8-32 
couplings, 24—54 
cut-off discs, 21-102 
damping, 16-17 
drives, 14-04 
guards, 27-03 
experiments on, 8-29 
fluid, 8-27 
gearing, 14—03 
granular, 8-27 
hydraulic plunger packing, 8-31 
influence of vibration, 8-26 
interlocking, 8-26 
internal, 16-18 
journal bearings, 13-15 
keys, 8-32 
laws of, 8-27 
loss, thrust bearings, 13-41 
low speed, 8-26 
machine elements, 8-29 
maximum, 8-26 
rest and motion, 8-25 
roller-bearings, 8-31 
rolling, 8-27 
rope sheaves, 8-32 
rubber tires, 8-27 
screws, 8-11, 8-32 
skidding, 8-27 
starting, 8-25, 8-26 
-viscosity relations, lubrication, 13-44 
V-guides, 8-32 
wheels, power transmitted by, 14-03 
wire-rope, 23-08 
wood, 15-20 
worm gear drives, 14-34 
Froude dynamometer, 24-84 
Frustum, center of gravity, 8-16 
Fuel, fuels 
consumption, industrial furnaces, 18-05 
costs, industrial furnaces, 18-10 


Fuel, fuels, (cont.) 


foundry furnaces, 20-47 
industrial furnaces, 18-06, 18-07, 18-09 
weight, 5-37 


Fuller-Kinyon conveying system, 23-68 
Functions, logarithmic, trigonometric. 28-49 


trigonometrical, table, 28-46 


Furnace, furnaces 


air, 5-17, 20-17 
annealing, 5-17, 18-03, 18-24; see Annealing 
furnaces 
are, 18-26 
bell-type, 18-15, 18-23 
blacksmith, 18-13 
bolt-heading, 18-05 
Brackelsburg, 20-18 
brazing, applications, 18-24 
bright-annealing, 18-14, 18-23 
car-type, 18—14, 18-23 
carbon-baking, refractories for, 5-17 
carburizing, 18—05, 18-14 
case-hardening, 18-05 
chrome, 5-10 
continuous, 18—05, 18—14, 18-23 
convection-type, 18-16 
conveyor, 18-14 
copper-brazing, 18—24 
corrugated, allowable pressures, 7—47 
crucible, 20-47 
cyanide-bath, 18-15 
dampers, stainless steel for, 3-22 
drawing, 18-24 
electric, 18-16, 18-22; see Electric furnace 
elevator-type, 18-15, 18-23 
enameling, 18-05, 18-24 
forge, 18-05, 18-13 
refractories for, 5-18 
galvanizing, 18—24 
glass-pot, refractories for, 5-18 
hardening, 18-23, 18-24 
heating, refractories, 5-18 
heat-treating, 18-05, 18-13 
induction, 18-27 
industrial, 18—03 to 18-19 
atmosphere equipment, 18-23 
box type, 18-22 
burners, 18—10 to 18-13 
calculations, 18-19 
capacity, 18-05 
controlled atmosphere, 18-18 
conveyors, 18-17 
efficiency, 18-05 
electric melting, 18-26 
resistance, 18—22 
electrical energy in, 18-08 
flues, 18-06 
fuel, 18-06 to 18-10 
consumption, 18-05 
costs, 18-10 
-oil specifications, 18-09 
heat distribution, 18-04 
liberation, 18-06 
-saving devices, 18-19 
heating elements, 18-17 
heating time, 18-06 
ports, 18-06 
pusher type, 18-22 
recuperator, 18-19 
regenerator, 18-19 
resistors, 18-22 
roller hearth, 18-23 
selection, 18-13 
temperature control, 18-18 
ingot, fuel consumption, 18-05 
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Furnace, furnaces, (cont.) 
magnesite, 5-10 
malleable-iron, refractories for, 5-19 
melting, electric, 18-26 
open-hearth, foundry, 20-23 
refractories for, 5-16, 5-19 
parts, stainless steel for, 3-22 
pit, 18-15, 18-22, 20-47 
pot, 18-15, 18-23 
powdered coal, foundry, 20-18 
puddle, refractories for, 5-20 
resistance, 18-26 
resistor, 18-16, 18-22, 18-26 
revolving-drum, 18-14 
rocker-bar, 18-15 
rotary, 18-14 
rotating hearth, 18-15, 18-23 
Sesci, 20-18 
temperature range, industrial processes, 18—03 
tool-hardening, 18-14 
various, electrodes, for, 5-33 
walls, firebrick required, 5-12 
Furniture castings, analyses, 20—09 
Fuses, electric motor, 25-52 
Fusion welding, 2—52; see Welding, fusion; also 
Welds, fusion. 


G 


g, value of, 8-20, 8-21 
Gable roof, 17-37 . 
Gadolinium, atomic weight, 1-0: 
Gage, gages 
American wire, 6-23, 6-24 
Birmingham, 6-24, 6-25 
Brown & Sharpe, 6-23, 6-24 
circular mil, 6—25 
contour, 21-112 = 
depth, 21-108 
Edison, 6—25 
electrolimit, 21-109 
for angles, 17-65 
galvanized sheet, 17-82 
grinding, 21-72 
inspection, 21-108 
limit, 21-111 
London wire, 6—24 
measuring, 21-111 to 21-113 
Old English wire, 6-24 
plug, 21-111 
lapping, 21—87 
precision block, 21-112 
reference, 21-111 
ring, 21-111 
screw, 21-112 
sheet metal, 6-23 to 6-26 
snap, 21-111 
steel for, 21-112 
Stubs, 6-24, 6-25 
tin plate, 17-82 
twist-drill, 6-26, 21-48 
U.S. plate iron, 6-24, 6-25 
U.S. sheet metal, 6-24, 6-25 
Washburn and Moen, 6—24, 6-25 
wire, 6-23 to 6-26 
zine, 4-14 
Galena, 1-15, 5-37 
Galling, gears, 14-17 
Gallium, atomic weight, 1-03 
Galvanized coatings, 3-15, 3-16 
-iron, corrosion protection, 3-12 
sheets, 17--82 
gage, 17-82 
steel roofs, 17-40 
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Galvanizing, 3-14, 4-12, 4-13 
cementation process, 3-14 
furnace, electric, applications, 18-24 

Gambrel roof, 17-37 

Gamma-ray inspection, 2—53, 4-08 

Gang saws, 22-12 

Ganisters, analyses, 5-06 

Gantry cranes, 23-28 

Garages, building construction, 17-12, 17-14 

Garnet, hardness, 1-15 

Gas, gases 
absorption by rubber, 5-30 
burners, industrial furnace, 18-11 
compressibility, 1-15 
-engine bearings, 13-31 

cylinder castings, analyses, 20-08 
flue, dust concentration, 26-11 
fuel, industrial furnaces, 18-07 
-holes in castings, 4-08 
physical properties, 1-13 
welding, 2—50, 2-60 

Gasoline, absorption by rubber, 5-31 
locomotives, 23-59 
specific gravity, 1-12 

Gates, coal bin, 23-48 

Gear, gears 
abrasion, 14-16 
alloys for, 4-19 
angular, 14-22 
bevel, 14-21 to 14-25 

dimensions, 14-22, 14-23 

efficiency, 14-25 

formulas for, 14-22 

length of bearing, 14-23 

loading, 14-24 

notation, 14~21 

pitch depth, corrected, 14-23 

recommended practice, 14-22 

spiral, 14-23 

strength, 14-24 

teeth, 14-21, 14-23, 14-24 

wear, 14-25 
brass and bronze for, 14-35 
bronze, properties, 4-21 
bushings, 14-36 
castings, analyses, 20-08 
clutch shift-, 24-68 
crown, 14-21 
-cutters, motors for, 25-50 
deformation constants, 14-15 
drives, internal, 14-14 

spiral, 14-25 

worm, 14-25 
elliptical, 14-11 
error in action, 14-15 
face width, 14-06 
fiber, 14-17 
forging equipment, 19-05 
friction of, 8-31 
galling, 14-17 
grinding, 21—72 
guards, 27-03 
gun-metal, 14-36 
helical, 14-18 to 14-20 
herringbone, 14—20 
holes in, 14-36 
lathe change, 21—03 
loading of, 14-16 
lubricants, 13-55 
machine, proportioning in geometric progres- 

sion, 21—04 
material, 14-35 
miter, 14-21 
-motor, 25-16, 25-38, 25-49 
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Gear, gears, (cont.) 
noise prevention,.16—21 
non-metallic, 14-17 
phenolic laminated, 14-17 
P.I.V. drive, 24-72 
rawhide, 14-17 
-reducer, ball bearing, 13-81 
reduction, bearings, 13-31 
-reductions, presses, 21-57 
scoring, 14-16 
scuffing, 14-17 
seizing, 14-17 
speed of, 14-11 
speed reducer, 24—69 
spiral, 14-26 
spiral bevel, 14—23, 14-24 
graphical solution, 14-27 
load factors, 14-28 
tooth forms, 14-27 


spur, addendum proportions, 14-08 to 14-10 © 


arm, 14-05, 14-06 
beam strength of teeth, 14-15 
dedendum, proportions, 14-08 to 14-10 
determination of type, 14-05 
diametral pitch, 14-08 to 14-10 
dimensions of parts, 14-07 
efficiency, 14-18 
flexural endurance limit, 14-16 
14}4-deg. composite system, 14-06 
full-depth involute system, 14-08 
involute, 14-08 
Lewis equation, 14-15 
loading of, 14-14 
pitch diameter, 14-07 to 14-10 
pitting, 14-16 
proportions, 14-05, 14-08 to 14-10 
rawhide pinions, 14-17 
solid, 14-05, 14-06 
strength, 14-14 
stub-tooth, 14-09 
tooth forms, 14-06 
thickness, 14—08 to 14-10 
20-deg. system, 14-08, 14-09 
wear of, 14-16 
web, 14-05, 14-06 
steel for, 2-39 
teeth, tests, 7-59 
torsional oscillation, 16-12 
trains epicyclic, 14-12 
vibrations, 16-12, 16-13 
worm, 8-09, 14-26, 14-28 
beam strength of teeth, 14-33 
bronze, 14-35 
coefficient of friction, 14-34 
contact, 14-30 
design, 14-31, 14-32 
drive, 14-28 
globoid, 14—35 
hour-glass, 14-35 
lead angle, 14-35 
loading, 14-34 
material for, 14-34 
milled and chased, 14-31 
speed, 14-35 
Gearing, 14-03 to 14-36 
elliptical, 8-07 
friction, 8-31, 14-03 
lathe, 21-04 
rear axle, steel for, 2-39 
screw, 14—25 
transmission, steel for, 2-39 
Gelatin, elastic suspension, 16-15 
Generator, generators 
electric, 25-04 


INDEX 


Gen-Gra 


Generator, generators, (cont.) 
electric, (cont.) 
bearings, 13-31 
castings analyses, 20-08 
gas, refractories for, 5-18 
guards, 27-09 
motors for, 25-50 : 
General Electric thrust bearing, 13-36, 13-43 
Geometrical-progression, cone pulley speeds, 
24-13 
machine-tool feeds, 21-06 
gears, 21-04 
German-silver, 4-53 
buffing, 21-94 
heat content, 18-04 
properties under repeated stress, 7-14 
sawing, speeds, 21-102 
Germanium, atomic weight, 1-03 
Gibbs thrust bearing, 13-36, 13-43 
Gins, cotton, belt service factors, 24-18, 24-30 
Girder design, 7-26 
permissible stresses, 17-15 
plate, specifications, 17-17 
track, 23-49 
Warren, 17—06 
Glass, furnaces, refractories for, 5-18 
grinding, 21-72, 21-75 
hardness, 1-14, 1-15 
-house cullet elevators, 23—57 
molds, stainless steel for, 3-22 
properties, 1-12 
skylight, required for roofing, 17-85 
sound absorption and transmission, 16-23 
window, 17-85 
Glauber salts, 1-04 
Gloves, protective, 27-10 
Glue, belt, 24-22 
liquid, 22-25 
mixers, 22-26 
polishing wheel, 21-90 
presses, 22—27 
spreaders, 22-26 
temperatures, polishing, 21-90 
Gluing departments, plywood, 22-25 
Glycerine, absorption by rubber, 5-31 
compressibility, 1-15 
specific gravity, 1-12 
viscosity-pressure relations, 8-29 
Gneiss, 1-12 
Goggles, chipping, 27-09 
grinding, 21-78, 27-09 
Gold, atomic weight, 1-03 
compressibility, 1-16 
hardness, 1-05, 1-15 
ore, weight, 5-37 
plastic properties, 21-56 
properties, 1-05, 1-08 
Gordon’s formula, columns, 7-35, 7-39 
Governing, 15-03 to 15-14 
hunting, racing, 15-14 
relay, 15-12 
Governor, direct acting, 15-03 
guards, 27-08 
spring-loaded, 15-07 
types, 15-07 
Grab-buckets, 23-20 
-bucket cranes, 23-28 
hook, 23-12 
links, 23-12 
Grade, abrasive wheels, 21-67 
Grading rules, lumber, 22-07 
Graham variable speed transmission, 24-78 
Grain, crank-shaft, 19-04 
-depth of cut, 21-76 
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Grain, (cont.) 
diameter, average, of metals, 4-05 
ducts for, 26-10 
elevators, 23-57 
-flow, bibliography, 19-22 
in forging, 19-04, 19-21 
size, abrasives, 21-66 
castings, ingots, 4-04 
metals, 4-04 
steel, effect of heat, 2-14 
unloading, 23-68, 26-10 
weight, 5-37 
Granite, 1-12 
coefficient of friction, 8-25, 8-27 
grinding wheel selection, 21-70 
permissible bearing stress, 17-15 
working stress, 17—20 
Graphical analyses, trusses, 17-08, 17-09 
Graphite brushes, 5—32 
effect on cast iron, 20-06 
electrodes, current-carrying capacity, 5-33 
hardness, 1-15 
in cast iron, 2-04, 2-12 
lubricant, 13-53 
pigment, 3-12 
properties, 1-12, 5-32 
Grate-bar castings, analyses, 20-08 
Gravel, elevators, 23-57 
specific gravity and weight, 1-12, 5-37 
Gravitation, law of, 8-21 
Gravity, acceleration due to, 8-20 
center of, 8-16 
specific, 1-10; see Specific gravity 
Grease, ball-bearing lubrication, 13—78 
belt, 24-21 
coefficient of friction, 8-30 
lubricant, 13-53 
specifications, ball-bearing lubricant, 13-78 
roller bearings, 13-85, 13-94 
Greenstone, 1-12 
Griffin hot blast cupola, 20-16 
Grillage, column support, 17-76 
Grinders, portable, wheel recommended, 21-74 
Grinding, 21—66 to 21-96; see also Abrasives 
allowance, 21-75 
application of work, 21-78 
draw-in cuts, 21-76 
drills, 21-48 
eye protection, 21-78 
goggles, 27-09 
grain depth of cut, 21-76 
internal, 21-71 to 21-75 
machines, 21—84 to 21-87 
cam, 21-85 
centerless, 21—85 
cutter, 21-86 
cylinder, 21—84 
disc, 21-85 
dust collection, 26—09 
face, 21-86 
horsepower, 21—87 
internal cylindrical, 21-85 
motors, 21-86, 21-106 
roll, 21-84 
surface, 21-85 
tool, 21-86 
universal, 21-86 
wheel spindles, 21—81 
off-hand, wheels for, 21-74 
on side of wheel, 21-78 
operating conditions, 21-78 
portable equipment, wheels for, 21-74 
shields, 21-79 
single-point tools, 21-24 
TII—44 
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Grinding, (cont.) 
traverse cuts, 21-77 
various materials, 21-71 to 21-74 
wheels, 21-66 to 21-81; see Abrasive wheels 
work rest adjustment, 21-78 
work speed, 21-69 
Grindstones, 21-87 
Grommet link, 23-13 
sling, 23-13 
Grooves, chip removal, wood boring tools, 22-38 
collector, bearings, 13—07 
effect on endurance, 7-13 
oil application, 13-07 
journal bearings, 13-06 
thrust bearings, 13-34 
pumping, bearings, 13-07 
rope sheave, 24—52 
wire-rope, 23-09, 24-53 
Ground, electrical, def., 25-04 
vibrations, 16-13 
Group drives, 21-106 
Grout, working stresses, 17-19 
Growth, cast iron, 20-05 
grain, 4-04 
Griineisens relation, 4-07 
Guards, abrasive wheel, 27-07 
crane, 27-08 
elevator, 27-08 
engine, 27-08 
floor, openings, 27-09 
fly-wheel, 27—08 
group drive, 27-05 
ladder, 27-08 
machine, 27—03 to 27-08 
pit, 27-08 
power transmission, 27-03 
railroad track, 27-09 
roll, 27-07 
roll feed, 27-07 
saw, 27-06 
transformer, 27-09 
woodworking machine, 27—06 
Guide-bearings, 13-12 
pulleys, 24-25 
Guides, valve-stem, bronze, 4-66 
Gumwood, allowable unit stresses, 7-28, 7-29 
characteristics and uses, 5-22 
nail-holding power, 9-45 
plywood, properties, 5-25 
specific gravity and weight, 5-21 
spike holding power, 9-46 
time required to dry, 22-18 
Gun, guns 
-carriage castings, analyses, 20-09 
design of, 7-47 
-metal, gears, 14—36 
spray, 22-29 
Gunter’s measure, 28—52 
Gustavino timbrel arch roof construction, 17-44 
Guy derricks, 23-14 
floor construction, 17-35 
rope dimensions, 6-36 
Gypsteel floor construction, 17-35 
roofs, 17-40 
Gypsum, hardness, 1-15 
kettle, refractories for, 5-18 
partitions, 17-12 
roofing, 17-40, 17—41 
sound transmission, 16-23 
specific gravity and weight, 1-12 
Gyration, center of, def., 8-18 
fly-wheel rims, 11-16 
radius of; see Radius of gyration 
Gyroscope, 8-15 
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H-beams, aluminum, dimensions and proper- 
ties, 6-13 
steel, dimensions and properties, 17-50 to 
17-54 
Hack-saws, 21-100 
machines, 21-101 
Hackmatack, specific gravity and weight, 5-21 
Hafnium, atomic weight, 1-03 
Haight fly-wheel joint, 11-22 
Half-circle, elements of, 7-21 
Half-hitch, 6-29, 6-30 
Half-round veneer, 22—07, 22-16 
Hammer, hammers 
belt-lift, 21-57 
board drop, 19-08 
dies, 19-06 
drop, 19-07, 19-10 
dies, casting analyses, 20-08 
energy consumption, 19-10, 19-11 
forging, 19-04, 19-11 to 19-13; see also 
Forging 
grinding, 21-72 
-head crane, 23-36 
helve-, 19-12 
metal-working, 21-55 
motors for, 25—50 
power-, 19-10, 19-11 
anvil weight, 19-12 
motor horsepower, 21-105 
rope-lift, 21—57 
spring-, 19-12 
steam drop-, 19-08 
Hammering, effect on metals, 4—06 
Hand taps, 9-20, 9-23 
Handling, cost by electric trucks, 23-79 
Hangers, brake-beam, spring material, 10-05 
shaft, 24-05 
Hardening, crank-shafts, 18-17 
effect on stainless steel, 3-21 
furnace, 18—05, 18-24 
metals, 4—05 
-pot castings, analyses, 20-09 
steel, 2-13, 2-14 
tool-steel, 21-26 
Hardness, 1-13, 7-07 
alloys for, 4-19 
brasses and bronzes, 4-20 to 4-38; see also 
alloy in question 
Brinell, 1-13 
castings, 20-21 
conversion table 1-14 
iron; see Iron 
metals, 1-06, 1-14; see also metal in question 
Moh scale, 1-15 
mold surface, 20-33 
non-ferrous alloys, 4—20 to 4-22 
numbers, relation between, 1-14 
relation to endurance limit, 7-12 
Rockwell, 1-13 
rubber, 5-27 
Shore scleroscope, 1-14 
steel; see Steel 
surface-, steel for, 2-39 
Vickers, 1-13 
Hardware, alloy for, 4-19, 4-24 
castings, analyses, 20-09 
Hardwood, 22-05 
drying temperatures, 22-19 
lumber associations, 22—07 
time required to dry, 22-18, 22-19 
Harrow discs, steel for, 2-39 
Hatt-Turner testing machine, 7-53 


Haulage, endless-rope, 23-13 
mine, 23-59 
rope, 6-37 to 6-39 
wire-rope, 23-13 
Hawser, def., 6-27 
rope, marlin-clad, 6-41 
Hay rake teeth, steel for, 2-39 
Haydite roofs, 17-41 
Hazards, electrical, 27-08 
Head, heads 
abrasive, polishing wheels, 21-90 
bolt, see Bolt heads 
-chutes, elevator, 23-52 
cope, moulder, 22-43 
cutter, 22-37 
domed, steam boiler, 7-44 
embossing, casting analyses, 20-08 
machine-screw, dimensions, 9-32 
protection, 27—09 
rivet, 9-47 
-shafts, conveyor and elevator, 23-56 
horsepower, 24—03 
Headblocks, saw carriage, 22-10 
Heading operations, alloy for, 4-24 
Heartwood, 22-05 
Heat content, metals, 18—04 
distribution, industrial furnaces, 18-04 
effect on steel, 2-14, 2-15 
liberation, industrial furnaces, 18—06 
losses, brakes, 15-19 
molten metal surfaces, 18-27 
oil bath surfaces, 18-27 
open water surfaces, 18-27 
through insulation, 18-25 
of combustion, rubber, 5-27 
of vaporization, magnesium, 4—55 
penetration, high-speed steel tools, 18-06 
metals, 18—05 
-resistant alloys, specifications, 2-43 
castings, analyses, 20-09 
steel, 2-21, 2-39, 2-47 
fusion welding, 2-59 
specific; see Specific heat 
to melt and superheat iron, 20-11 
treatment, alloy steel, 2-18 
aluminum alloys, 4-39, 4-42 
double, 2—16 
effect on steel, 2-17 
furnaces, 18-05, 18-14 
gray iron, 20-20 
high-speed steel, 2-19 
malleable castings, 20-40 
range, alloys, 4-07 
8.A.E. steels, 2-46 
steel for, 2-39 
castings, 20-26 
tool-steel, 21-26 
Heater castings, water, analyses, 20-09 
Heaters, electric, 18-21 
Heating, brakes, 15-20 
electric, without furnace, 18-17 
furnace, refractories for, 5-18 
inductive, metals, 18-28 
industrial, economy of, 18-03 
electric, 18-20 to 18-28; see Electric heating 
processes, industrial, 18-03 to 18-28 
value, wood, 5-20 
Heavy duty, steel for, 2-39 
Helical gears, 14-18 
springs, 10-03 to 10-22; see Springs, helical 
Helicoids, 14-29 
Helium, atomic weight, 1-03 
light, wave lengths, 21-111 
properties, 1-13 
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Helix angles, screw threads, def., 9-04 
Helmets, safety, 27-09 
Helve-hammer, 19-12 
Hematite, hardness, 1-15 

weight, 5-37 
Hemisphere, center of gravity, 8-16 


Hemlock, allowable unit stresses, 7-28, 7-29 


characteristics and uses, 5-22 
holding power of wood screws, 9-46 
nail-holding power, 9-45 
sheathing, weight, 17-12 
specific gravity and weight, 5-21 
Hemming grinders, wheel speed, 21-69 
Hemp, coefficient of friction, 8-25 
Herringbone gears, 14-20 
Hertz equations, 7—50 
Hexagons, steel, specifications, 2-35 
Hickory, allowable unit stresses, 7-28, 7-29 
characteristics and uses, 5-22 
holding power of wood screws, 9-46 
specific gravity and weight, 5-21 
time required to dry, 22-18 
Hide glue, 22-25 
High-brass, 4—26 
High-lead bronze, 4-66 
High-speed steel, 2-19; see Steel, high-speed 
Hinge castings, analyses, 20-09 
joints, belt, 24-24 
Hinges, alloy for, 4-24 
Hip roof, 17-37 
Hitches, rope, 6-29 
Hitenso, properties, 4-32 
Hobs, 14-32, 14-33 
Hoe, trench, 23-19 
Hoist, hoists 
air, 23-45 
auxiliary, crane, 23-28 
bearings, 138-82, 13-92 ¥ 
carriers, 23—42 
chain, 23-39 
chain-block, 23-37 
electric, 23-41 
twin-hook, 23-38 
crab, 23—40 
electric, 23-41, 23-44 
collectors and conductors, 23-43 
gasoline, 23-44 
geared air-, 23-45 
hand-power, 23-36, 23-37 
I-beam, 23-38 
trolley, 23-38 
hooks, 23-11 
logging, 23-44 
lumber, 23-38 
Manila rope, 23-03 
mine, rope stresses, 23-06 
motors, 25-32, 25-45, 25-50 
portable, 23-40, 23-45 
power, 23-44 
push type, 23-42 
quarry, 23-44 
rope stresses, 23-06 
suddenly applied loads, 23-04 
safety standards, 23-23 
screw gear, 23-36 
skip, 23-50 
spur gear, 23-36, 23-40 
electric, 23-41 
steam, 23-44 
swivels, 23-12 
Telpher, 23-42 
tracks, 23-39, 23-43, 23-44 
tramrail, 23-43 
electric, 23-42 
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Hoist, hoists, (cont.) 


trolley, electric, 23-41 

winch, 23-37, 23-40 

worm-geared, electric, 23-41 
winch, hand, 23-40 


Hoisting, 23-03 to 23-13 


Manila rope, 23-03 
rope, 6-38 to 6-41 
crane, 23-31 
extra flexible, 6-38, 6-39 
flattened strand, 6-40 
non-spinning, 6—40 
special flexible, 6-38, 6-39 
steel-clad, 6-41 
slings, 23-12 
towers, 23-35 
wire-rope, 23-04, 23-05 
lead-line pull, 23-04 
Hoke block, 21-112 
Holding-power, lag screws, 9-47 
nails, 9-45 
set screws, 9-44 
wood screws, 9-46 
Holes, effect on endurance limit, 7-13 
effect on stresses, 7-09 
grinding, 21-75 
oblong, cutting, 22-39 
rivet, 9-47 
Hollow block, workingstresses, compression, 17-19 
chisel mortisers, 22—46 
shafts, 7-41, 11-05 
-ware castings, analyses, 20-09 
Holly permanent mold machine, 20-29 
specific gravity and weight, 5-21 
Holmium, atomic weight, 1-03 
Honing, 21-88 
Hoods, abrasive wheel, 27-07 
dust collecting, 26—08 
connection sizes, 26—09 
protection, abrasive wheels, 21-81 
woodworking, 27-06 
Hook, hooks 
bolt, 9-39 
chain, 6-33 
crane, forging equipment, 19-05 
hoist, 23-11 
safety, 6-33, 23-11 
Hooke joint, 24-60 
Hooke’s law, 7-04 
Hoppers, track, 23-49 
traveling, coal handling, 23-46 
Hornbeam, specific gravity and weight, 5-21 
Hornblende, hardness, 1-15 
specific gravity and weight, 1-12 
Horsepower, belts, 24-15, 24-16 
electric motors, 25-09, 25-24, 25-29, 25-39, 
25-44, 25-45, 25-46 
flexible shafting, 24-05 
friction drives, 14—04 
metal-working presses, 21-65 
metric, 28-56 
planers, 21—28 
Prony brake, 24-82 
rating, electric motors, 25-11 
required for cutting cast iron, 21-21 
for cutting steel, 21-20 ; 
for drilling, 21-49 
for milling, 21-42 
roller chains, 24-40 
root-mean-square, 25-09 
rope drives, 24-50 
shafts, 7-41 
shafting, 24-03 
silent chain drives, 24-47 


38 Hor-Imp 


‘ 


Horsepower, (cont.) 
speed reducers, 24-70, 24-72 
variable-speed drives, 24-75, 24-76, 24-78 
V-belt drives, 24-31 
wire-rope, 24—53 

Horseshoes, thrust bearings, 13-35 

Hose, flexible metal, alloy for, 4-24 

Hospitals, building construction, 17-14 
live load requirements, 17-12 

Hot-rolled steel bars, 2-35 to 2-37 

Hot-working, effect on metals, 4-06 
ingot iron, 2—09 
magnesium alloys, 4-58 
Monel metal, 4-53 

Hotels, building construction, 17-14 
live load requirements, 17-12 

Housing castings, rolling-mill, analyses, 20-09 
fits, ball bearings, 13-77 
tolerances, ball bearing, 13-77 

Howe truss, 17-06, 17-44 

Hubs, pulley, 24—08 
silent-chain sprockets, 24-49 

pinions, 24-48 

Hulett unloader, 23-35 

Hull plate zinc, 4-14 

Humidity chart, 22-19 
control, 15-13 
effect on belting, 24-36 

Hunt process, wood preservation, 22-31 

Hunting, control mechanism, 15-14 

Hydraulic cylinder castings, analyses, 20—08 
feeds, machine tool, 21—06 
forging, 19-16 
plunger packing, friction, 8-31 
press, 19-16 to 19-20, 21—57 

dies, 19-16 
plastic flow in, 19-16 
wheel, motor horsepower, 21-106 

Hydrochloric acid, 1-04, 1-13 

Hydroelectric-unit couplings, 24-55 
thrust bearings, 13-43 

Hydrogen, absorption by rubber, 5-30 
atomic weight, 1-03 
compressibility, 1-16 
effect on steel, 2-12 
properties, 1-13 

Hydrogen-peroxide, 1-04 

Hydrogen-sulphide, absorption by rubber, 5-30 

Hydrojet ash conveyor, 23-70 

Hydrometer, 1-10 

Hyperbolic logarithms, 28-23 
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I-beam, beams 
aluminum, dimensions and properties, 6-13 
crane, 23—26 
hoist tracks, 23-39 
steel, dimensions and properties, 17—50 
torsion in, 7-43 
track, tramrail, 23-43 
trolley hoists, hand, 23-38 
Ice, specific gravity and weight, 1-12 
Identification of steel, 2-11 
Idler pulleys, 24—24 
roller chain, 24-43 
Ikeda test, 7-58 
Ilium, 3-26 
Illumination, 26-12 to 26-20 
relation to production, 26-16 
Impact, axial, 7-16 
beams, 7-17 
coefficient of, 7-16 
. deflection of steel beams, 17—48 
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Impact, (cont.) 
forging, 19-04 
loads, buildings, 17-14 
proof tests, 2-30 
roller chains, 24-41 
rupture from, 7-17 
strength, alloys; see alloy in question 
brasses and bronzes, 4-20; see also alloy in 
question 
cast iron, 20-05 
copper, 4-20 
iron; see Iron 
malleable iron, 20-43 
nickel, 4-50 
non-ferrous alloys, 4-20; see also alloy in 
question 
steel; see Steel 
stress, bolts, 9-43 
tests, 7-53 
bolts, 9-43 
cast iron, 20-04 
relation to endurance limit, 7-12 
specimens, 7-55 
wood, 7-60 
testing machines, 7—53 
vibration, gears, 16-13 
Impulse, def., 8—21 
Inch, 0, decimal equivalents, 28-25 
decimals of a foot, 28-49 
miner’s, 28-52 
Incinerators, refractories for, 5-19 
Inclined-plane, 8—05 
applications, 8—09 
haulage, 23-13 
Indicator, dial, 21-108 
inertia amplitude, 16—05 
Indium, atomic weight, 1-03 
properties, 1-05, 1-08 
Induction furnaces, 18—27 
machine, def., 25-04 
Inertia amplitude indicator, 16-05 
factors, cranks, 11-13 
forces, cranks, 11-13 
moment of, 8-17; see Moment of inertia 
Infection, injuries, 27-10 
Ingot, ingots 
forging, 19-13 
equipment, 19-05 
heating rate, 18-05 
furnace, fuel consumption, 18-05 
grain size, 4—04 
-iron, 2-06 to 2-10 
effect of cold rolling, 2-08 
effect of creep, 2—07 
effect of temperature, 2-07 
fabrication, 2-09 
fatigue resistance, 2-07 
forms of, 2-09 
impact resistance, 2-07 
properties, 2—06 
at high temperature, 2-08 
plastic, 21-56 
under repeated stress, 7-12 
uses, 2-08 
liquation in, 4-08 
mold castings, analyses, 20-09 
nickel, 4—50 
pipe in, 2-12, 4-08 
segregation in, 4-08 
sintered tungsten, 4-59 
-stripping cranes, 23-30 
Ingotism, 2-15 
Inhibition, corrosion, 3-11 
Injuries, infection, 27-10 
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Inspection, brass and bronze castings, 4-19 
building material, 17-19 
fusion welds, 2-52 
gage, 21-108 
malleable castings, 20-45 
non-destructive, 4-08 
plywood manufacture, 22-27 
test specimens, 7—55 
x-ray, 7-58 
Instruments, surgical, forging equipment, 19-05 
Insulation, brick, 5-16, 5-17 
cork, 5-26 
def., 25-03 
electric motors, 25-11 
heat loss through, 18-25 
Insulators, tests, 7—59 
Intensity, luminous, def., 26-13 
Interferometer, 21-110 
Internal-combustion-engine bearings, 13-92 
metals, 4-62 
lubricants, 13—54 
parts, stainless steel for, 3-22 
International standard screw threads, 9-18, 9-19 
Interpole, def., 25-03 
Invar, 2-18 
Todine, 1-03, 1-16 
Tons, iron, 3—04 
Iridium, atomic weight, 1-03 
properties, 1-05, 1-08 
Iridosmium, hardness, 1-15 
Iron, acid pig, 2—03 
atomic weight, 1—03 
basic pig, 2-03 
Bessemer pig, 2—03 
blast furnaces, refractories, 5-17 
carbide of, 2-12 
cast; see Cast iron 
castings, 20-03 to 20-10; see Castifgs 
charcoal, 2—04 
compressibility, 1-16 
corrosion, 3—03 
corrosion-resistant, 3-16, 20-03 
effect on zinc, 4-12 
electrical resistivity, 1-06, 20-05 
electrolytic, 2-06 
equilibrium diagram, 2-17 
ferroalloy additions, 20-15 
foundry-, 2-03 
galvanized, corrosion protection, 3-12 
gray forge, 2—03 
hardness, 1-06, 1-14, 1-15 
heat content, 18-04 
penetration, 18-05 
required to melt and superheat, 20-11 
-treatment of gray, 20-20 
high-manganese, 20-15 
high-silicon, 20-03, 20-15 
ingot, 2-06; see Ingot-iron 
ions, 3—04 
—iron-carbide diagram, 2—17 
malleable, 2-03; see also Malleable castings 
electrical properties, 20-41 
shock resistance, 20—42 
melting, acid process, 20-19 
merchant, 2—04 
metallography, 2-12 
microscopic constituents, 2-12 
non-magnetic, 20-05 
ore, weight, 5-37 
oxides, anhydrous, 3-12 
phosphatic coatings, 3-13 
picture-frame, 20-45 
pig, 2-03 
_ pipe, centrifugal casting, 20-30 


Iron, (cont.) 
planished, 3-13 
plastic properties, 21-56 
plate; see Plate iron 
properties, 1-06 
puddle, 2—04 
rectangular sections, weight, 6-05 
Russia, 3-13 
silicon transformer, 2-20 
sling chains, safe working loads, 6-32 
softening temperature, 4—06 
specific gravity, 1-06, 6-26 
staybolt, 2-04 
temperature in cupolas, 20-11 
weight, 6-26 
welding, 2—48 to 2-60 
-working, furnace temperatures, 18-03 
wrought, 2—04 to 2-06; see Wrought iron 
Isochronism, 8—22 
Isolation, delicate apparatus, 16-16 
vibration, 16-16 
Ivory bearings, 13-49 
Izod impact testirg machine, 7-54 


a 
Jacklift truck, 23-76 
Jahns governor, 15-07 
Jam-nuts, dimensions, 9-28 
Japanning, furnace temperatures, 18-03 
ovens, 18-22 
Jarno taper, 12-22 
Jaw clutches, 24-61 
Jewel bearings, 13-49 
Jeweler’s wire, alloy for, 4-54 
Jewelry manufacture, alloys for, 4-24 
Jib cranes, 23-24 
Jig saws, 22-35, 22-40 
Jinniwink derricks, 23-25 
Johansson block, 21-113 
Johnson’s apparent elastic limit, 7-04 
Joining, aluminum, 4—44 
magnesium alloys, 4—58 
Joint, joints 
belt, 24-22 
cottered, 12—13, 12-14 
fly-wheel, 11-20, 11-22 
Hooke, 24-60 
knuckle, 12-15 
masonry, 17-22 
riveted, 9-49 to 9-54; see Riveted joints 
telegraph wire, 6-17 
toggle-, 8-06 
universal, 24-60 
welded, 2—53, 2—57 
wood, fastenings for, 9-54 
Jointer, guarding, 27-06 
knives, 22-36 
wood, 22—43 
Joists, floor, safe loads, 17-34 
open-web steel, 17-27, 17-33 
Journal; see Bearings 
friction, 8-29 
low coefficient of friction, 8-28 
vibration, 16—09 
Juniper, specific gravity and weight, 5-21 
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Kanthal, 18-16 
Kaolin, hardness, 1-15 
Kaolinite, 5—04 
Kenerson dynamometer, 24-84 
Kennedy key, 12-08 

transport system, 23-69 
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Kerf, saw, 22-34 
Kerosene, specific gravity, 1-12 
Key, keys, 12-03 to 12-12 

arbors, 12—09 

Barth, 12-03, 12—04, 12-06 

dovetailed, 12-08 

feather, 12—07, 12-09 

flat, 12-04 

forms of, 12-04 

friction, 8-32 

gib-head, 12-05 

Kennedy, 12-08 

Lewis, 12-08 

light, 12-09 

milling cutters, 12-09 

Nordberg, 12-08 

pin, 12-09 

proportions, 12-03 

round, 12-08 

saddle, 12-09 

square, 12-05 

steel for, 2-39 

stock, 12-04, 12-05 

alloys for, 4-54 

sunk, 12-03 

taper stock, 12-05 

Woodruff, 12-05, 12-07 
Keyseats, 12—03 
Keyseater, motors, 21-104, 25-50 
Keyway, arbors, 12-09 

effect on strength of shafts, 744 

grinding wheels for, 21-75 

milling cutters, 12-09 
Kickers, log, 22-09 
Kiln, kilns 

bunks, 22-21 

linings, stainless steel for, 3-22 

lumber dry, 22-17 to 22-21 

rails, 22-21 

refractories for, 5-19 

stacks, 22-21 

transfer cars, 22-21 

trucks, 22-21 
Kilowatt, def., 25-04 

-hour, def., 25-04 
King-post truss, 17-03, 17-44 
Kingsbury thrust bearing, 13-36, 13-38 to 13-41 
Knife, knives 

cuts per inch, wood planers, 22-41 

grinding, 21-69, 21-72 

heads, 22-37 

mower, steel for, 2-39 

wood, 22-35 
Knots, rope, 6-28, 6-30 
Knotter discs, steel for, 2-39 
Knuckle, joint, 12-15 

pin, 12-14 

steering, steel for, 2-40 
Knurling, 21-58 
Krypton, atomic weight, 1-03 


L 


Lacing, belt, 24-35 
building construction, 17-18 
metallic belt, 24-24 

Lacquer, 22-28 

Lacquering, aluminum, 4-46 
wood, 22-27 

Ladder guards, 27-08 

Ladles, foundry, 20-37 
refractories for, 5-19 

Lag screws, holding power, 9-47 
time, control mechanism, 15-05 


Lagging, noise prevention, 16-21 

Lambert, 26-13 

Lamella truss, 17—43 

Lamp fixtures, alloy for, 4-24 
mercury vapor, 26-14 
sodium vapor, 26-14 
tungsten, 26-14 

Lampblack, 3-12 


Lancewood, specific gravity and weight, 5-21 


Land, milling cutters, 21-41 
measure, 28—52 
Lang-lay wire rope, 6-34 
Lanthanum, atomic weight, 1-03 
Lapping, 21-87 
machines, 21-87, 21-88 


Larch, allowable unit stresses, 7-28, 7-29, 17-35 


specific gravity and weight, 5-21 
Lard oil, coefficient of friction, 8-26, 8-29 


specific gravity, 1-12 
Larry, weigh-, 23-47 


Latent heat, various metals, 1-06; see also 


metal in question 


Lath and plaster ceiling, weight, 17-81 


metal, 17—24 
Lathe, lathes 

back-knife, 22-46 

buffing, 21-94 

center, lubricants, 21-03 

center taper, 12-20 

change gears, 21-03 

compound geared, 21-03 

copying, 22—45 

countershaft speed, 21-03 

cutting speeds, 21-03 
fluids, 21-19 

drives, 21-04 

economic tool life, 21-12 

gearing, 21—04 

guards, 27—07 

motors, 21-103, 25-50 

polishing, 21-94 

rotary veneer, 22-15 

shaping, 22-46 

simple-geared, 21-03 

spinning, 21-58 

taper turning in, 21-03 


tools, for magnesium alloys, 4-58 


grinding, 21-73 

nomenclature, 21-07 

shape, 21-03 
triple-geared, 21-05 
veneer, 22-14 
woodworking, 22-45 


Laundry-machinery, belt service factors, 24-18, 


24-30 
stainless steel for, 3-22 


Laurel, specific gravity and weight, 5-21 


Law of gravitation, 8-21 

Laws of friction, 8-27 

Lead, atomic weight, 1-03 
-base, die-casting alloys, 4-61 
coatings, 3-16 
compounds, 1-04 
compressibility, 1-16 
effect on zinc, 4-11 


furnaces, refractories, 5-17, 5-20 


hardness, 1-06, 1-14 

heat content, 18-04 

molten, heat loss from, 18-27 
ore, weight, 5-37 

plastic properties, 21-56 
properties, 1-06, 1-08 
roofing, 17-42 

-tin solders, 4—67 
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Lea-Lin 


Leaf springs, 10-03 
Leakage, side, bearings, 13-16, 13-45 
effect in thrust bearings, 13-48 
sound, 16-21 
Leather belting, oak-tanned, coefficient of fric- 
tion, 24-36 
coefficient of friction, 5-26, 8-25, 14-04 
friction wheels, 14—04 
grinding wheel selection, 21-70 
-laced couplings, 24-57 
-link coupling, 24—56 
specific gravity and weight, 1-12 
Leggings, safety, 27-10 
Lehrs, glass, refractories for, 5-18 
Length, measures of, 28—52 
metric equivalents, 28-54 
Level, control of, 15-13 
Lever, 8—03 
applications, 8-06 
bent, 8—04 
steel for, 2-39 
Lewis equation, spur gears, 14-15 
key, 12-08 
Life, metal-cutting tools, 21-11 
roller bearings, 13-92 
Lift, journal bearings, 13-29 
lumber, 22-21 
trucks; see Trucks, lift 
Lifting-magnets, 23-22 
Light, cadmium, 21-111 
color of, 26-15 
control, 26-14 
def., 26-12 
helium, 21-111 
meter, 26-18 
monochromatic, 26-15 
sources, 26—14 
intrinsic brilliancy, 5-34 ? 
specifications, 26-14 
quality of, 26-15 
wave lengths, 21-111 
Lighting, 26-12 
carbons, 5-34 
cupolas, 20-12 
equipment, efficiency, 26-13 
general, 26-14 
indirect, 26-14 
localized, 26—14, 26-20 
quality, 26-20 
specification, 26-14 
-units, bearings, 13-82 
Lignum-vitae, 5-21, 5-22 
bearings, 13-50 
Lime, buffing composition, 21-94 
kilns, refractories for, 5-19 
mortar, fusion point, 5-11 
quick, 1-12 
slaked, 1-04 
Limestone, bearing stress, 17-15 
coefficient of friction, 8-25 
specific gravity and weight, 1-12 
working stress, 17—20 
Limit, creep, 7-07 
elastic, def., 7-04 ; 
endurance, see Endurance limit 
proportional, def., 7-04 
screw thread, def., 9-05 
Limonite, weight, 5-37 
Linden, specific gravity and weight, 5-21 
Lines, center of gravity, 8-16 
Line-shafts, 24-03 
bearing metal, 4-64 
Lining, bearing, anchoring, 13-50 
cupola, 20-12 
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Lining, (cont.) 
foundry furnace, 20-49 
industrial oven, stainless steel for, 3-22 
Link, links 
drag, 8-07 
grab, 23-12 
grommet, 23-13 
shrink, fly-wheels, 11-23 
steel for, 2-39 
Linkage, 8-07 
Linkwork, 8-07 
quick-return motion, 8-08 
slow motion, 8-07 
Linoleum floors, 17-36 
Linseed-oil, absorption by rubber, 5-31 
specific gravity, 1-12 
Lip-angle, drills, 21-48 
metal cutting tools, 21-09 
Liquation, in castings and ingots, 4-08 
Liquid, liquids 
absorption by rubber, 5-30 
compressibility, 1-15 
control of level, 15-13 
glass, 22-26 
glue, 22-25 
measure, 28-52 
specific gravity, 1-12 
Litharge, 1-04 
furnace, refractories for, 5-19 
Lithium, atomic weight, 1-03, 1-16 
Live-loads, buildings, 17-12 
roofs, 17-38 
Load, loads 
brakes, 15-18 
building, dead-, 17-14 
live-, 17-12, 17-13 
-capacity, ball bearings, 13-62 to 13-67 
journal bearings, 13-11 
roller bearings, 13-83 
concentrated, beams, 7—26, 17-49 
-correction factor, thrust bearings, 13-40 
crushing, friction materials, 14-04 
dynamic, 7-15 
eccentric, on columns, 7-38 
effect of sudden, 7-16 
-endurance relations, ball bearings, 13-68 
energy, 7-15 
erection, buildings, 17-14 
factor, def., 25-04 
roller bearings, 13-82, 13-92 
impact, buildings, 17-14 
increment, material testing, 7-55 
-life rating, ball bearings, 13-67 
live, buildings, 17-14 
mean effective, ball bearings, 13-72 
metal drawing, 21-60 
moving, def., 7-15 
resistance, refractories, 5-08 
roof, 17-38 
safe, aluminum sheets, 6-09 
angle, steel, 17-65, 17-68 
beams simple, 7—26 
steel, 17-47, 17-55, 17-60 
wood, 17-34 
chains, 6-32 
channels, 17—64 
columns, 17-73 to 17-79 
floor joists, 17-34 
hollow tile arches, 17-26 
open-web steel joists, 17-33 
piling, 17-10, 17-11 
sling chains, 6-32 
tees, 17-71 
zees, steel, 17-72 
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Load, loads, (cont.) 
shock, bolt design for, 9-43 
snow, 17-13, 17-39 
soil, 17-10 
spur gears, 14-14 
-starting clutches, 24-64 to 24-67 
static, def., 7-15 
stress due to live, 7-16 
suddenly applied, def., 7-15 
test, roller chains, 24—42 
transverse, columns, 7-38 
ultimate, columns, 7-36 
wind, 17-14, 17-39 
working, Manila rope blocks, 23-04 
roller chains, 24-42 
wire-rope blocks, 23-05 
Loader, car, belt conveyors, 23-64 
log, 22-13 
portable, 23—57 
Loading, belt conveyors, 23-63 
bevel gears, 14-24 
boats, 23-33 
boom, 23-60 
eccentric, columns, 17-73 
helical gears, 11-20 
journal bearings, 13-18 to 13-22 
spiral gears, 14-28 
worm gears, 14-33, 14-34 
Lock castings, analyses, 20-09 
-nuts, roller bearings, 13-88 
-pins, steel for, 2-39 
washers, 9-19 
roller bearings, 13-88 
steel for, 2-39 
Locomotive, locomotives 
axles, steel specifications, 2-24 
bearings, 13-31 
castings, analyses, 20—08, 20-09 
combination, industrial, 23-81 
crane, 23-17 
coal storage, 23-20 
Diesel, industrial, 23-81 
electric industrial, 23-80 
firebox, refractories, 5-19 
forgings, specifications, 2-24 
industrial, bearings, 13-82, 13-92 
mine, 23—59 
springs, 10-17 
steel specifications, 2-22, 2-24 
storage battery industrial, 23-80 
Locust, characteristics and uses, 5-22 
specific gravity and weight, 5-21 
Lodging-houses, live load requirements, 17-12 
Loess, hardness, 1-15 
Log, logs, 22-03 
deck, 22-09 
hoists, 23-44 
kickers, 22-09 
loader, 22-13 
saw-, 22-05 
scales, 22-03 
slip, 22-09 
Logging, 22-03 
Logarithms, common, 28-03 
table, 28-05 to 28-23 
hyperbolic, or Naperian, 28-23 
London wire gage, 6-24 
Long measure, 28—52 
Longwood veneer, 22—23 
Losses, cupola melting, 20-15 
heat, brakes, 15-19 
heat, through insulation, 18-25 
power, journal bearing, 13-17, 13-24, 13-28 
Lowry wood preservation process, 22-30 
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Lubricant, lubricants, 13-52 to 13-58 
absolute viscosity, 13-58 
air-compressor, 13-55 
animal oil, 13—53 
ball-bearing, 13-78 
blending, 13-53 
broaching, 21—98 
consistency, 13—54 
cutting, aluminum, 4-44 

Monel metal, 4-53 
stainless steel, 3-23 
drilling, 21-48 
effect of pressure on viscosity, 8-29 
fish oil, 13-53 
gears, 13-55 
graphite, 13-53 
greases, 13-53 
honing, 21-88 
internal-combustion-engine, 13-54 
lathe center, 21-03 
mineral oil, 13—52 
pressure working of metals, 21-65 
railway car journal, 13—55 
relative friction, 8-30 
requirements for, 13—54 
roller bearing, specifications, 13-84, 13-94 
Saybolt viscosity, 13—57 
selection of, 13-55 
soapstone, 13-53 
specific gravity, 13—54 
steam cylinder, 13-55 
steam turbines, 13-55 
vegetable oil, 13-53 
viscosity, 13-53 
index, 13-53 
water, 13-53 
water soluble, pressure working of metals, 
21-66 
wax, 13-53 
zine working, 4-16 

Lubrication, ball bearings, 13-78 
bearing, 13-51 
chains, 6-33 
curved wedge film, 13—46 
effect of side leakage, thrust bearings, 13-48 
film thickness, 13-45 
flat wedge film, 13-45 
friction-viscosity relations, 13-44 
journal bearings, 13-06, 13-44 to 13-48, 13-51 
manila rope, 6—27 
minimum friction conditions, 13-46 
oil pad, 8-30 
optimum friction conditions, 13-46 
optimum load conditions, 13-46 
perfect, bearings, 13-44 to 13-49 
roller bearings, 13-83, 13-93 
separation of plates by high pressure oil, 

13-44 
side leakage, 13-45 
tapered oil film, 13—45 
thrust bearings, 13-34 
vertical journal bearings, 13-12 
viscosity change in oil film, 13-45 
viscous flow, 13-44 
wire rope, 6-35 

Luceto, 4-51 

Lug, test, malleable castings, 20-45 

Lumber, air dried, 22-05 
Associations, 22-07 
board measure content, 22-06 
building, preservation treatments, 22-31 
drying temperatures, 22-19 
factory, 22-05 
grading rules, 22-07 
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Lumber, (cont.) 
hoist, 23-38 
jointer, 22-43 
lifts, 22-21 
moisture content, 22-05, 22-20 
shop, 22-05 
shrinkage, 22-05 
standards, 22-05 
structural, working stresses, 17-35 
thin, 22-07 
types of sawing, 22-05 
yard, 5-23, 22-05 
properties and standard sizes, 5-23 
yield of, 22-04 
Lumen, def., 26-13 
-bronze bearing metal, 4-66 
Lutecium, atomic weight, 1-03 
Lux, 26-13 
Lye, 1-09, 1-12 


M 


Macadan, coefficient of rolling friction, 8-27 
Machinability, metals, 21-13 to 21-19 
non-ferrous metals, 21-19 
stainless steel, 3-22 
Machine, machines 
abrasive, dust collection, 26—09 
balancing, 16-07 
belts; see Belts 
buffing, 21-94 
carving, 22—44 
charging, 23-30 
cold-saw cut-off, 21-102 
core blowing, 20-36 
die-casting, 20-29 
die-sinking, 21—46 
efficiency of, def., 8-03 
elements, 8—03 to 8-15 - 
friction, 8-29 
feed, def., 21-09 
flooring, 22-44 
forging, 19-21 
grinding, 21-84 to 21-87; see Grinding ma- 
chines 
guards, 27-03 to 27-08 
hack saw, 21-101 
lapping, 21—87, 21-88 
measuring, 21—108 
milling, 21-33 to 21-46; see Milling machines 
molding, 20-34; see Molding machines 
mortising, 22—46 
_Parts, alloys for, 4-19 
forging equipment, 19-05 
polishing, 21-94 
profiling, 21-46 
roll-forming, 21-58 
sanding, 22-47 
-screws, see Screws, machine- 
-shop, 21—03 to 21-114 
special tests, 7-59 
surface broaching, 21-100 
swaging, 21—57 
testing; see Testing machines 
tiering, 23-74, 23-76, 23-79 
-tools, bearings, 13-31, 13-92 
bearing metals, 4-64, 4-66 
belt service factors, 24-18, 24~30 
drives, group— 21-106 
feeds, geometric progression, 21—06 
hydraulic, 21-06 
fly-wheels, 11-15 
gears, geometric progression, 21-04 
motors, 25-50, 21-102 to 21-106 
turning, woodworking, 22-45 


Machine, machines, (cont.) 
wood boring, 22-45 
planing, 22—40 
sawing, 22-39 
woodworking, dust hoods, 26-08 
-work, alloys for, 4-24 
Machined parts, steel for, 2-39 
Machinery castings, analyses, 20-08, 20-09 
clay-working, bearings, 13-92 
foundation vibration, 16-13 
glass-making, bearings, 13-92 
grain-milling, bearings, 13-92 
guards, 27-05 
ice-making, bearings, 13-92 
material-handling, manufacturers, 23-82 
mechanical balance, 16—06 
mining, bearings, 13-82 
road, bearings, 13-92 
saw mill, 22-10 to 22-14; see Saw miil 
steel mill, bearings, 13-92 
textile, bearings, 13-92 
woodworking, 22-39 to 22-48 
Machining, alloys for, 4-24 
aluminum, 4—43 
costs, 21-13 
horsepower required, 21-13 to 21-19 
ingot iron, 2—09 
magnesium alloys, 4-58 
Monel metal, 4-53 
stainless steel, 3-23 
tool pressure, 21-13 
zinc, 4-17 
Magnesia carbonate, 1-12 
85%, heat loss through, 18-25 
Magnesite, analyses, 5—07 
brick, 5—07 to 5-11; see Firebrick 
specific gravity and weight, 1-12 
Magnesium, 1-06, 1-08, 4—55 to 4-58 
alloy, alloys, 4-55 to 4-58 
analyses, 4-56 
castings, 4-56 
cleansing, 4—57 
cold-working, 4-58 
corrosion, 4—56 
cutting, tool angles, 21-11 
die-casting, 4—56, 4-62 
extruded shapes, 4-56 
fabricated products, 4-56 
fabrication, 4-58 
forgings, 4-56, 4-58 
hot-working, 4-58 
joining, 4-58 
melting, 20-49 
properties, 4—55, 4-57 
protection, 4-57 
trade designations, 4-56 
uses, 4—56, 4-58 
welding, 4-58 
atomic weight, 1-03 
compounds, 1—04 
compressibility, 1-16 
drilling speeds, 21-47 
effect on zinc, 4-12 
heat of combustion, 1-09 
properties, 1—06, 1-08, 4-55 
under repeated stress, 7-14 
Magnets, lifting, 23-22 
permanent, steel for, 2-18, 2-19 
steel, 2-21 
Magnetic clutches, 24-67 
controller, def., 25-04 
Magnetite are stream, intrinsic brilliancy, 5-34 
hardness, 1-15 
weight, 5-37 
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Magneto castings, analyses, 20-09 
Mahogany, characteristics and uses, 5-22 
specific gravity and weight, 5-21 
time required to dry, 22-18 
Maintenance, ball bearing, 13-79 
belt, 24-20 
Malachite, weight, 5-37 
Malleable-castings, annealing, 20-40 
composition, 20-40 
copper-bearing, 20-46 
corrosion resistance, 20-46 
effect of heat treatment, 20-40 
of skin on strength, 20-41 
of thickness of section, 20-42 
inspection, 20-45 
machining properties, 20-43 
mixtures, 20-39 
physical characteristics, 20-41 
picture-frame iron, 20-45 
shock resistance, 20—42 
shrinkage, 20-10, 20-44 
specifications, 20-46 
structure, 20-39 
tests, 20-42 
Malleable-iron, analyses, 2-03 
copper-bearing, 20-46 
cutting, cemented-carbide tools, 21-12 
-fluid, 21-22 
drilling speeds, 21-47 
lubricant, 21-48 
electrical properties, 20-41 
furnace refractories, 5-19 
grinding, 21-70, 21-72, 21-74, 21-75 
hardness, 20-42, 20-44 
milling, feeds and speeds, 21-40 
power required, 21-42 
modulus of resilience, 7-08 
properties, 20-42 
shock resistance, 20-42 
toughness, 7—08 
Malleable-nickel, 4—50 
Malleability, def., 7-06 
stainless steel, 3-22 
Man-trolley, 23-33 
Manganese, atomic weight, 1-03 
-bronze, corrosion, 3-05 
effect of composition on melting, 20-50 
pouring temperature, 20-51 
properties, 4-20, 4-32 
properties under repeated stress, 7-15 
compressibility, 1-16 
-dioxide, 1—04 
effect of heat treatment, 20-20 
on cast iron, 2-04, 20-06 
on corrosion, 3-07 
on steel, 2—11 
in malleable castings, 20-40 
loss in cupola, 20-14 
-molybdenum steel castings, 20-24 
ore, weight, 5-37 
properties, 1-06, 1—09 
-steel, 2—20 
austenitic, fusion welding, 2-59 
castings, 20-24, 20-25 
cutting, cemented-carbide tools, 21-26 
grinding, 21-73, 21-74 
specifications, 2-42 
wear-resistant, 2—20 
Manila rope, 6-26 to 6-28; see Rope, manila 
hoisting, 23-03 
Mansard roof, 17-37 
Manual-controller, def., 25-04 
Maple, allowable unit stresses, 7-28, 7-29 
characteristics and uses, 5-22 
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Maple, (cont.) 


holding power of wood screws, 9-46 
nail-holding power, 9-45 

plywood, properties, 5-25 

specific gravity and weight, 5-21 
time required to dry, 22-18 


Marble, drilling speeds, 21-47 


grinding wheel selection, 21-70 
hardness, 1-15 

specific gravity and weight, 1-12 
working stress, 17—20 


Marine bearings, 13-31 


engine cylinder castings, analyses, 20-08 
thrust bearings, 13—42 


Marlin-clad rope, 6-41 
Martensite, 2-13 
Masonry backing, 17—22 


bearing stresses, 17-15 

cleaning, 17—22 

coefficient of friction, 8-25 

def., 17-21 

specific gravity and weight, 1-12 
working stresses in compression, 17-19 


Mass, metric equivalent, 28-54 


Massey governor, 15-07 

Mastic waterproofing, 17-45 
Masurium, atomic weight, 1-03 
Matcher, guards, 27—07 


Material, materials 


bearing, 13-49 
building, inspection of, 17-19 
minimum thickness, 17-15 
weights of, 17-12 
elastic suspensions, 16-15 
fabricated, 6—03 to 6-52 
gear, 14-35 
general properties, 1-03 to 1-16 
handling, 23-03 to 23-82 
belt conveyors, 23-61 to 23-65 
bulk, 23-13 to 23-23 
coal handling, 23-46 
conveying and_ elevating, 
23-70 
conveying, hydraulic, 23-67 
pneumatic, 23-67 
cranes and derricks, 23-23 to 23-36 
elevating, 23-46 to 23-70 
equipment manufacturers, 23-81 
hoisting, 23-03 to 23-13 
hoists, 23-36 to 23-45 
loading and unloading, 23-33 to 23-86 
package handling, 23-71 to 23-74 
screw conveyors, 23-65 to 23-67 
vehicles, 23-74 to 23-80 
wire-rope haulage, 23-13 
non-metallic, 5-03 to 5-38 
phenolic laminated, working stresses, 14-1 
power-spring, 10-17 
rivet, 9-48 
roofing, 17-81 to 17-86 
shafts, 11-03 
special tests, 7-59 
strength of, 7-03 to 7-60 
structural, properties, 17-47 to 17-86 
tests, 7-51 to 7-60 
increment of loads, 7-55 
inspection of specimens, 7-55 
interpretation of results, 7-56 
speed of testing, 7-55 
woodworking, 22-03 to 22-09 


23-46 


. Mathematical tables, 28-03 to 28-56 


Maximum-strain theory, 7-47 
-stress theory, 7-47 


' Measures and weights, common, 28-52 


to 
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Measurement, measurements, 21-107 to 21- Metal, metals, (cont.) 
114 ductility, 4-05 
belt tension, 24-20 effect of defects on endurance, 7-13 
gages, 21-111 of temperature, 4-05 
noise, 16-19 of working, 4—06 
precision, 21-108 electrical conductivity, 4-07 
screw threads, 21-109 endurance limit, 4—08 
semi-precision, 21-107 energy required for melting, 18—27 
sound transmission, 16-22 failure of, 4-08 
surface quality, 21-113 fatigue failure, 4-08 
unbalance, 16-08 ferrous, endurance ratios under stress, 7-13 
vibration, 16-04 properties under repeated stress, 7-12 
Measuring-machine, 21-108 flow of, def., 7-07 
Mechanics, 8-16 to 8-22 under load, 4—06 
Mechanism, 8—03 to 8-15 fracture of, 4-08 
Mechanisms, control, 15—03 to 15-20 hardening, 4-05 
speed changing, 24-69 to 24-81 heat content, 18-04 
Meerschaum, hardness, 1--15 : penetration, 18-05 
Melting, aluminum, 4-35 inductive heating, 18-28 
equipment, non-ferrous foundry, 20—47 intercrystalline slip, 4-05 
iron, acid process, 20-19 lath, 17-24 
losses, cupola, 20-15 machinability, 21-13 to 21-19 
non-ferrous alloys, 20-49 mixer, refractories, 5-19 
-point, alloys; see alloy in question molten, heat loss from, 18-27 
aluminum, 4-34 non-destructive inspection, 4-08 
bearing metals, 4-63 non-ferrous, 4—03 to 4-68 
brasses and bronzes, 4-26 to 4-32 aluminum, 4—25, 4-34 to 4-49 
copper, 4—09, 4-26 brass and bronze, 4-18 to 4-33 
die-casting alloys, 4-61 copper, 4—09, 4-10; see Copper 
iron, 1-06 cutting fluids, 21-22 
metals, 1-06; see also metal in question machinability, 21-19 
nickel, 4-50 magnesium, 4—55 to 4-58 
alloys, 4-51 molybdenum, 4—60 
resistance alloys, 4-55 nickel, 4-49 to 4-55 
stainless steel, 3-20 properties under repeated stress, 7-14 
wrought iron, 2—04 specifications, 4-09 
zine, 4-11 tungsten, 4-58 to 4-60 
practice, foundry, 20-10 to 20—20 - zinc, 4-10 to 4-17; see Zinc 
rates, cupola, 20-11 oxidation in industrial furnaces, 18-18 
ratio, foundry, 20-10, 20-13 physical properties, 4-05, 4-07 
time, non-ferrous foundries, 20-49 piercing, pressure required, 21-60 
Members, rotating, 11—03 to 11-24 plastic cycle, 21—55 
Membrane roofing, 17-41 flow, 19-03 
waterproofing, 17—45 properties, 21-54, 21-56 
Merchant iron, 2—04 range, 21-55 
Mercuric-chloride, 1-04 pressure-working, 21—54 to 21-66 
wood preservative, 22-29 lubricants, 21-65 
Mercury, atomic weight, 1-03 selection of equipment, 21-59, 21-64 
compressibility, 1-15, 1-16 spring-back, 21-64 
properties, 1-06, 1-09 squeezing, 21-61 
Meriam flexible coupling, 24-58 properties, 1—03 
Merrick weightometer, 23-65 recrystallization temperatures, 21-54 
Mesh belts, steel, 23-65 rolling, working pressure, 21-59 
sizes, screens, 26—03 sawing, 21-100 
Metal, metals scaling, 4-05, 18-18 
adherence to rubber, 5-30 season cracking, 4—09 
annealing, 4-06 f shearing, pressure required, 21-60 
anti-friction, 8-30 -slitting saws, 21-36 
-are welding, 2—51 softening temperature, 4-06 
babbitt, 4-62 solubility, 4-03 
bearing, 4-62 to 4-67; see Bearing metals specific heat, 4—07 
bending, 21—59 volume, 4—07 
blanking, pressure required, 21-60 spinning, 21-58 
cold-working, 21-54 strain-hardening, 21—55 
composition, 4-05 stress relief, 4-06 
corrosion, 3—03 to 3-19 stretching, loads, 21—60 
-cracking, 4-09 structure, 4-05 
-resistant, 3-19 to 3-26 surface treatment, 4—07 
critical dispersion, 4-05 testing, 4-07 
-cutting, factors affecting rates of, 21-22 treatment, 4-05, 4-06 
tests, 21-13 upsetting, 21-61 
tools, single-point, 21-07 to 21-27 -working equipment, 21-55 
defects in, 4-08 wrought, endurance ratios under stress, 7-13 


drawing loads, 21-60 yielding of, 4-08 
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Metalkase magnesite brick, 5-07 
Metallic arc welding, cast iron, 2-60 
Metallography, 4-03 
iron and steel, 2-12 
zine, 4-11 
Meter, noise, 16-19 
parts, alloy for, 4-24 
reed frequency, 16-04 
visibility, 26-18 
Methane, absorption by rubber, 5-30 
properties, 1-13 
Method of moments, truss calculations, 17-05 
Methyl] chloride, properties, 1-13 
Metric conversion table, ball bearing sizes, 13-77 
equivalents, 28-54 to 28-56 
screw-threads, 9-18, 9-19 
change gears for, 21-03 
system, 28-53 
units, 28-53 
Mica, cutting, cemented-carbide tools, 21-12 
hardness, 1-15 
specific gravity and weight, 1-12 
Michell thrust bearing, 13-36 
Micrometer, 21—107 
Mill, mills 
band-, 22-10 
double band, 22—09 
(milling cutters); see Milling cutters 
planers, 22—42 
planing, dust collection, 26-07 
rolling, 21-58 
saw, 22-09 to 22-14, see Saw mills 
single band, 22-09 
Milling, analysis of process, 21-33 
built-up edge, 21-34 
chip characteristics, 21-33 
formation, 21-33 
cooling, 21-41 
cutter, cutters, angle-, 21-36 
angles, 21-41 
cemented-carbide, 21-39 
classification, 21-34 
concave, 21-39 
convex, 21-39 
cutting speeds and feeds, 21-40 
diameter, 21—40 
end mills, 21-37 
face mill, 21-38 
facing, 21-35 
feeds, 21-40 
fly, 21-38 
for aluminum, 4-43 
magnesium alloys, 4-58 
formed, 21-34, 21-38 
1444-deg. composite gears, 14-07 
helical, 21-35 
high-speed steel, 21-39 
hollow, 21-37 
inserted tooth, 21-38 
interlocking, 21-36 
keys and keyways, 12-09 
land, 21-41 
left-hand, 21-39 
material for, 21-39 
number of teeth, 21-39 
plain, 21-35 
profile, 21-34 
right-hand, 21-39 
roller chain sprocket, 24-45 
shank, 21-35 
shell, 21-37 
side, 21-35 
mill, 21-38 
slitting, 21-36 
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Milling, (cont.) 
cutter, cutters, (cont.) 
spiral, 21-35 
staggered-tooth, 21-36 
Stellite, 21-39 
straddle, 21-35 
T-slot, 21-37 
Woodruff keyseat, 21-38 
cutting fluids, 21-41 
face, 21-33 
machine, 21-33 to 21-46 
attachments, 21-46 
automatic, 21-45 
classification, 21—43 
economic tool life, 2i-12 
motors, 25-50, 21-104 
peripheral, 21-33 
power required, 21—42 
surface generated, 21-33 
12-cylinder motor, 21—45 
typical jobs, 21—43 
up- and down-, 21-33, 21-42 
Mine, mines 
-car haulage, 23-59 
wheel castings, analyses, 20—09 
conveyors, 23-58 
electric motor installation, 25-18 
haulage, 23-13 
hoists, rope stresses, 23-06 
Miner’s inch, 28—52 
Mining machinery, belt service factors, 24-18. 
24-30 
Mineral oil, coefficient of friction, 8-26 
specific gravity, 1-12 
Minutes, value in radians, 2-44 
Mixers, glue, 22-26 
Mixture, core, 20-33 
cupola, 20-14 
ratio, flowing fluids, control of, 15-13 
Module, helical gears, 14-19 
Modulus, bulk, 21-62 
of elasticity, 21-64 
aluminum, 4-34 
beams of uniform strength, 7-30 
bearing metal, 4-65 
brasses and bronzes, 4—26 to 4-36 
copper, 4—26 
in shear, 7—06 
ingot iron, 2-06 
iron, 1-06 
magnesium alloys, 4-57 
metals, 1-06; see aslo metal in question 
non-ferrous alloys; see Alloy in question 
springs, 10—07 
tungsten, 4—59 
various woods, 7—29 
wrought irdn, 2-04 
Young’s, 7-05 
zinc, 4-16 
of resilience, 7—07 
various materials, 7-08 
of rigidity, 7-06 
of rupture, beams, def., 7-24 
cast iron, 20—04 
refractories, 5-08 
relation to endurance limit, 7-12 
silicon carbide, 5-14 
section; see Section modulus 
shearing, various metals, 1-06 
Moh scale of hardness, 1-15 
Moisture content, equilibrium, 22-17 
lumber, 22-20 
molding sand, 20-32 
plywood, 22-26 
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Moisture content, (cont.) 
tests, wood, 22-19 
veneer, 22-17, 22-20 
Mold, molds 
-board castings, analyses, 20-09 
foundry, hardness, 20-33 
ingot, casting analysis, 20-09 
permanent; see Permanent mold 
pig, casting analyses, 20-09 
pulls in castings, 4-08 
steel for, 2-39 
Molding machines, 20-34 to 20-36 
non-ferrous castings, 20-51 
practice, aluminum, 4-35 
sand, 20-30 to 20-34 
blending, 20-30 
composition, 20-30, 20-31 
fineness, 20-31, 20-33 
moisture content, 20-32 
mold surface hardness, 20-33 
permeability, 20-30, 20-32 
refractoriness, 20-30 
sampling, 20-32 
strength, 20-31, 20-33 
synethetic, 20-30 
tempering, 20-30 
testing, 20-32, 20-33 
Molybdenum, 4-60 
atomic weight, 1-03 
cast iron, 2-21 
castings, effect of heat treatment, 20-20 
compressibility, 1-16 
corrosion, 4—60 
ductilizing, 4-60 
effect on cast iron, 2-04 
properties, 1-06, 1-09, 4-60 
steel, steels, 2-20 
castings, 20-24 
S.A.E., 2-45 
specifications, 2-42 
uses, 4-60 
wire, 4-60 
Moment, moments 
bending, beams, 7-19, 7-22 to 7-24 
diagram, beams, 7-19 
continuous beams, 7—32 
flat plates, 7-48 
method of, trusses, 17-05, 17—07 
of inertia, about any axis, 8-17 
angles, structural, 17-66, 17-67 
beams, 7-24, 17-50, 17-58 
channels, 17-62 
columns, 17—77 
commonly used bodies, 8-17 
compound shapes, 8-18 
def., 8-17 
parallel axes, 8-17 
polar, 7-40, 8-17 
standard lumber, 5-23 
tees, 17-71 
various sections, 7-20, 7-21 
zees, 17-72 
resisting, beams, 7-19 
shaft, 7-40 
theorem of three, 7-32 
twisting, shafts, 7-40 
Momentum, def., 8-21 
Monel-metal, 4-51 
annealing temperature, 4-52 
buffing, 21—94 
cold working, 4-53 
cutting fluid, 4-53, 21-22 
speeds, 21-13 
tools, 4-53, 21-11, 21-13 
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Monel-metal, (cont.) 


drilling speeds, 21-47 
electrical resistivity, 4-52 
feeds, 21-13 
forging temperature, 4-52, 19-07 
grinding, 21-72 
hot working, 4-53 
machinability, 21-19 
machining, 4—53 
pickling, 4-53 
plastic properties, 21-56 
pouring temperature, 4-52 
properties, 4—52 
at high temperature, 4—52 
under repeated stress, 7-14 
sawing, 21-102 
softening temperature, 4-06 
soldering, 4-53 
welding, 4-53 
working qualities, 4-53 
Young’s modulus, 4-52 
Monorail track, 23-44 
Moore hot blast cupola, 20-16 
Morgoil roll neck bearing, 13-49 
Morse flexible coupling, 24—59 
taper, 12-20 


. Mortar, 17-24 


bonding, refractory, 5-11 
building construction, 17-22 
fireclay, 5-10, 5-11 
refractory, 5-10 
specific gravity, 1-12 
weight, 1-12, 17-12 
Mortising chains, 22-39 
machines, 22-46 
saws, 22-35 
tools, 22-39 
Motion, accelerated, 8-20 
friction of, 8-25 
quick-return, linkwork, 8-08 
retarded, def., 8-19 
slow, linkwork, 8-07 
uniformly accelerated, 8-19 
Motor, motors 
alternating-current; 25-18 to 25-44; 
see A.C. motors 
balancing, 16—07 
buffing and polishing machines, 21—95 
castings, analyses, 20—09 
crane, 23-30; 23-32 
drive, pivoted-, 24-33 
electric, 25-03 to 25-60; see Electric motors, 
A.C. motors, D.C. motors 
-generator sets, arc welding, 2—51 
grinding machine, 21-86 
machine tool, 21-102 to 21-106 
metal-working presses, 21-65 
noise prevention, 16-21 
-trucks, noise level, 16-19 
12-cylinder, milling operations, 21-45 
Moulder, guards, 27-07 
knives, 22-36 
woodworking, 22—43 
Mounting, mountings 
abrasive wheels, 21-79 
ball-bearings, 13-75 
bearing, 13-10 
roller bearings, 13-92 
thrust bearings, 13-41 
vertical, ball bearing, 13-81 
Moving-strut, 8-06 
Mower castings, analyses, 20-09 
parts, steel for, 2-39 
Mud, specific gravity and weight, 1-12 
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Muffle furnace, refractories for, 5-19 
annealing, malleable casting, 20-41 
Mufflers, sound, 16-26 
Mulberry, specific gravity and weight, 5-21 
Mule-pulley stands, 24-26 
Multiplication, by logarithms, 28-04 
Municipal castings, analyses, 20-09 
Muntz-metal, machinability, 21-19 
properties, 4—28 
under repeated stress, 7-14 
Muriatic acid, specific gravity, 1-12 
Music wire, steel for, 2-39 


N 


Nails, 6-51, 6-52 
holding power, 9-45 
keg of, 6—52 
resistance to transverse loading, 9-46 
Naperian logarithms, 28—23 
Naphtha, absorption by rubber, 5-31 
specific gravity, 1-12 
National Safety Council, 27-11 
Natural gas, use in industrial furnaces, 18-07 
Nautical measure, 28-52 
Naval brass, properties, 4-22, 4-28 
Neatsfoot oil, specific gravity, 1-12 
Needle bearings, 138-85 
Neodynmium, atomic weight, 1-03 
Neon, atomic weight, 1-03 
Neutral-axis, def., 7-18 
-surface, def., 7-17 
New York City column formula, 7—40 
Nick-test, wrought-iron bars, 2-05 
wrought-iron plates, 2-05 
Nickel and nickel alloys, 4-49 to 4-55 
annealing temperature, 4-50 
anodes, 4—50 
atomic weight, 1-03 
-bronze, heat treatment range, 4-07 
properties, 4-21 
buffing, 21-94 
cathodes, 4—50 
-chrome-molybdenum steel, 2-20 
-chromium, 4—50 
alloys, 4-54 
-steel, 2-17, 2-45 
specifications, 2-42 
-clad steel, 4—51 
commercial grades, 4-50 
compressibility, 1-16 
-copper, 4—49 
alloys, 4-53 
effect of cold working, 4-51 
properties, 4—51 
-zine alloys, 4-49, 4-53 
cutting fluid, 21-22 
effect on cast iron, 2-04 
electrolytic, 4-50 
endurance limit, 4—50 
forging temperature, 4—50 
hardness, 1—06, 4—50 
heat content, 18—04 
impact resistance, 4—50 
in castings, effect of heat treatment, 20-20 
ingots, 4-50 
malleable, 4—50 
-molybdenum steel, 2—20 
castings, 20-24 
pattern shrinkage, 4—50 
-phosphor-bronze, 4-66 
plastic properties, 21-56 
-plating, aluminum, 4-46 
pouring temperature, 4—50 
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Nickel, (cont.) 
properties, 1-06, 1-09, 4-49 
under repeated stress, 7-14 
sawing, 21-102 
shot, 4-50 
-silver, 4-53, 4-54 
castings, properties, 4-54 
leaded, 4-30 
properties, 4-30 
softening temperature, 4—06 
wrought, 4-23 to 4-33, 4-54 
softening temperature, 4-06 
-steel, steels, 2-44 
castings, 20-24 
properties, 2-17 
quaternary alloys, 2-18 
specifications, 2-42 
structural, specifications, 2-22 
uses, 2-18 
tensile strength, 1-06, 4-50 
Niggers, saw mill, 22-13, 22-14 
Niter pot castings, analyses, 20-09 
process, corrosion-resistant, 3-13 
Nitralloy, grinding, 21-72 
Nitric-acid, compressibility, 1-15 
molecular weight, 1-04 
plants, stainless steel for, 3-22 
specific gravity, 1-04, 1-12 
Nitric oxide, 1-13 
Nitriding, cast iron, 20-22 
controlled atmosphere, 18-18 
furnace temperatures, 18-03 
steel, 2-21 
Nitrobenzine, absorption by rubber, 5-31 
Nitrogen, absorption by rubber, 5-30 
atomic weight, 1-03 
compressibility, 1-16 
effect on steel, 2-12 
properties, 1-13 
Nitrous oxide, absorption by rubber, 5-30 
properties, 1-13 
Noise, 16—18 to 16-26 
car wheel, 16—20 
damping, 16-21 
decibel, 16-19 
direct, 16-20 
electric motors, 25-10 
indirect, 16-20, 16-26 
level, various sources, 16-19 
measurement, 16-19 
mufflers, 16—26 
prevention, 16—20, 16-21 
putty lagging, 16-21 
reduction, calculations, 16-24 
sound factors, 16-18 
-level meters, 16-19 
-level units, 16-19 
screening, 16-21 
transmission, 16-21 
tuning forks, 16-19 
Nomenclature, single-point metal-cutting tools, 
21-07 
Nomy bearing, 13-48 
Non-circular cross-sections, torsion, 7-41 
Non-ferrous alloys, 4-03 to 4-68; see Alloys, 
non-ferrous 
metals, 4—03 to 4-68; see Metals, non-ferrous 
nickel, 4-49 to 4-56; see Nickel 
spring material, properties, 10-04 
Non-magnetic cast iron, 20-05 
Non-metallic materials, 5-03 to 5-38; see mate- 
rial in question 
Non-spinning hoisting rope, 6-40 
Nordberg key, 12-08 
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Normalizing, cast iron, 20-20 
furnace temperatures, 18-03 
steel castings, 20-27 
Nose-angle, metal cutting tools, 21-08 
Notation, Bow’s, 17-08 
Notches, effect on endurance, 7-13 
effect on stresses, 7-09 
Novelty castings, analyses, 20-09 
Number, numbers 
extracting root, 28-04 
logarithms of, 28-05 to 28-24 
powers of, by logarithms, 28-04 
table, 28-25 
properties of, table, 28-25 
reciprocals, table, 28-25 
roots of, table, 28-25 
Nut, nuts, 9-24 to 9-44 
allowances and tolerances, 9-07 
alloy for, 4-24 
castle, 9-29 
Dardelet, 9-17 
dimensions, 9-17, 9—24, 9-27, 9-29 
facers, motors for, 25-50 
forging equipment, 19-05 
heavy, 9-27 
jam, 9-28 
light, 9-29 
machine-screw, 9—29 
recessed pin, 12-15 
regular, dimensions, 9-27 
steel for, 2-39 
stove-bolt, 9-29 
T-, 9-40 
taps, dimensions, 9-22, 9-23 
tappers, motors for, 25-50 
tolerances, 9-17, 9-24, 9-27, 9-29 
weight, 9-26 
Nuveyor ash conveyor, 23-70 - 
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Oak, allowable unit stresses, 7-28, 7-29 
characteristics and uses, 5-22 
coefficient of friction, 8-25 
holding power of screws, 9-46, 9-47 
modulus of resilience, 7-08 
nail-holding power, 9-45, 9-46 
resistance of drift bolts in, 9-47 
sound transmission, 16—23 
specific gravity and weight, 5-21 
time required to dry, 22-18 
toughness, 7-08 

Oats, weight, 5-37 

Offices, live load requirements, 17-12 
noise level, 16-19 

Oil, oils 
absorption by rubber, 5-31 
animal, 138-53 
ball-bearing lubrication, 13-78 
burners, 18-10 
earbon residue, 13-54 
coefficient of friction, 8-26 
color, 13—54 
compressibility, 1-15 
cooling, 13-52 
-field machinery, belt service factors, 24-18, 

24-30 

film bearings, see Bearings 
clearance-bearings, 13-47 
curved wedge, 13-46 
fitted bearings, 13-47 
flat wedge, 13-45 
forms, thrust bearings, 13-37 
tapered, 13-45 
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Oil, oils, (cont.) 
film, (cont.) 
thickness, lubrication, 13-45 
viscosity change in, 13—45 
fish, 13-53 
fuel, industrial furnaces, 18-08, 18-09 
gas carbureter, refractories, 5-17 
generators, refractories, 5-18 
-grooves, journal bearings, 13-06 
thrust bearings, 13-34 
mineral, 13-52 
cutting lubricant, 21-52 
lubricating, selection of, 13-55 
naphthene-base, 13-54 
paraffinic, 13-54 
pour temperature, 138—54 
pressure working of metals, 21-65 
retention, journal bearings, 13—08 
soluble, 21-19 
cutting fluid, 21-52 
specific gravity, 1-12 
specifications for roller bearings, 13-84, 13-94 
stains, 22-28 
-still tube supports, stainless steel for, 3-22 
sulphurized, cutting fluid, 21-52 
mineral, 21-22 
vegetable, 13-53 
Oilers, mechanical, 13-52 
Oiling, ring, 13-06 
Old English wire gage, 6-24 
Oldham coupling, 24-59 
Olive oil, specific gravity, 1-12 
Olsen testing machine, 7-51 
Opal, hardness, 1-15 
Open-hearth furnace; see Furnace, steel, 2-10, 
2-11 
Openings, guarding, 27-09 
Optical flat, 21-110 
Orange-peel buckets, 23-21 
surface, 4-05 
Ordinances, building, 17-13 
Ordnance, forging equipment, 19-05 
Ore, ores 
bridges, 23-33 
chrome, 5-07, 5-10 
elevators, 23-57 
weight, 5-37 
Oreide, properties, 4-28 
Organic liquids and vapors, effect on rubber, 
5-30 
substances, effect on zinc, 4-11 
Ornamental castings, 2-04, 20-09 
purposes, steel for, 2-39 
work, alloys for, 4-19, 4-24 
Orthoclase, hardness, 1-15 
Osage orange, specific gravity and weight, 5-21 
Oscillating-bit mortisers, 22-46 
Oscillation, 8—22 
torsional, 16-18 
gears, 16-12 
shafts, 16-05 
Osmium, atomic weight, 1-03 
Oven, ovens 
annealing, 20—41 
bake, refractories for, 5-17 
bread baking, energy required, 18-22 
coke, refractories for, 5-18 
core baking, energy required, 18-22 
electric, 18-21, 18-22 
insulation for, 18-26 
refractories for, 18-26 
ventilation, 18-22 
japanning, 18-22 
process, conveyors for, 23-74 
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Overhand knot, 6-30 
Overload protection, electric motors, 25-51 
relays, 25-51 


Overstrain, electrolytic corrosion due to, 3-05 


Oxidation, in industrial furnaces, 18-18 
Oxide coatings, aluminum, 4-46 
Oxides, iron, 3-12 
Oxygen 
absorption by rubber, 5-30 
-acetylene welding, 2—50 
atomic weight, 1-03 
bottles, forging equipment, 19-05 
compressibility, 1-16 
concentration, effect on zine, 4-11 
effect on steel, 2-12 
fixation in water, 3-17 
properties, 1-13 
Ozone, effect on rubber, 5-31 
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Package conveyors and elevators, 23-71 
handling, 23-71 to 23-74 
Packing, hydraulic plunger, friction, 8-31 
-ring bearings, 13-09 
Paint, aluminum, 4-46 
corrosion-resistant, 3-12 
-drying oven, ventilation, 18-22 
pigments, 3-12 
roofing, 17-85 
Painting, aluminum, 4-46 
building construction, 17-18 
magnesium alloys, 4—57 
zinc, 4-17 
Palladium, atomic weight, 1-03 
compressibility, 1-16 
hardness, 1—06, 1-15 
properties, 1-06 
Palm oil, specific gravity, 1-12 
Palmetto, characteristics and uses, 5-22 
Paper machinery, bearings, 13-92 
belt service factors, 24-18, 24-30 
fly-wheels, 11-15 
specific gravity and weight, 1-12 
Parabola, radius of oscillation, 8-22 
Paraboloid, center of gravity, 8-16 
radius of gyration, 8-18 
Paraffin oil, absorption by rubber, 5-31 
specific gravity and weight, 1-12 
Parallelogram, center of gravity, 8-16 
radius of gyration, 8-18 
Parallelopiped, radius of gyration, 8-18 
Parapet flashing, 17-42 
Parging, 17-22 
Paris-green, 1—04 
Parkerizing process, corrosion resistance, 3-13 
Partition tile, 17-23, 17-24 
Partitions, 17-12, 17-24 
sound transmission, 16-23 
Patch bolts, 9-41 
Pattern, metal, alloy for, 4-19 
shrinkage, bronze, 4-65 
copper, 4-09 
iron castings, 20-10 
magnesium alloy castings, 4-58 
nickel, 4—50 
steel castings, 20-26 
Pavements, rolling resistance of, 23-78 
Pearl, grinding wheel selection, 21-70 
Pearlite, 2-12 
Pearwood, specific gravity and weight, 5-21 
Peat, specific gravity and weight, 1-12 
Pendulum, 8—22 
alloy for, 2-18 
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Penetration, heat-, of metals, 18-05 
Perception, sound, 16-18 


Permanent mold castings; see Castings, perma- 


nent mold 
Permeability, molding sand, 20-30, 20-32 
rubber, 5-30 ’ 
test to determine physical properties, 7-59 
Petroff’s formula, 13-44 
Petroleum, absorption by rubber, 5-31 
creosote, 22—29 
oil, specific gravity, 1-12 
Pewter, cutting fluid, 21-22 
Phase, liquid, 4—03 
Phase rule, metallography, 4—03 
Phenol, alloys resistant to, 4-19 
Phenolic laminated gears, 14-17 
material, flexure endurance limit, 14-34 
working stress, 14-18 
Phosphate rock, 1-12 


Phosphor-bronze, cutting, cemented-carbide 


tools, 21-12 
flexural endurance limit, 14-16 
hardness, 1-15 
leaded, properties, 4-28 
machinability, 21-19 
melting, 20-49 
properties, 4-28 
Phosphoric acid, 1-04, 1-12 
Phosphorus, atomic weight, 1-03 
effect on cast iron, 2-04, 20-05 
on steel, 2-11 
in castings, effect of heat treatment, 20-20 
in malleable castings, 20-40 
red, compressibility, 1-16 
Piano plate castings, analyses, 20-09 
wire, strength, 6-17 
Pickering governor, 15-08 
Picking-table, coal, 23-60 
Pickling, Monel-metal, 4-53 
solutions, 21—92 
stainless steel, 3-23 
Picture-frame iron, 20-45 
Piercing, 19-16 
effect on metals, 4-06 
pressure required, 21-60 
Pig iron, 2-03 
mold castings, analyses, 20-09 
Pigments, paint, 3-12 
Piles, 17-10, 17-11 
Piling, preservation treatments, 22-31 
Pillar cranes, 23-23, 23-24 
Pillow-block, ball bearing, 13-81 
castings, analyses, 20-09 
Pin, pins, 12-14 to 12-17 
alloys for, 4-24 
bending-moment, 12-16 
stresses, 12-16 
bridge, 12-14 
cotter, 12-15 
crank-; see Crank-pins 
keys, 12-09 
knuckle-joint, 12-14 
lock, steel for, 2-39 
nut, 12-15 
piston-, grinding, 21-72, 21-75 
lapping, 21-87 
split cotter, 12-17 
steel for, 2-39 
taper, 12-10 
Pine, allowable unit stresses, 7-28, 7-29 
characteristics and uses, 5-21, 5-22 
holding power of screws, 9-46, 9-47 
joists, safe loads, 17-34 
nail-holding power, 9-45, 9-46 
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Pine, (cont.) Planer, planers, (cont.) 
preservative treatments, 22-31 wood, 22—40 
resistance of drift bolts in, 9-46 cutter head, 22-40 
sheathing, 17-12 cutting angles, 22-41 
shingles, 17-85 cutting circles, 22-40 
structural timber, working stresses, 17-35 feed mechanism, 22-42 
Pinions; see also Gears guarding, 27-06 
composition, brass flanges for, 14-36 jointers, 22—43 
silent chain, hubs, 24-48 knife cuts per inch, 22-41 
steel for, 2-39 knives, 22-36 
Pipe, alloys for, 4-24 mill type, 22-42 
cast-iron, corrosion protection, 3—12 motor equipment, 22-42 
grinding, 21-72 { straitoplane, 22-42 
properties under repeated stress, 7-12 Planing, 21-28 to 21-32 
castings, analyses, 20-09 cutting fluid, 21-22 
coating, concrete, 3-19 finishing allowance, 21-31 
conveyors, vibrating, 23-58 mill, dust collection, 26-07 
corrosion, 3—07, 3-08, 3-18 . time required, 21—29 
cupola blast, 20-14 Planished iron, 3-13 
fittings, alloys for, 4-19 Plank floors, 17-21 
cast steel, specifications, 20-28 Plants, industrial, safety provision, 27-09 
castings, analyses, 20-09 Plaster board partitions, 17-24 
in ingots and castings, 2-12, 4-08 of Paris, 1-04, 1-12 
iron, centrifugal casting, 20-30 sound absorption, 16-23 
proof tests, 7-59 weight, 17-12 
-threading machines, motors, 21-106, 25-50 Plastic cycle, metals, 21-55 
Piping, dust collection, 26-08 flow, machine forging, 19-21 
pressure, welding code, 2—57 metals, 19-03 
strength of, 7-44 properties, metals, 21-56 
Piston, pistons : range, metals, 21-55 
castings, analyses, 20—09 Plasticity, def., 7-06 
gaging, 21-110 5 Plate, plates 
grinding, 21-72 alloys for, 4-24 
-pins, grinding, 21-72, 21-75 aluminum, 4—47, 6-08 = 
lapping, 21—87 circular, deflection and stresses, 7-48 
position at various crank angles, 11-14 moment of inertia, 8-17 . 
-ring castings, analyses, 20-09 radius of gyration, 8-18 
grinding, 21—72, 21-75 - elliptical, stresses, 7-48 
-rods, alloys for, 4-24 engraver, 7-59 
Pit furnace, 20-47 Everdur, 6-08 
guards, 27-08 floor, dimensions, 17-31 
Pitting, gears, 14-16 magnesium alloy, 4-56 
Pitch angle, angular gears, 14-22 rectangular, stresses, 7-48 
bevel gears, 14-22 separation by high pressure oil, 13-44 
gears, 14-05 special forming, 2-05 
helical gears, 14-19 square, stresses, 7-48 
roller chains, 24-41 steel, 2-22, 2-28, 6-03, 6-04 
silent chain, 24-46 strength of, 7-48 to 7-50 
(tar), 1-12 terne, 17-82; see Terne plate 
truss, def., 17-38 tie, corrosion, 3-07 
worm drive, 14-32 specifications, 17-17 
P.I.V. gear, 24-72 tin, 17-81; see Tin plate 
Plain-sawn lumber, 22-05 viscous flow between, 13-44 
Plane, inclined-, 8-05 wearing-, 20—09 : 
rope stresses, 23—06 weight in various materials, 6-03, 6-04 
Planer, planers wrought-iron, 2-04, 2-05 
metal, 21-28 to 21-32 zinc, 4-14 
belts, 21-32 Platens, plywood bending, 22-33 
drives, 21-32 Platers’ bars and cores, alloy for, 4-54 
economic tool life, 21-12 Platforms, skid, 23-75 
feeds, 21-29 Plating, zinc, 4-17 
field of, 21-28 Platinite, 2-18 
fixtures, 21-30 Platinum, atomic weight, 1-03 
guards, 27-07 compressibility, 1-16 
horsepower, 21—28 hardness, 1—06, 1-15 
hydraulic driven, 21-32 properties, 1-06, 1—09 
motors for, 21-32, 21-103, 25-50 Plat-iridium, hardness, 1-15 
power requirements, 21-28 Pliers, forging equipment, 19-05 
speeds, 21-29 Plow, plows 
tools, 21-30 casting analyses, 20-09 
for magnesium alloys, 4-58 grinding, 21-72 
grinding, 21-73 steel for, 2-39 
pressure, 21-28 -steel wire, 6-16 


rotary, motor horsepower, 21-104 wire-rope, 6-34 
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Plowshares, steel for, 2-39 Porcelain, cutting, cemented-carbide tools, 
Plug castings, billet piercing, tbe 20-09 21-12 ; enh 
cutters, 22-38 enameling furnace, electric, applications, 
gages, 21-111 18-24 
grinding, 21-72 grinding, 21-75 
lapping, 21-87 hardness, 1-14 


Plugging control, electric motors, 25-10 
Plumbing, alloys for, 4-24 
goods, polishing, 21-91 
Plunger packing, friction, 8-31 
Plywood, 5-25, 22-21 to 22-27 
adhesives, 22-25, 22-26 
arrangement of equipment, 22-23 
backs, 22-24 
bales, 22—26 
bending, 22-32 to 22-34 
platens, 22-33 
press, 22-33 
cores, 22-24 
cross-bands, 22-24 
dimensioning, 22-27 
finishing, 22—27 
flexible, 22-34 
gluing department, 22-25 
hot-glued, temperatures, 22—26 
inspection, 22-27 
moisture content, 22-26 
properties, 5-25 
redrying, 22-26 
sanding, 22-27 
Point, control, 15-05 
of rupture, def., 7-05 
set, 15-05 
yield, def., 7-04 
Poisson’s ratio, 7-06 
Polar moment of inertia, 7-40 
radius of gyration, 7-41 
Poles, preservation treatments, 22-31 
Polish sanding, wood, 22-27, 22-28 
Polishing, 21-88 to 21-92 
abrasives, 21-92 
aluminum, 4-46 
automobile bumpers, 21-91 
cutlery, 21-91 
descaling, 21-92 
flat irons, 21—91 
formed-face, 21-89 
grain sizes, 21-92 
machines, 21-94 
dust collection, 26-09 
motors, 25-50 
plumbing goods, 21-91 
square corners, 21—89 
wheels, balance, 21-90 
clothflex, 21-88 
compress, 21—89 
density, 21-89 
disc canvas, 21-89 
glue preparation, 21-90 
heading, 21—90 
preparation, 21-90 
speeds, 21-91 
Polonium, atomic weight, 1-03 
Polygon, equilateral, radius ~ of 
7-21 
Poncelet, 28-56 
Pontoon crane, 23-36 
Poplar, allowable unit stresses, 7-28, 7-29 
characteristics and uses, 5-22 
holding power of wood screws, 9-46 
nail-holding power, 9—45 
plywood, properties, 5-25 
specific gravity and weight, 5-21 
time required to dry, 22-18 


gyration, 


specific gravity and weight, 1-12 
Porete roof construction, 17-40 
Porosity, carbon brick, 5-35 
firebrick, 5—09 
Porphyry, specific gravity and weight, 1-12 
Ports, industrial furnaces, 18-06 
Positive crater, carbon are, intrinsic brilliancy, 
5-34 
Post bearings, 24-07 
fence, preservation treatments, 22-31 
hangers, 24—07 
Pot castings, analyses, 20-08, 20-09 
Potash, 1-04 
Potassium, atomic weight, 1-03 
compounds, specific gravity, 1-04 
compressibility, 1-16 
properties, 1-06 
Potential control, 15-13 
Poumay cupola, 20-16 
Pound, avoirdupois, def., 8-20 
Poundal, def., 8-20 
Pour-temperature, oil, 13-54 
Pouring-temperature, Monel metal, 4-52 
nickel, 4-50 
Powdered coal, industrial furnace fuel, 18—08 
Power consumption, hammers, 19-10, 19-11 
steam-hydraulic press, 19-19 
factor clause, 25-07 
electric motors, 25-06, 25-13, 25~—40 
hoists, 23-44 
loss, Journal bearings, 13-17, 13-24, i3-28 
thrust bearings, 13-41 
metric equivalents, 28—56 
required to drive cranes, 23-31 
requirements, saw mills, 22-14 
springs, 10-16 
supply, electric, continuity, 25-08 
electric motors, 25-10 
transmission, belt drives, 24-14 to 24-38 
belting, theory, 24-14 
chain drives, 24-38 to 24-48 
clutches, 24-61 to 24-68 
cone pulleys, 24-12 
couplings, 24-54 to 24-61 
dynamometers, 24-82 to 24-84 
friction drives, 14-04 
wheels, 14—03 
guards, 27-03 
mechanical, 24—03 to 24-82 
rope drives, 24-48 to 24-53 
shafting, 24-03 
threads, 9-03 
variable-speed drives, 24-72 to 24-79; 
see Variable-speed Drives 
wire-rope, 24-53 
Praseodymium, atomic weight, 1-03 
Pratt truss, 17-04, 17-44 
Precast slab roofs, 17-40 
Precipitation heat treatment, aluminum alloys, 
4-42 
Precipitator, electrostatic, dust, 26-05 
spiral tube, dust, 26-07 
Preece test, 3-16 
Preservation of timber, 5-22 
Preservatives, wood, 22-29 
Press, presses 
blank holding devices, 21-61 
castings, printing, analyses, 20-09 
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Press, presses, (cent.) 
cold-working, 21-64, 21-65 
drawing, 21-58 
fly-wheel slow-down, 21-64 
forging, 19-18, 19-22 
gear reductions, 21—57 
gluing, 22-27 
guarding, 27-07 
hydraulic, 19-16 to 19-20; see Hydraulic 
press 
inclinable, 21—57 
mechanical power, 21—57 
metal-briquetting, 20-17 
percussion, 21—57 
plywood bending, 22-33 
pneumatic die cushions, 21-61 
punch, 21-64, 21-65 
motors, 21-105 
rubber bumpers, 21-61 
steam-hydraulic, 19-17, 19-20 
toggle joint, 21—57 
trimming, 19-11, 21-59 
upright, 21-57 
Pressure, pressures 
air, cupola, 20-10 
oil burners, 18-10 
-angle, bevel gears, 14-22 
blank holding, shell drawing, 21-61 
blast, cupola, 20-11 
castings, analyses, 20—09 
collapsing, of tubes, 7-45, 7-46 
control, 15-12 
external, strength of cylinders under, 7—45, 
7A7 
film, journal bearings, 13-29 
forging, 19-04 
internal, on cylinders, 7-44, 7-47 - 
metric equivalents, 28—56 
-resistance, alloys for, 4-19 
riveting, 9-48 
screw-down, metal rolling, 21-59 
tool, 21-13 
planers, 21-28 
-velocity relations, journal bearings, 13-32 
wind, on roofs, 17-38 
-working, metals; see Metals, pressure work- 
ing 
Prevention, corrosion, 3-11 
noise, 16—20 
Primer gilding, 4-24, 4-26 
Primers, alloys for, 4-24 
Printing machinery, belt service factors, 24-18, 
24-30 
press castings, analyses, 20—09 
Prism, center of gravity, 8-16 
moment of inertia, 8-17 
radius of gyration, 8-18 
Processes, abrasive, 21-66 to 21-96 
corrosion resisting, 3-13 
industrial, furnace temperature ranges, 18-03 
heating, 18—03 to 18-28 
Producer-gas burners, 18-13 
fuel, industrial furnaces, 18-07 
generators, refractories, 5-18 
Products, aluminum, 4-47 
automatic machine, steel for, 2-38 
steel, specifications, 2-21 to 2-37 
Production, economic, 21-13 
relation of illumination, 26-16 
Profile dies, 21-59 
Profiling machines, 21-46 
Profilograph, 21-113 
Profilometer, 21-113 
Program regulation, 15-13 
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Progression, geometrical; see Geometrical pros 
gression 
Projectile castings, analyses, 20-09 
Prony brake, 24-82, 24-83 
Proof coil, 6-30 
tests, def., 7-58 
quenched and tempered forgings, 2-30 
Propeller, propellers 
airplane, balancing, 16—08 
forging equipment, 19-05 
alloys for, 4-19, 4-24 
castings, analyses, 20-09 
shafts, steel for, 2-39 
thrust bearings, 13-42 
Properties, acid-resisting alloys, 3-24, 3-25 
aluminum, 4-34 
structural sections, 6-12 to 6-15 
wire, 6—23 
calsun bronze wire, 6—20 
chain, physical, 6-30 
copper, 4—09 
wire, 6-20, 6-21 
cork, 5-25 
Everdur wire, 6—20 
magnesium alloys, 4-55, 4-57 
nickel, 4-49 
nickel-silver, 4—54 
numbers, table, 28-25 
physical, determination by magnetic per- 
meability, 7-59 
physical, gases, 1-13 
metals, 4-05, 4—07 
plastic, metals, 21-56 
refractories, 5—08 
resistance alloys, 4-55 
rubber, 5-27 
stainless steel, 3-20 
springs, 10—04 
structural sections, 17-47 to 17-81 
telegraph and telephone wires, 6-18 
trolley wire, 6—22 
wide-flange beams, 17—50 
wood, 5-20 
zine, 4-11 
rolled, 4-15 
Proportional limit, def., 7-04 
relation to endurance limit, 7-12 
Protection, bands, abrasive wheel, 21-84 
chucks, abrasive wheels, 21-84 
electric motor, 25—51, 25—52 
eye, 27-09 
fire, blower systems, 23-68 
flanges, abrasive wheel, 21-82 
head, 27-09 
hoods, abrasive wheels, 21-81 
wire rope, 6-35 
Protoactinum, atomic weight, 1—03 
Public buildings, live load requirements, 17-12 
Puddle furnace, refractories for, 5-20 
iron, 2—04 
Pulls, mold, in castings, 4-08 


Pull-in torque, synchronous motors, 25-14, 
25-41 

Pull-out torque, synchronous motors, 25-14, 
25-41 


Pull-up torque, A.C. motors, 25-14 
Pullers, car, 23-45 
Pulley, pulleys, 24-08 to 24-13 
arms, 11—21, 24-08 
arrangement of, 24-24 
cast-iron, proportions, 24-08 
relative capacity, 24-09 
weight, 24-09 
castings, analyses, 20-09 
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Pulley, pulleys, (cont.) 
compressed spruce, 24-09 
cone, 24-12, 24-13 
cork insert, 24-09 
crowning, 24-09 
differential, 8-05 
grinding, 21-72 
guide, 24-25 
hub, 24-08 
idler, 24-24 
lagged, 24-09 
coefficient of friction, 23-62 
machine element, 8-04 
mule, 24-26 
paper, relative capacity, 24-09 
Reeves vari-speed, 24-78 
| spacing, 24-36 
steel, relative capacity, 24-09 
steel split, 24-09, 24-11, 24-12 
width, 24-09, 24-20 
windage, 24-10 
wood-face, 24-09, 24-11 
Pulverized coal, dust concentration, 26-11 
coal, handling, 23-48 
material, conveying, 23-68 
Pulverizer bearings, 13-92 
Pumice, specific gravity and weight, 1-12 
Pump, pumps 
alloys for, 4-19 
bearings, 13-92 
bodies, alloys for, 4-19 
castings, analyses, 20-09 
centrifugal, motors for, 25-50 
Fluxo, 23-69 
Fuller-Kinyon, 23-69 
parts, stainless steel for, 3-22 
vacuum, motors for, 25-50 
V-belt service factor, 24-30 
Pumping machinery, fly-wheels, 11-15 
Punch, punches 
differential screw, 8-11 
hydraulic press, 19-16 
press guards, 27-07 
motors, 21-105, 25-50 
presses, 21-64, 21-65 
Punching, stainless steel, 3-23 
Purlins, roof, 17-38, 17-39 
Pyramid, center of gravity, 8-16 
frustum, center of gravity, 8-16 
hardness testing machine, 1-13 
Pyrite, hardness, 1-15 
iron weight, 5-37 
Pyrometer protection tubes, stainless steel for, 
3-22 
Pyrometric cone equivalent, 5-03 
refractory brick, 5-05 
softening points, 5-03 


Q 


Quadrant, center of gravity, 8-16 
of ellipse, center of gravity, 8-16 
Qualification tests of welders, 2-60 
Quarry hoists, 23-44 
Quarter-sawn lumber, 22-05 
Quarter-twist belts, 24-25 
Quartz, broken, weight, 5-37 
hardness, 1-15 
Quartzite, 5-06 
Quaternary alloys, 2-18 
Queen-post truss, 17-03 
Quench-temperatures, alloys, 4-07 
Quenching, cast iron, 20-21 
oil, 2-16 
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Quenching, (cont.) 
steel castings, 20-27 
tool steel, 21-27 

Quicklime, 1—04 

Quill bearings, 13-85 


R 


Rabble arms, stainless steel for, 3-22 
Races, ball and roller, steel for, 2-39 
Radians, value in degrees, 28-44 
Radiator, automobile, alloys for, 4-24 
castings, analyses, 20-09 
valves, alloy for, 4-19 
Radio parts, alloy for, 4-24 
Radium, atomic weight, 1-03 
Radius of gyration, columns, 7-34, 17-77 
def., 8-18 
polar, 7-41 
steel angles, 17-65 to 17-67 
beams, 17—50, 17-58 
channels, 17-62 
columns, 17-77 
tees, 17-71 
zees, 17-72 
two angles, 17-65 
various sections, 7-20, 7-21, 8-18 
Radius of oscillation, 8—22 
Radon, atomic weight, 1-03 
Rails, carbon steel, drop test, 2-37 
dry kiln, 22-21 
sawing, speeds, 21-102 
stair, 27-09 
steel, specifications, 2—22 
Railroad, railway 
axles, grinding, 21-71 
ears, bearings, 13-31 
brake beam tests, 7-59 
journal lubricants, 13-55 
springs, 10-18 
alloy-steel, specifications, 2-22 
material for, 10—03 
suspensions, 16-17 
castings, alloy-steel, specifications, 2-26 
analyses, 20—09 
corrosion, 3-07 
sen preservation treatments, 5-22; 
—31 
forge shop arrangement, 19-14 
spikes, resistance, 9-46 
track clearance, 27-09 
coefficient of rolling friction, 8-27 
Rake-angles, cutting tools, 21-10 
milling cutters, 21-41 
Ramsey-Pulvis clutch, 24-64 
Range, critical, metallography, 4-04 
plastic, 21-55 
softening, of metals, 4-06 
Rankine’s column formula, 7-35, 7-39 
Rape-oil, coefficient of friction, 8-30 
specific gravity, 1-12 
Raschig rings, 5-34 
Rates, electric power, 25-07 
Rating, ball bearings, 13-72 
crane, 23-27 
electric motors, 25-06, 25-09, 25-11, 25-24, 
25-29, 25-39, 25-44 to 25-46 
load-life, ball bearings, 13-67 
voltage, A.C. motors, 25-11 
Ratio, Poisson’s, 7—06 
speed, silent chains, 24-46 
Reactions, beams, 7-18 
Reamers, for aluminum, 4—44 
grinding, 21-72 
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Rear-axle gearing, steel for, 2-39 
Reaumur thermometer scale, 28-50 
Reciprocals of numbers, table, 28-25 
Reciprocating parts, determination of velocity 
and acceleration, 11-14 
Reclamation, sheet scrap, 20-19 
Rectangle, rectangles 
area of, 6-06 
crossed, elements of, 7-21 
elements of, 7-20 
hollow, elements of, 7-20 
Recuperator, industrial furnaces, 18-19 
parts, stainless steel for, 3-22 
refractories for, 5-20 
Red-brass, properties, 4-21, 4-26 
leaded, properties, 4-28 
Red-lead, 1-04, 3-12 
Red-shortness in cast iron, 2-04 
Redler conveyor, 23-58 
Reducer, gear-, ball bearing, 13-81 
speed, 24-69 to 24-72; see Speed reducers 
Reduction-gear bearing, 13-31 
Redwood, allowable unit 
7-29 
characteristics and uses, 5-22 
joists, safe loads, 17—34 
nail-holding power, 9-45 
plywood, properties, 5-25 
specific gravity and weight, 5-21 
structural timber, working stresses, 17-35 
viscosity, 13—57 
Reed frequency meter, 16—04 
taper, 12—20 
Reef knot, 6-28, 6-30 
Reeves variable speed transmission, 24-75 
vari-speed pulley, 24-78 
Reflectance, def., 26-13 
Reflection-factor, def., 26-13 af 
Reflectivity, aluminum, 4-34 
magnesium, 4—55 
Refractories, 5—03 to 5-20 
abrasion resistance, 5-08 
acid resisting brick, 5-14 
applications of, 5-17 
carbon bricks, 5-34 
cold crushing, strength, 5-08 
digester brick, 5-16 
Duro, 5-16 
electric furnaces, 18-26 
electrical resistivity, 5-09 
firebrick required for various circles, 5-15 
Forsterite brick, 5-16 
grinding, 21-75 
high-alumina, analyses, 5-05 
insulating brick, 5-16 
modulus of rupture, 5-08, 5—09 
mortar for, 5-10, 5-11 
properties, 5—08 
resistance to slagging, 5-09 
silicon-carbide, 5-12 
spalling resistance, 5—09 
specific gravity, 5-10 
heat, 5-10 
thermal properties, 5—08 
Refractoriness, firebrick, 5-03 
Refrigerating compressors, motors for, 25-50 
Refrigerator castings, analyses, 20-09 
Regenerator, industrial furnaces, 18-19 
Regulation, 15-03 to 15-14 
asymptotic, control mechanisms, 15-06 
isoposic, control mechanisms, 15-06 
program, 15-13 
speed, electric motors, 25-09 
voltage, 25-07 


stresses, 7-28, 
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Regulator, feedwater, 15-08 
pressure, 15-08 
Reinforcement, concrete arches, 17-25 
Reist thrust bearing, 13-36, 13-43 
Relay control, 15-04 
governing, 15-12 
overload, electric motors, 25-51 
resets, 25-52 
Release, under-voltage, 25-52 
Relief, stress, of metals, 4-06 
Relief-angles, cutting tools, 21-08, 21-11 
Repeated stress, 7-11 
Repose, angle of, 8-24 
Resaws, band, 22-12 
Resets, relay, 25-52 
Residences, cost of, 17-46 
noise level, 16-19 
Resilience, cork, 5-25 
def., 7-07 
modulus of, 7-07 
springs, 10-21 
various materials, 7-08 ~ 
Resin-bonded bearings, 13-50 
-film adhesives, 22-26 
-oil, absorption by rubber, 5-31 
specific gravity, 1-12 
Resistance 
alloys, 4-07, 4-54, 4-55 
band brakes, 15-17 
corrosion, steel for, 2-39 
dynamic stresses, steel for, 2-39 
fatigue, cast iron, 20-05 
fatigue, steel for, 2-39 
furnaces, 18-22 
haulage systems, 23-14 
impact, cast iron, 20-05 
railroad spikes, 9-46 
rolling, trailers, 23-78 
wear, cast iron, 20-03 
steel for, 2-40 
welding, 2-48 
symbols, 2—54 
wood screws, various woods, 9-46 
Resisting moment, 7-19, 7-40 
Resistivity, electrical, see Electrical resistivity 
Resistors, electric furnace, 18-22 
Resonance, 16—03 
helical springs, 16-13 
Response, speed of, control mechanism, 15-06 
Rest, friction of, 8-25 
Retarder, wire-rope, 23-60 
Retort castings, analyses, 20-09 
Reverberatory furnaces, refractories for, 5-20 
Revolvator, 23-74 
Reyn, 13-44 
Rhenium, atomic weight, 1-03 
Rheostats, alloys for, 4-53 
Rhodium, atomic weight, 1-03 
properties, 1-06 
Ribbon zinc, 4-13 
Richards relation, 4-07 
Riehle testing machine, 7—52 
Rigidity, modulus of, 7-06 
Rims, fly-wheels; see Fly-wheels 
Ring, rings 
chain, 6-33 
circular, moment of inertia, 8-17 
radius of gyration, 8-18 
comb-, bearing closures, 13-08 
crown-, bearing closures, 13-09 
felt, bearing closures, 13-08 
gages, 21-111 
gears, steel for, 2-40 
packing, bearings, 13-09 
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Ring, rings, (cont.) Rod, rods, (cont.) 
piston-, grinding, 21—72, 21-75 brass, alloy for, 4-24 
Raschig, 5-34 weight, 6-11 
seal, bearings, 13-09 copper, alloys for, 4-24 
snap, steel for, 2-40 weight, 6-12 
Riprap, specific gravity and weight, 1-12 Everdur, 6-11 
Risers, stair, 17-14 magnesium alloy, 4-56 
River logging, 22-03 piston, 4-24 . ; 
Rivet, rivets, 6-47 to 6-50, 9-47 to 9-54 solid, moment of inertia, 8-17 
alloys for, 4-24 radius of gyration, 8-18 
aluminum, 4-45, 6-49 steel for, 2-40 


arrangement of, 9-48 
bearing values, 17-79 
belt, 6—49 
burrs, 6—50 
coopers’, 6—49 
forging equipment, 19-05 
heads, 9-47 
holes, 4-45, 9-47 
length required for various grips, 17-80 
materials, 9-48 
pitch, riveted joints, 9-48, 9-50, 17-16 
pressure required to drive, 9-48 
proportions in building construction, 17-16 
shearing and bearing value, 17-79 
strength, 9-48 
size, in riveted joints, 9-49 
small, dimensions, 6-49 
spacing, building construction, 17-16 
steel, 2-22, 2-40 
allowable stresses, 17-15 
strength, 9-48 
tests, 7-59 
tinners’, 6—50 
weight, 6-47, 6-48 


Riveted-joints, 9-49 to 9-54 


double-riveted butt-, 9-51 
double-riveted lap-, 9-50, 9-51 
efficiency, 9-50 

formed by more than two plates, 9-49 
lap-riveted girth-, 9-52 

pitch of rivets, 9-49, 9-50, 17-16 
plates in different planes, 9-49 
precautions in making, 9-53 
quadruple-riveted butt-, 9-51 
single-riveted lap-, 9-50, 9-51 
size of rivet, 9-49 

strength, 9-50 

tests, 7-59 

triple-riveted butt-, 9-51 


Riveting, aluminum, 4-45 


chain, 9-48 

ingot iron, 2-10 
magnesium alloys, 4-58 
staggered, 9-48 
stainless steel, 3-24 
steel for, 2-40 
structural steel, 17-79 


swaged tungsten, 4-59 
weight, various materials, 6-03, 6-09 to 6-12 
welding, 4-24, 20-09 
Roll, rolls 
bending and straightening, 21-60, 25-50, 
castings, analyses, 20-09 
-feed, guards, 27-O7  _~ 
sanders, 22—47 
grinding, 21-72 
machines, 21—84 
neck bearings, 13-31, 13-48 
Roller, rollers 
-bearings, 13—82 to 13-94 
dimensions, load capacities, 13-83 to 13-91 
flanged cup, 13-90 
friction of, 8-31 
grinding, 21-72, 21-75 
life, 13-92 
lock-nuts, 13-88 
lock-washers, 13-88 
lubrication, 13-83, 13-93 
mounting, 13-92 
multiple-row, 13-90 
needle, 13-85 
races, steel for, 2-40 
service factors, 13-82, 13-92 
solid, 13-85 
steel for, 2-38 
steep-angle, 13-90 
straight roller, 13-82 
tapered, 13-89 
load factor, 18-82, 13-92 
wound roller, 13-82 
cam, grinding, 21-71 
chain, chains, 24~38 to 24-45 
best conditions of driving, 24-42 
dimensions, 24-39, 24-40 
elongation, 24—43 
horsepower, 24-40 
idler sprocket, 24—43 
lengths, 24—42 
loads, 24-40, 24-42 
maximum impact, 24-41 
velocity, 24-41 
pitch, 24-41 
proportions, 24—41 
selection, 24-42 


symbols for, 17—80 slack, 24—42 
Roads, rolling resistance of, 23-78 sprocket, cutters, 24-45 
Roasters, refractories for, 5-20 distance, 24-42 
Rock crushers, belt service factors, 24-18, number of teeth, 24-45 
24-30 proportions, 24-43 
elevators, 23-57 selection, 24—4z% 
loads, permissible, 17-10 standard diameters, 24—44 
-salt, hardness, 1-15 tolerances, 24—43 
-wool, sound absorption, 16-23 tooth dimensions, 24-44 
Rockers, expansion, permissible bearing stress, standard, 24—40 
17-15 numbers, 24-42 
Rockwell hardness, 1-13 tolerances, 24-42 
conversion table, 1-14 conveyor, 23-73 
Rockwood drive, 24-32 cylinder cams, 8-14 
Red, rods expansion-, permissible bearing stress, 17-15 


aluminum, 4—47 spherical, 7-50 


Rol-Rop 


Roller, rollers, (cont.) 
-spider, milling, 21—43 
steel for, 2-40 
strength of, 7-50, 7-51 
Rolling, effect on metals, 4-06 
forge-, 21-58 
hitch, 6-29 
metal, contact area, 21-59 
working pressure, 21-59 
-mills, 21-58 
housing castings, analyses, 20-09 
neck-bearing bronze, 4-66 
steel, furnace temperature, 18—03 
thread, 21—58 
Ronay metal-briquetting press, 20-17 
Roof, roofs 
arch, 17-44 
asbestos shingle, 17-41 
barrel type, 17-44 
building, 17-37 to 17-44 
clay tile, 17-41 
concrete shell, 17-44 
concrete tile, 17-40, 17-41 
construction, terne, 17-81 
decks, steel, 17-39 
dome, 17-44 
flashings, 17-42 
flat, 17-37 
galvanized steel, 17—40 
Gustavino system, 17—44 
gypsteel, 17—40 
Haydite, 17-41 
loads, 17-38 
paints, 17-85 
purlins, 17-38, 17-39 
quarry tile, 17-41 
sawtooth, 17-38 
slab, 17—40 
slate, 17-41 
squares required, 17-41, 17-85 
supports, 17—37 
surfaces, 17-20 
timbrel arch construction, 17-44 
tin, sheets, required, 17-83 
truss, 17-07, 17-38, 17-43 
Fink, 17-07 
spacing, 17—44 
wood, 17-43 
wind pressure, 17-38 
wood frame construction, 17-37 
Zeiss-Dywidag system, 17—44 
Roofing, aluminum sheet, 6—09 
and siding, stainless steel for, 3-22 
felts, 17-12, 17-42, 17-81 
material, 17-81 to 17-86 
weights, 17-81 
membrane, 17-41 
metal, 17-42 
slag, weight, 17-81 
slate, 17-84 
tile, 17-12, 17-81 
tin plate, 17-81 
zilloy, 4-16 
zinc, 4-16 
Rooms, wood-finishing, 22-28 
Root-mean-square horsepower, 25-09 
Roots of numbers, extraction of, 28—04 
Rope, ropes, 6—26 to 6-30 
blocks, Manila, 23-04 
brake, 24-82 
cotton, 24—52 
def., 6—27 
drives, American system, 24-48 
continuous system, 24-48 
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Rope, ropes, (cont.) 
drives, (cont.) 
cotton, 24-48 to 24-52 
horsepower, 24-52 
efficiency, 24—50 
English system, 24—49 
guards, 27-04 
Manila, 24-48 to 24-51 
horsepower, 24—50 
rope data, 24—50 
sag, 24-51 
sheaves, 24—51 
tensions, 24—50 
multiple system, 24-49 
sheave center distances, 24-52 
diameters, 24—50 
grooves, 24—52 
splices, 24—50 
wire-rope, 24-53 
elevator, 6-41 
flat, 6-42 
haulage, 6-37 to 6-39 
flattened strand, 6-39 
mines, 23-59 
hoists, 23-03; see Hoists, rope 
hoisting, 6—38 to 6-41, 23-03 
crane, 23-31 
flattened strand, 6-40 
manila, 6—27 
non-spinning, 6—40 
length to develop maximum stress, 6—27 
Manila, 23-03 
hoisting, 6—27 
horsepower transmitted, 24-51 
lubrication, 6—27 
strength, 6—26, 6-27 
transmission, 6—27, 24-50 
splices, 24—50 
weight, 6-26 
working stress, 6—27 
marlin-clad, 6—41 
sheaves, friction, 8-32 
shroud-laid, def., 6-27 
splice, efficiency, 6-30 
splicing, 6-28 
steel-clad hoisting, 6—41 
stress due to length, 6-26 
towing and running, 6—42, 6-43 
transmission, 6-37 to 6-39 
manila, 6-27 
wire, 6-34 to 6-47; see Wire-rope 
Ropeways, 23-14 
Rosin, use on belts, 24-22 
Ross metal, hardness, 1-15 
Rotary veneer, 22—07 
Rotating members, 11—03 to 11-24 
Rotation, work of accelerated, 8-21 
Rotors, critical speeds, 16-09 
vibration, 16-09 
Router bits, 22-38 
woodworking, 22-44 
Rover correction for springs, 10-06 
Rubber, 5—27 to 5-31 
absorption of gases by, 5-30 
of liquid by, 5-30 
action under stress, 5-27 
adherence to metals, 5-30 
bearings, 138—50 
belting, 24-37 
coefficient of friction, 24-36 
compressibility, 5-28 
cutting, cemented-carbide tools, 21-12 
dielectric constant, 5-27 
drift, 5-31 
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Sandblasting, 20-38, 20-52 
air required, 20-38 
aluminum, 4-47 
Sanders, woodworking, 22-47 
Sanding, curved shapes, 22-34 
plywood, 22-27 
Sandslinger, 20-35 
Sandstone, coefficient of friction, 8-25 
permeability, 5-30 permissible bearing stress, 17-15 
physical properties, 5-27 specific gravity and weight, 1-12 
relation of hardness and elastic modulus, 5-28 working stress, 17-20 
sandwiches, 5-28 Sandwiches, rubber, 5-28 
shear in, 5-29 Sapwood, 22—05 
specific gravity and weight, 1-12 Satin finish, aluminum, 4—47 » 
tile flooring, 17-36 Satinwood, specific gravity and weight, 5-21 
Rubbing compounds, 22-29 Saw, saws 
Rubble masonry, def., 17-21 band, metal, 21-101 
stone, working stresses in compression, 17-19 wood, 22-09, 22-40 
Rubidium, atomic weight, 1—03 carriages, 22—10 
compressibility, 1-16 circular cut-off, metal, 21-101 
Rueping wood preservation process, 22-30 safe speed, 27—06 
Rule, foot, 21-107 cold-, 21—102 
phase, metallography, 4-03 cross-cut, 22-39 
Rules, lumber grading, 22—07 for aluminum, 4-44 


Rubber, (cont.) 
effect of organic liquids and vapors, 5-30 
elastic suspension, 16-15 
electrical resistivity, 5-27 
grinding, 21-70, 21-73, 21-75 
heat of combustion, 5-27 
machinability, 21-19 
machinery bearings, 13-92 


Rupture, from impact, 7-17 gang, 22-12 
modulus of; see Modulus of Rupture guards, 27-06 
point of, def., 7-05 gumming, 21-73 


resistance to, thin cylinders, 7-44 hack, 21-100 
work required for, 7-07 hot-, bearings, 13-82 
Russia iron, 3-13 inserted tooth, metal, 21-101 
Rust; see Corrosion, 3-03 to 3-19 jig, 22—40 
Ruthenium, atomic weight, 1-03 kerf, 22-34 
Rye, weight, 5-37 metal slitting, 21-36, 21-101 
mill, mills, 22-09 to 22-14 
band mills, 22-10 
S resaw, 22-12 
bearings, 13—92 
S.A.E. lock washers, standard, 9-20 double band, 22-09 
screw thread standards, 9-14 drives, 22-14 
split cotter pins, standard, 12-18 edgers, 22-12, 22-14 
steels, 2-37 to 2—48 gang saws, 22-12 
applications of, 2-38 to 2-41 log loader, 22-13 
heat treatment, 2-46 machinery, 22-10 to 22-14 
numbering system, 2-37 manufacturers, 22-14 
specifications, 2—42 motor-driven, 22-14 
welding, 2—59 niggers, 22-13, 22-14 


Safeguards, standards, 27-03; see Guards 
Safety bulletin boards, 27-11 

clothing, 27-10 

codes, 27—03 to 27-12 


power requirements, 22-14 
saw carriages, 22-10 
set-works, 22-09, 22-11 
single-band, 22-09 


cranes, derricks, hoists, 23-23 
forging, 19-22 

committee, 27-11 

education, 27-10 

engineering, 27—03 to 27-12 


slashers, 22-13, 22-14 
transfers, 22-09, 22-14 
trimming saws, 22-13, 22-14 
motors for, 25-50 
power requirements, 22-14 


factor of, def., 7-10 rip, 22-39 

first aid, 27-10 scroll, 22-40 

gloves, 27-10 stock cutting, 22-39 
helmets, 27-09 swing, 22-39 

hook, 23-11 tables, variety, 22-39 
organizations, 27-11 teeth, 22-35 


supervision, 27-10 trimming, 22-13, 22-14 
Sag, belts, 24-36 wobble, 22-39 

rope drives, 24-51 wood, 22-35 
Sal ammoniac, molecular weight, 1-04 horsepower, 22—40 
Salinometer, 1-10 speed of, 22-40 
Salt, specific gravity and weight, 1-12, 5-37 Sawdust, conveying systems, 23-68 
Saltpeter, 1-04, 1-12 Sawing metal, 21-100 
Samarium, atomic weight, 1-03 stainless steel, 3-23 
Sand, foundry, conveying, 23-63 Sawtooth roofs, 17-38 

-lime building brick, 5-36 Saybolt viscosity, 13-57 

molding, 20-30 to 20-34; see also Molding Scale castings, analyses, 20-09 

¢ sand Scales, log, 22-03 
specific gravity and weight, 1-12 thermometer, 28-50 
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eee metals, 4-05, 18-18 Screw, screws, (cont.) 
chorea Eat . thread, threads, (cont.) 
Pe , live load requirements, 17-12 limiting dimensions, 9-08 to 9-12, 9-16 
cissors, grinding, 21-73 : locking, 9-19 
Scleroscope, 1-14 ; measurement, 21-109 
hardness, conversion table, 1-14 metric, 9-18, 9-19 
Scoring, gears, 14-16 change gears for, 21-03 
Scotch yoke, 8-08 pitch diameter tolerances, 9-14 
Scrap, busheled, 2-04 power transmission, 9—03 
sheet, reclamation, 20-19 rolling, 21-58 
Scraper, drag, 23-16 S.A.E, standard, 9-14 
drag-, cargo boats, 23-17 16-pitch-thread series, 9-05, 9-13 
drag-, compressed air, 23-45 square, 9-03 
dragline, 23-16 standards, 9-04 to 9-24 
Scratches, effect on endurance, 7-13 tap drill sizes, 9-24 
Scratch-brushing, aluminum, 4-47 standards, 9-20 to 9-23 
Screen, screens tolerance, 9-05, 9-07, 9-14 
bearings, 13-92 12-pitch-thread series, 9-05 
corrosion-resistant, steel for, 2-40 Whitworth, 9-18 
properties, 26—03 wood, 9-36, 9-37 
sound, 16—21 Scribner log scale, 22-04 
Screw, screws, 9-03 to 9-47 Scroll saws, 22-40 
alloys for, 4-24 spiral, dust collector, 26-07 
cap-, dimensions, 9-32, 9-33 Scuffing, gears, 14-17 
hexagon-head, 9-33 Sea-water, alloys resistant to, 4-19, 4-24, 
socket-head, 9-33, 9-34 4—56 
coach, 9-36 specific gravity, 1-12 
compound, 8—10 Seal, cork, 5-26 
conveyors, 23-65 to 23-67 -ring bearings, 13-09 
differential, 8-10 Seaming, double, 21-58 
drive, 9-38 Season cracking, 4-09, 4-23 
efficiency, 8—09, 8-10 Secant column formula, 7-35, 7-39 
element of machine, 8-09 Secants, table of, 28-46 
endless, 8—09 Seconds, value in radians, 28-44 
fastenings, 9-03 to 9-47 Section, sections 
strength of, 9-43 dangerous, beams, 7-19 
friction, 8-11, 8-32 elements of, 7-20, 7-21 
gages, 21-112 ° modulus, angles, steel, 17-66, 17-67 
gearing, 14-25 beams, 7-25 
lag, 9-36, 9-38 steel, 17-50, 17—58 
machine-, dimensions, 9-29 channels, steel, 17-62 
dimension formulas, 9-31 columns, steel, 17-77 
head dimensions, 9-32 standard lumber, 5—23 
taps, 9-21, 9-23 tees, steel, 17-71 
self-tapping, 9-36 various sections, 7-20, 7-21 
set-, safe holding capacity, 9-44 zees, steel, 17-72 
socket, 9-34 rectangular, cross-sectional area, 6—06 
square-head, 9-33, 9-35 steel, weight, 6—05 
stock steel, 2-40 structural; see structural sections 
properties under repeated stress, 7-12 Sector, circular, areas, 28-41 
thread, threads center of gravity, 8-16 
Acme, 9—03 spherical, center of gravity, 8-17 
allowance, 9—05, 9-07 Seeder discs, steel for, 2-40 
angles, 9-04, 9-14 Segment, circular, areas, 28-41, 28-43 
British Assoc. standard, 9-18 center of gravity, 8-16 
buttress, 9-03 spherical, center of gravity, 8-17 
clearances, 9—04 Segregation, cast iron, 2—04 
coarse-thread series, 9-05, 9-07 to 9-11 castings and ingots, 4-08 
Dardelet, 9-14 to 9-16 Seizing, gears, 14-17 
definitions, 9-04 Selective assembly, 21-110 
dimensions, 9—06 to 9-24 Selenium, atomic weight, 1-03 
8-pitch-thread series, 9-05, 9-12 compressibility, 1-16 
extra-fine series, 9-14 Sellers coupling, 24-56 
fine-, British standard-, 9-19 taper, 12-21 
fine-thread series, 9-05 to 9-07, 9-09 to Semi-bituminous coal, weight, 5-37 
9-11 Semi-circle, center of gravity, 8-16 
fits, 9-05, 9-07 to 9-13 moment of inertia, 7-21 
forms, 9—03, 9-04 Semi-circumference, center of gravity, 8-16 
French, 9-18, 9-19 Semi-parabola, center of gravity, 8-16 
gages, 21-112 Semi-red brass, properties, 4-21, 4-22 
International standard, 9-18, 9-19 Semi-steel, flexural endurance limit, 14-16 
lead variations, 9-14 Sensitivity, control mechanism, 15-04 
length on bolts, 9-26 Serpentine, hardness, 1-15 


limits, def., 9-05 specific gravity and weight, 1-12 
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Service factors, belt drives, 24-18, 24-30 
induction motors, 25-33 
flexible couplings, 24-58 
speed reducers, 24-72 
Service tests, corrosion, pipe, 3-08 
Sesci furnace, 20-18 
Set point, control mechanism, 15-05 
Set-screws, safe holding capacity, 9-44 
socket, 9-34 
square-head, 9-33, 9-35 
Set-works, saw mill, 22-09 
Severe duty, steel for, 2-40 
Shackles, wire rope, 6-44 
Shaft, shafts, 11-03 to 11-10; see also Shafting 
alternating stress in, 11-07 
angle of twist, 7-41, 7-42 
axially-loaded, 11-05 
bending moment, 11—03 
cars, steel specifications, 2-24 
collars, 13-34, 24-04 
control of endwise position, 13-34 
conveyor, 23—56 
couplings, 24-54 
castings, analyses, 20-08 
critical speeds, 11-08 to 11-10, 16—09 
deflections, journal bearings, 13-12 
Diesel engine, torsional vibration, 16-11 
dimensions, roller bearings, 13-88 
effect of keyway, 7-44 
elevator, 23-56 
failure in torsion, 7-43 
fits, ball bearings, 13-76 
fly-wheel, 16-11 
force diagram, 11-03 
guards, 27-04 
hanger, 24-05 to 24-07 
castings, analyses, 20-09 
hollow, design of, 11-05 
torsion formula, 7-41 
horsepower equivalent of shearing stress, 
7-41 
locomotive, steel specifications, 2-24 
polar moment of inertia, def., 7-40 
radius of gyration, 7—41 
proof tests, 2-30 
propeller, alloys for, 4-24 
steel for, 2-39 
thrust bearing, 13-42 
resisting moment, def., 7-40 
selection chart, 11—06 
shearing stress, 7-41 
shock failures, 11-05 
solid, 11-03 
speeds, 24-12, 24-13 
square, 12-12 
steel for, 2-40 
strength of, 7-40 to 7-44 
in torsion, 7-43 
subject to bending and shear, 11-04 
to torsion and shear, 11-05 
to torsion, flexure and axial loading, 11-04 
tolerances, ball bearings, 13-76 
torsion, 11—04 
formula, 7—41 
torsional oscillation, 16-05, 16-18 
stress, 7-40, 7-41 
vibration, 16-11 
transmission, design of, 11-04 
twisting moment, def., 7-40 
vibration, 16-10 
whirling, 16-09 
Shafting, 24-03 to 24-08; see also Shaft 
cold-finished steel, 2-35, 2-36 
-rolled, 24-04 


Shafting, (cont.) 


deflection, 24—04 
distance between bearings, 24-08 
factors of safety, 24-03 
flexible, 24-05 
guards, 27—04 
horsepower transmitted, 24—03 
laying out, 24-05 
problems, solution, 11-05 
standard, diameters and lengths, 24-03 
steel, 2-40 

specifications, 2-26, 2-36 
torsional deflection, 24-05 
weight, 24-04 


Shakeproof lock washers, 9-20 
Shale, specific gravity and weight, 1-12 
Shank-angle, metal cutting tools, 21-08 


tool-, 21-08 


Shape, shapes 


alloys for, 4-24 

compound, moment of inertia, 8-18 
curved, sanding, 22-34 

extruded, magnesium alloy, 4-56 
-grinding machines, 21-85 

steel, specifications, 2-22 
structural; see Structural steel 


Shaper, shapers 


knives, 22-36 
motor horsepower, 21-103 
quick-return motion, 8—08 
tools, for magnesium alloys, 4-58 
woodworking, 22—44 

guards, 27-07 


Shear, 7-03 


and compression, combined, 7-09 
and tension, combined, 7—09 
beams, 7-19, 7-25, 7-32, 17-47 
diagram, beams, 7-18 
drift, rubber, 5-31 
due to axial or normal stress, 7-08 
horizontal, beams, 7-19, 7—26 
modulus of elasticity in, 7-06 
rubber, 5—27 
relation to endurance limit, 7-12 
resisting, in beams, 7-18 
rivets, 9-48 
rubber, 5-29 
steel beams, 17—47 
strength, alloys; see alloy in question 
aluminum alloys, 4-40 
brasses and bronzes, 4-26 to 4-33; see also 
alloy in question 
copper, 4-26 
die-casting alloys, 4-61 
magnesium alloys, 4—57 
various metals; see metal in question 
zinc, 4-16 
stress, def., 7—03 
vertical, in beams, 7-18 
web, beams, 7—25 


Shears, forging equipment, 19-05 


grinding, 21-73 
motors, 25-50, 21-105 
power, 21-58 


Shearing, machinery, fly-wheels, 11-15 


modulus, various metals, 1-06 
pressure required, 21-60 
stainless steel, 3-23 
stress, allowable, in timber, 7-29 
in solids, 7-50 
structural steel, 17-15 
value, rivets, 17-79 


Sheathing, alloys for, 4-24 


weight, 17-12, 17-81 
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Sheave, sheaves 
friction, 8-32 
grip, 23-08 
grooves, wire rope, 6-35, 24—53 
Manila rope drives, 24—50, 24-51 
rope, center distances, 24—52 
V-belt, 24-29 
wire-rope, 6-34, 23-05 to 23-09, 24-53 
Sheet, sheets 
alloys for, 4-24 
aluminum, 4-47, 6-08 
and plate iron gage, U. S. Standard, 6-24, 
6-25 
and strip, aircraft, steel for, 2-38 
-bend knot, 6-29, 6-30 
brass, 6—07 
copper, 6-07, 6-08 
corrugated, 4-16, 17-84 
gaging, 21-110 
galvanized, 17-82 
magnesium alloy, 4-56 
-metal, alloys for, 4-24 
gages, 6—23 to 6-26 
scrap, reclamation, 20-19 
steel for, 2-40 
terne, 17-82 
zinc, 4—13, 6-10 
Sheeting, cotton, 21-93 
Shell, shells 
bearing, 13-04 
castings, analyses, 20—09 
cylindrical, strength of, 7-44, 7-46 
drawing, 19-16, 21-60 
blank diameters, 21-60, 21-62 
blank holding pressure, 21-61 
reductions per draw, 21-60 
drawn, alloy for, 4-24 
forging equipment, 19-05 
spherical, radius of gyration, 8-18 
steel for, 2-39, 2-40 
Sherardizing, 3-14, 4-13 
corrosion resistance, 3-15 
Shields, grinding, 21-79 
Shift forks, steel for, 2-40 
Shift-gear, clutches, 24-68 
Shingle, shingles 
asbestos, 17-42 
dimensions, 17-85 
saws, 22-35 
weight, 17-81 
Ship, ships 
auger twist, 22-38 
bottoms, corrosion protection, 3-12 
forgings, specifications, 2-33 
freight handling on, 23-35 
steel specifications, 2—22 
vibration, 16-14 
Shipping measure, 28-52 
Shock faetors, shafts, 11-05 
resistance, alloys for, 4-19 
malleable iron, 20—42 
Shoes, brake, casting analyses, 20-08 
protective, 27-10 
Shop lumber, 22-05 
Shore scleroscope, 1-14 
Short-circuit current, 25—08 
protection, electric motors, 25-52 
Shortness, steel, 2-14 
Shot, nickel, 4—50 
-gun feed, 22-11, 22-14 
shells, alloy for, 4-24 
Shovels, crawler, 23-18 
grinding, 21-73 
steel for, 2-40 
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Shrink-links, fly-wheels, 11-23 


Shrinkage allowance, steel castings, 20-26 
castings, effect of silicon, 20-10 
fits, 7-47 
temperature required, 12-30 
iron castings, 20-07, 20-10 
lumber, 22-05 
malleable castings, 20-44 
non-ferrous castings, 20-52 
pattern, bronze, 4-65 
copper, 4—09 
magnesium alloy castings, 4—58 
nickel, 4—50 
rubber, 5-27 
Shroud-laid rope, 6-27 
Side-rake, metal cutting tools, 21-08 
Sidewalks, live load requirements, 17-12 
Siding, aluminum sheet, 6-09 
stainless steel for, 3-22 
Silent-chain, allowable tension, 24—45 
dimensions, 24—46 
drives, design, 24-45 
horsepower, 24—47 
lengths, 24-45 
pitches, 24-46 
speed, 24-46 
sprockets, 24—47 
hubs, 24-48, 24-49 
speed ratio, 24—46 
weight, 24-46 
Silica brick, 5-06; see Firebrick 
clay, 5-10 
Silicate of soda furnace, refractories for, 5-20 
Silico-manganese steels, 2-21, 2-22, 2-43, 2-47 
Silicon, alloys, high, 3-24 
atomic weight, 1-03 
brass, properties, 4-20, 4-21 
-bronze wire, properties, 6-19 
-carbide, 5-13, 5-14 
heating elements, 18-17 
refractories, 5-12 
-cast-iron, corrosion-resistant, 2-20 
compressibility, 1-16 
effect on cast iron, 2-04, 20-05 
on casting shrinkage, 20-10 
on steel, 2-12 
in castings, effect of heat treatment, 20-20 
in malleable castings, 20-40 
loss in cupola, 20-14 
-steel, 2-20, 2-22 
transformer irons, 2—20 
Silicospiegel, 2—03 
Sillimanite, 5-04, 5-05 
Silver, atomic weight, 1-03 
buffing, 21-94 
chloride, 1-15 
compressibility, 1-16 
German; see German silver 
hardness, 1—06, 1-15 
nitrate, 1-04 
ore, weight, 5-37 
plastic properties, 21-56 
-plated ware, alloys for, 4-24 
polishing, 21-91 
properties, 1-06, 1—09 
solders, 4-67 
-soldered articles, alloys for, 4-24 
Sines, table, 28-46 
Single-band mill, 22—09 
-phase circuit, def., 25-06 
-point cutting-tools, 21-07 to 21-27 
for magnesium alloys, 4-58 
for Monel metal, 4—53 
-sling chain, dimensions, 6—32 
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Sizing, coal, 23-60 Soil corrosion, 3-07 
Skids, lift-trunk, 23-74, 23-75 protection, 3-18 
platforms, 23-75 loads, 17-10 
Skimmer bucket, 23-19 pipe castings, analyses, 20-09 
Skip hoists, 23-50 Solar time, 28-53 c 
Sky, brightness, 26-14 Solders, 4-67 
Skylight, 17-12, 17-81 brazing, 4-54 
glass required for one square of roof, Soldering, aluminum, 4-45 
17-85 fluxes, 4-68 
Slab, flat, bending moments, 7-49 ingot iron, 2-09 
floors, 17-25 Monel metal, 4-53 
precast, 17-35 stainless steel, 3-24 
roofs, 17-40 zine, 4-17 mo 
Slackline cableway, 23-15 Solids, compressibility, 1-16 
Slag-car bowl castings, analyses, 20-09 shearing stresses in, 7-51 : 
elevators, 23-57 specific gravity determination, 1-10 
fing, weight, 17-81 weight, 1-12 ‘ n 
apetiiie eaviey and weight, 1-12 Solution treatment, aluminum alloys, 4-42 
Slagging, resistance to, refractories, 5-09 Sondricker testing machine, 7-54 
Slashers. sawmill, 22-13, 22-14 Sonims, effect on steel, 2-11, 2-12 
Slate, drilling speeds, 21-47 Sorbite, 2-13 
number for one square of roof, 17-85 Sound, absorption, 16-23 
roofs, 17-41 in ducts, 16-24 
weight, 17-81 character of, 16-19 
roofing, 17-84, 17-85 filters, performance, 16-26 
specific gravity, weight, 1-12, 17-12, 17-85 frequency, 16-18 
squares required for roofing, 17-41 leakage, 16-21 
working stress, 17-20 level units, 16-19 
Sleeve, adapter, ball bearing, 13-82 perception, 16-18 
Slenderness, effect on cutting speed, 21-23 screening, 16—21 
ratio, columns, 7-34, 17-15 transmission, 16-21 
Slicer, veneer, 22-16 ducts, 16-22 
Sling, grommet, 23-13 factors influencing, 16—22 
hoisting, 23-12 loss, walls, 16-22 
wire-rope, 23-12 measurement, 16-22 
Slip coupling, 24-59 velocity, 16-18 
electric motors, 25-06, 25-12 in rubber, 5—27 
hook, 23-12 in solids, 16-19 
intercrystalline, of metals, 4-05 wave length, 16-18 
knot, 6-29 Soya bean glue, 22-25 
log, 22-09 Spacing, rivet, 9-48 
-ring starters, 24-67 Spalling, firebrick, 5-09, 5-10 
Slope, truss, def., 17-38 Span lengths, building members, 17-15 
Slots, T-, 9-40 Spandrel beam flashing, 17-42 
Slotter, motors, 21-103, 25-50 Spaulding log scale, 22—04 
Slow-burning construction, 17-21 Specific-gravity, 1-10 
-motion linkwork, 8—07 aluminum alloys, wrought, 4-39 
Sluggishness, control mechanism, 15-06 A.P.I., 1-11 
Smith alloy, 18-17 Baumé, 1-11 
Smokestack castings, analyses, 20-09 bearing metals, 4-63, 4-65 
Snagging, grinding wheel speed, 21-69 brasses, 4-26 
Snap rings, steel for, 2-40 bronzes, 4-26 
Snow loads, 17-18, 17-39 carbon, 5-32 
Soaking-pits, cranes, 23-30 copper, 4—26 
refractories for, 5-20 die-casting alloys, 4-61 
Soap, effect on zine, 4-11 firebrick, 5-10 
Soapstone lubricant, 13-53 gases, 1-13 
specific gravity and weight, 1-12 ingot iron, 2-06 
Socket set-screws, 9-34 iron, 6—26 
wire-rope, 6—45, 6-46, 23-10 liquids, 1-12 
wrenches, 9-35 lubricants, 13-54 
Soda, 1-04 magnesium alloys, 4—57 
-recovery furnace, refractories for, 5-20 malleable iron, 20-42 
Sodium, atomic weight, 1-03 nickel, 4—50 
compounds, 1-04 nickel alloys, 4—51, 4-53 
compressibility, 1-16 refractories, 5-10 
fluoride, wood preservative, 22-29 resistance alloys, 4-55 
properties, 1-06, 1-09 rubber, 5-27 
vapor lamps, 26-14 solids, 1-12 
Softening points, pyrometric cones, 5-03 stainless steel, 3-20 
temperature, metals and alloys, 4-06 steel, 6-26 
Softwood, 22-05 


various metals, 1-06; see also metal in ques- 
drying temperatures, 22-19 tion 


Lumber Associations, 22—07 wrought iron, 2-04 
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Specific-heat, 


aluminum, 4-34 
carbon, 5-32 

cast iron, 20-05 
copper, 4—09 
die-casting alloys, 4-61 
firebrick, 5-10 

ingot iron, 2-06 
magnesium, 4-55 
malleable iron, 20-42 
metals, 4—07 

Monel metal, 4—52 
nickel, 4-50 
refractories, 5-10 
rubber, 5—27 

silicon carbide, 5-14 
stainless steel, 3-20 
various metals, 1-06; see also metal in question 
wrought iron, 2-04 
zinc, 4-11 


Specific volume, metals, 4-07 
Specification, specifications 


Am. Inst. of Steel Construction, 17-14 
ball-bearing lubricants, 13-78 

belting, 24-35 

building loads, 17-14 

carbon steel castings, 20—27 

design of steel buildings, 17-14 
erection of structural steel, 17-14 
fabrication of structural steel, 17-14 
fuel oil, 18-09 

galvanized coatings, 3-15 

galvanizing, 4-12 

gray iron castings, 20-06 

grease, roller bearings, 13-85, 13-94 
helical springs, 10-07 

iron chain, 6-32 

light and lighting, 26-14 , 
malleable castings, 20-46 

non-ferrous metals, 4—09 

roller bearing lubricants, 13-84, 13-94 
steel products, 2—21 to 2-37 

telegraph and telephone wires, 6-18 
terne sheets, 17-83 

tin plate, 17-82 

welding, 2—55 to 2-58 

wood preservation treatments, 22-31 
wrought iron, 2—04 

zine, 4-12 
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Sperry thrust bearing, 13-37 
Sphere, spheres 
hollow, moment of inertia, 8-17 
radius of gyration, 8-18 . 
in contact, stresses in, 7-50 
moment of inertia, 8-17 
radius of gyration, 8-18 
sector, center of gravity, 8-17 
segment, center of gravity, 8-17 
weight in various materials, 6-03 
Spherical thrust bearings, 13-42 
-washer, thrust bearings, 13-38 
Spheroid, radius of gyration, 8-18 
Spheroidizing steel, 2-16 
Spiegeleisen, 2—03 
Spikes, boat, 6-52 
railroad, resistance, 9-46 
Spindles, abrasive wheels, 21-81 
buffing and polishing lathes, 21-95 
Spinning, alloy for, 4-24 
-brass, properties, 4—26 
machinery, fly-wheels, 11-15 
metal, 21-58 
stainless steel, 3-24 
Spiral gears, see Gears 
Splice, splices 
belt, 24-23 
chain, 6-31 
eye, efficiency, 6-30 
Manila transmission rope, 24-50 
rope, 6—28, 6-30 
wire, 6-18 
wire-rope, 6—44, 6-46 
Spline, splines, 12-10 
broach, 21—97 
fittings, dimensions, 12-11 
grinding, 21-73 
proportions, 12-11 
shafts, 12-10 
grinding, 21-73 
Spoon stock, alloy for, 4-54 
Spotters, car, 23-45 
Spouts, stoker, 23-46 
Spray booths, 22-29 
guns, 22-29 
Spreaders, glue, 22-26 
Spring, springs 
agricultural seat, material for, 10-05 
alloys for, 4-25 
automobile suspension, 10-03, 10-17 


Specimens, test, 7-54 
Spectrum, wave lengths, 21-111 
Speed, speeds 


valve, material for, 10-03 
-back, pressure working of metals, 21-64 


abrasive wheels, 21-80 
broaching, 21—98 
-changing mechanism, 24-69 to 24-81 
control, 15-12 
crane, 23-31, 23-32 
critical, vibration, 16-09 
-cutting, 21-11 to 21-19; see Cutting speed 
electric motor, 25-09 
metal saws, 21-101 
of control, control mechanisms, 15-06 
of response, control mechanism, 15-06 
polishing wheel, 21-91 
-ratio, silent chain, 24-46 
-reducers, geared, 24-69 

horsepower, 24-70, 24-73 

service factors, 24-72 

worm gear, 24-72 
regulation, electric motors, 25-09 
safe, fly-wheels, 11-19 
Sperm-oil, absorption by rubber, 5-31 
coefficient of friction, 8-30 
specific gravity, 1-12 


Belleville, 10—03 
beryllium-copper, 10-06 
brake-beam hanger, material for, 10-05 
-brass, properties, 4-26 
brass wire, fiber stress, 10-12 
clips, steel for, 2-40 
clock, 10—03 
coil, 10-12 
compression, 10-03 
design formulas, 10-06 
material for, 10—03 
rectangular-section, 10-13 
cone, 10—03 
conical, 10-13 
correction for curvature, 10—06 
corrosion-resistant, material for, 10-05 
deflection, 10—06 
design formulas, 10—06 
disc, 10—03 
double-coil, 10-12 
efficiency, 10-21 
elliptic, 10-03, 10-17, 10-18 
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Spring, springs, (cont. , Spring, springs, (cont.) 
radaiee of te volute, 10-03, 10-14 
extension, 10-03 to 10—22 washers, 9-19 
design formulas, 10-06 wire, steel for, 2-40 
ends, 10-12 wood, 22-05 ; J 5 
fatigue of, 10-20 Sprinkler, automatic, fusible alloy, 1-08 
flat, 10-03, 10-19 Sprocket, sprockets 
curvature stress factors, 10-19 guards, 27—03 ; 
design formula, 10—20 idler, roller chain, 24-43 
material for, 10-05 roller chain, 24-42 to 24-45 
grinding, 21-73, 21-75 center-distance, 24-42 
-hammer, 19-12 number of teeth, 24-45 
heat-treated, steel for, 2-39 proportions, 24-43 
helical, 10—03 tooth dimensions, 24-44 
cold-coiled extension, 10-12 silent chain, 24—47 
compression, 10—09 hub lengths, 24-49 
conical, 10-13 Spruce, allowable unit stresses, 7-28, 7-29 
deflections, 10-08, 10-10 characteristics and uses, 5-22 
design, 10—07 holding power of wood screws, 9-46 
formulas, 10—06 joists, safe loads, 17-34 
double-coil, 10-12 nail-holding power, 9-45 
fiber stress, 10-07 to 10-12 sheathing, weight, 17-12 
hot-coiled, 10-09 specific gravity and weight, 5-21 
material for, 10-03, 10-05 Spur gears; see Gears 
rectangular section, 10-13 Square, squares 
resonance, 16-13 knot, 6-28, 6-30 
specifications, 10-07 measure, 28—52 
test loads, 10-08, 10-10 of numbers, table, 28-25 
torsion, 10—14 roots, numbers, table, 28-25 
vibrations, 16-13 thread, 9-03 
hot-coiled, material for, 10-03 Squeezing, work done, 21-61 
keg, 10-03 Stability, control mechanisms, 15-06 
laminated, 10-03, 10-17 Stack dampers, stainless steel for, 3-22 
leaf, 10—03 kiln, 22-21 
locomotive, 10-17 Stacks, refractories for, 5-20 
material for, 10-03 Stackers, 23-74 
material, 10-03, 10-04 Stain, wood, 22—28 
mechanical, 10-03 to 10-22 Staining, wood, 22-27 
modulus of elasticity, 10-07 Stainless-steel, 2-18, 3-19 to 3-24 
modulus of resilience, 10-21 annealing, 3—23 
passenger car, elliptic, 10-18 blanking, 3-23 
phosphor-bronze wire, fiber stress, 10-12 brazing, 3-24 
power, 10—03, 10-16 buffing, 21-94 
material for, 10-17 corrosion resistance, 3—22 
torque, 10-16 creep stresses, 3-21 
working stresses, 10-16 cutting, cemented-carbide tools, 21-12, 
railroad car, chrome-vanadium steel, 2—22 21-26 
material for, 10-03 cutting fluid, 3-23 
silico-manganese steel, specifications, drawing, 3-23 
2-22 drilling, 3-23, 21-47 
rectangular wire, torsion, 10-14 effect of heat treatments, 3-21 
ring, 10-03 fabrication, 3-22 
safety valve, material for, 10—03 fields of service, 3-22 
semi-elliptic, 10-03, 10-17 forging, 3-24 
spiral, 10—03, 10-16 forming, 3-23 
material for, 10-17 fusion welding, 2-59 
square-wire, 10-12 grinding, 21-74 
stainless steel, properties, 10-04 hardness, 3—21 
steel, 2-21, 2-40 high-tensile, high-temperature, 3-22 
specifications, 2-22 oxidation resistance, 3-22 
-stock, alloys for, 4-25 pickling, 3-23 
stresses, Réver correction, 10-06 plastic properties, 21—56 
torsion, 10-03, 10-14 polishing, 21-91 
clamps, 10-15 properties, 3-20 
clearances, 10-16 at high temperature, 3-20 
curvature correction factors, 10-15 under repeated stress, 7-12 
design, 10-15 punching, 3—23 
formulas, 10-14 riveting, 3-24 
longitudinal spacing, 10-16 sawing, 3-23 
prevention of buckling, 10-16 shearing, 3-23 
torque, 10-14 ‘ soldering, 3-24 
traveling waves in, 10-20 spinning, 3-24 
upholstery, material for, 10-03 taps for, 3-23 


vibration, 10-20, 16-03 welding, 3-22 
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Stair rails, 27-09 
risers, 17-14 
tread, 17-14 
weight, 17-12 
Stairways, building, 17-14 
Stairwells, 17-14 
Stamping, zinc, 4-17 
Standard, standards 
bearing clearance, 13-33 
bolt heads, 9-24 
British Assoc. screw threads, 9-18 
fine-screw thread, 9-19 
carriage bolts, 9-31 
fits, 12-23 
International screw threads, 9-18 
lumber, 22-05 
machine-screws, 9-31 
metric screw threads, 9-18 
nuts, 9-27 to 9-29 
screw threads, 9—04 to 9-24 
socket-set screws, 9-34 
-head cap-screws, 9-34 
stove-bolt nuts, 9-29 
taper, 12-17 
taps, 9-20 to 9-23 
T-bolts, T-nuts, T-slots, 9-40 
Tool Co. taper, 12-20 
Whitworth screw threads, 9-18 
wood screws, 9-37 
wrench openings, 9-30 
Starch, specific gravity and weight, 1-12 
Starters, slip-ring, 24-67 
Starting, frequency of, electric motors, 25-10 
torque, electric motors, 25-14, 25-26, 25-34, 
25-41 
Static condenser, def., 25-03 
Staybolt iron, 2—04 
Stay-log, veneer, 22-16 
Steady-bearings, 13-12 
Steam 
-boilers, corrosion, 3-18 
repair by fusion welding, 2-58 
settings, refractories for, 5-17 
thickness of domed head, 7—44 
welded joints, 2—57 
consumption, atomizing oil burners, 18-11 
effect on zinc, 4-11 
engine bearings, 13-92 
bearing-metals, 4-62, 464 
cylinder castings, analyses, 20-08 
parts, stainless steel for, 3-22 
fittings, alloy for, 4-19 
-hydraulic press, 19-17, 19-20 
-metal, alloy, 4-19 
-pipe corrosion, 3-08 
-turbine bearings, 13-31 
lubricant, 138-55 
Steamatic ash conveyor, 23-69 
Steaming, wood, 22-14 
Steel, steels, 2-10 to 2-48 
acid, 2-10 
alloy, 2-16 to 2-21 
annealing, 2-16 
castings, 20-22, 20-24 
specifications, 20—27 
corrosion and heat resisting, specifications, 
2-43 
cutting fluids, 21-22 
drilling, 21-47 
fusion welding, 2—59 
heat treatment, 2—18 
milling, 21-40, 21—42 
modulus of resilience, 7-08 
. toughness, 7—08 


INDEX 


Ste-Ste 65 


Steel, steels, (cont.) 
angles, gages, 17-65 
properties, 17-66, 17-67 
radii of gyration of two, 17-70 
safe loads, 17-65, 17-68 
tension values, 17-68 
annealing, 2-13, 2-15 
-furnace capacity, 18-05 
austenitic, 2-21 
automotive, 2-37 to 2-48 
balls, steel for, 2-40 
bars, area and weight, 6-10 
hot-rolled, 2-35 to 2-37 
basic, 2-10 
beams, connections, 17-61 
properties, 17—50, 17-58 
safe loads, 17-56, 17-60 
specifications, 17-17 
belts, 23-65 
bend tests, 2-28 
Bessemer, 2-10 
identification, 2-11 
blue-brittleness, 18-05 
broaching, 21-99 
building, specifications, 2-22 
car axles, specifications, 2-24 
carbon, fusion welding, 2-58 
properties, 2-16 
S.A.E., 2-41 
specifications, 2—42 
tool-, 21-25 
heat treatment, 21-26 
cast, endurance ratios under stress, 7-13 
castings, 20-22 to 20-29; see Castings, steel 
channels, connections, 17-61 
properties, 17-62 
safe loads, 17-64 
chromium-, 2-18 
S.A.E., 2-47 
specifications, 2-43 
uses, 2-18 
-vanadium, 2-20 
S.A.E., 2-47 
specifications, 2-22, 2-43 
welding, 2—59 
-clad hoisting rope, 6—41 
classification, 2-10 
cobalt tool-, 21-25 
coefficient of friction, 8-24 
cold-finished bars, specifications, 2-35 
shafting, specifications, 2-35 
-rolled, 2—40 
columns, 7-37, 17-73 
building construction, 17-21 
eccentric loading, 17-73 
grillage, 17-76 
safe loads, 17-73, 17-74 to 17-78 
concrete: reinforcement, specifications, 2-22 
converter, refractories, 5-18 
copper-, 3-04, 3-06, 3-07, 3-16 
corrosion, 3—06, 3-07 
corrosion of, 3-03 
-resistant, 2-18, 2-47 
welding, 2—59 
critical point curves, 2-13 
crucible, 2-11 
crystalline, 2-14 
cutting, cemented-carbide tools, 21-12, 21-26 
chip pressure, 21-14 to 21-18 
cutting speed, 21-20 
-fluid, 21-22 
horsepower, 21-20 
tool angles, 21-11 
tool life, 21-12 
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Steel, steels, (cont.) Steel, steels, (cont.) 


density, 1-07 
double heat treatments, 2-16 
drilling speeds and feeds, 21-47 
duplex, 2—10 
effect of alloying elements, 2-17 
of elements on properties, 2-11 
of heat on crystal size, 2-15 
of heat on grain, 2-14 
of heat treatment, 2-17 
elastic suspension, 16-15 
electric-furnace, 2-10 
identification, 2-11 
refractories, 5-18 
electrical resistivity, 1-07 
endurance ratio in reversed bending, 7-13 
energy required for melting, 18-27 
equilibrium diagram, 2-17 
expansion, 1—07 
fiery, 2-14 
flats, specifications, 2-35 
flexural endurance limit, 14-16 
forgings, chemical composition, 2-34 
furnace capacity required, 18-05 
forging temperatures, 19-07 
locomotive, specifications, 2-24 
planing speeds, 21-29 
quenching and tempering, 2-34 
specifications, 2-33 
tensile properties, 2—34 
free-cutting, specifications, 2-38, 2-42 
fusion welds, physical properties, 2—52 
welding, 2—58 
gage-making, 21-112 
gears, 14-35 
grinding, 21-73, 21-75 
hard, factor of safety, 7-11 
hardening, 2-13, 2-14 
temperatures, 2-14, 18-03 
hardness, 1—07, 1-14, 1-15 
heat penetration, 18-05 
-resistant, 2-21 
S.A.E., 2-47 
fusion welding, 2—59 
-treating, furnace capacity, 18—05 
heating for forging, 19-06 
hexagons, areas and weights, 6-11 
specifications, 2-35 
high-speed, 2-19, 21-25 
heat treatment, 2-19, 21-27 
molybdenum, 2-19 
identification of, 2-11 
latent heat, 1-07 
locomotive, specifications, 2-24 
low-alloy, tool-, 21-25 
lubricant for drilling, 21-48 
machinability, 21-14 to 21-18 
magnet-, 2—21 
-making furnaces, electrodes for, 5-33 
manganese, 2-20 
austenitic, welding, 2—59 
specifications, 2-42 
wear-resistant, 2-29 
melting point, 1-07 
metallography, 2—12 
microscopic constituents, 2-12 
milling speeds and feeds, 21-40 
modulus of elasticity, 1-07 
of resilience, 7-08 
molybdenum-, 2—20 
8.A.E., 2-45 
specifications, 2—43 
nickel; see Nickel-steel 
nickel-chromium, 2-45 


nitriding, 2-21 
normal, 2-16 
numbering system, S.A.E., 2-37 
oil-hardening, 2—40 
oil quenching, 2-16 
open-hearth, 2-10 
furnace, refractories, 5-19 
identification, 2—11 
permanent magnet-, 2-19 
phosphatic coatings, 3-13 
piling, 17-11 
pipe, corrosion, 3-07 
planished, 2-40 
plate, 2-28, 6-04 
polishing, 21-91 
power required to drill, 21-49 
to mill, 21-42 
products, specifications, 2-22 to 2-27 
properties under repeated stress, 7-12 
rails, carbon-, drop test, 2-37 
specifications, 2-22 
rectangular sections, weight, 6-05 
refining, 2-14 
reheating, 2-14 
restoring overheated, 2-14 
rimmed, 2-40 
rivet, allowable stresses, 17-15 
specifications, 2—22 
rolling, furnace capacity required, 18-05 
roof decks, 17-39 
rounds, specifications, 2-35 
S.A.E., 2-37 to 2-48 
applications, 2-38 to 2-41 
characteristics and uses, 2-41 
heat treatment, 2—46 
specifications, 2—42 
welding, 2—59 
sappy, 2-14 
sawing, 21-101, 21-102 
sections, pressed, 17-27 
shafts, specifications, 2-24 
shafting, permissible variation, 2-36 
shearing modulus, 1—07 
sheet, gaging, 21-110 
sheet-metal gage, U. S., 6-24, 6-25 
shortness, 2-14 
silico-manganese, 2—21, 2-47 
specifications, 2—22, 2-43 
silicon-structural, 2—20 
silky, 2-14 
softening temperature, 4-06 
sound transmission, 16-23 
specific gravity, 1-07, 6-26 
specific heat, 1-07 
specifications, 2-21 to 2-37 
spheroidizing, 2-16 
spring-, 2-21 
properties, 10—04 
specifications, 2—22 
stainless, 2-18, 3-19; see Stainless steel 
strength, 1-07 
strip gaging, 21-110 
structural, allowable stresses, 17-15 
factor of safety, 7-11 
fusion welding, 2-59 
properties, 17-47 to 17-81 
riveting, 17-79 
specifications, 2-22 
tees, properties and safe loads, 17-70 
tempering, 2-16 
thermal conductivity, 1-07 
expansion, 7-10 
titanium-bearing, 3-22 
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Steel, steels, (cont.) 
tool-, 21-25 
annealing, 2-15 
heat treatment, 21-26 
toughness, 7-08 
tungsten, 2-19, 2-43 
vanadium, 2-20 
weight, 6—26 
welding, 2-48 to 2-60 
wire, cast-, 6-16 
gage, 6-24, 6-25 
nails, 6—5i 
properties of, 6-17 
working, temperature range, 18-03 
zees, properties and safe loads, 17-71 
Steeping process, wood preservation, 22-32 
Steering arm bolts, steel for, 2-40 
knuckles, steel for, 2-40 
Stellite cutting tools, performance, 21-25 
grinding, 21-73 
milling cutters, 21-39, 21-40 
tools, grinding, 21-24 
life, 21-12 
Step test, wrought-iron bars, 2-06 
Stethoscopes, 16-19 
Stevedore knot, 6-29 
Stibnite, hardness, 1-15 
Sticker guards, 27-07 
knives, 22-36 
woodworking, 22-43 
Stiffness, def., 7-07 
Still, castings, acid, analyses, 20-08 
oil refining, refractories for, 5-20 
tube supports, stainless steel for, 3-22 
Stone, cast, 17-24 
coefficient of friction, 8-25 
erushed, elevators, 23-57 - 
crusher, 8-06 
drilling speeds, 21-47 
factor of safety, 7-11 
hoist hook, 23-12 
specific gravity and weight, 1-12 
Stonework, building construction, 17-21 
Stores, live load requirements, 17—12 
Storage battery, 23-80 
locomotives, 23-80 
-bin, coal, capacity, 23-47 
bridges, coal, 23-33 
chains, 6-33 
coal, drag-seraper system, 23-16 
locomotive crane system, 23-20 
Stove-bolts, 9-30 
nuts, 9-29 
-plate castings, analyses, 20-09 
grinding, 21-75 
Straight-line column formula, 7-36, 7-39 
Strain-hardening, 21-55 
maximum, theory, 7-47 
-relief by annealing, 2-15 
Straitoplane, 22-42 
Strand (cordage), def., 6-27 
Straps, eccentric, casting analyses, 20-08 
Stratite, 18-17 
Straw-fiber, coefficient of friction, 14-04 
friction wheels, 14—04 
Street, noise level, 16-19 
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Strength, (cont.) 
rivets, 9-48 
riveted joints, 9-50 
screw fastenings, 9-43 
tensile, various metals, 1-06; see also metal 
in question 
ultimate, def., 7-05 
in torsion, 7-43 
wood, tests of, 7-58 
working, bolts, 9-44 
yield def., 7-05 
Stress, stresses 
allowable unit, def., 7-10 
timber, 7-28, 7-29 
alternating, in shafts, 11-07 
axial, combined, 7-08 
def., 7-04 
relation to endurance limit, 7-12 
shear due to, 7-08 
bearing, masonry, 17-15 
structural steel, 17-15 
bending, on pins, 12-16 
wire-rope, 23-06 
between solids, 7-49 
bolt, 9-43 
combined, 7—08 
in building members, specifications, 17-15 
compression, def., 7-03 
structural steel, 17-15 
compressive, due to shear, 7-08 
erank-pin, 11-12 
creep, 4-06 
stainless steel, 3-21 
curvature, flat springs, 10-19 
cyclic, effect on corrosion, 3-05 
-deformation diagram, 7-05 
design, aluminum alloys, 4-42 
automobile springs, 10-17 
flat springs, 10-20 
fusion welding, 2-55 
locomotive springs, 10-17 
distribution in trusses, 17—04 
effect of notches and holes, 7-09 
fiber, helical springs, 10-07 to 10-12 
phosphor-bronze spring wire, 10-12 
flat plates, 7-48 
fly-wheels, 11-17 
force fits, 12-28, 12-30 
framed structures, 17—03 to 17-09 
hoist rope, 23-06 
impact, 7-16 
in bolts, 9-43 
live loads, 7-16 
maximum fiber, beams of uniform strength, 
7-30 
maximum, theory, 7-47 
normal, def., 7-03 
deformation due to, 7-09 
permissible fiber, steel beams, 17-47 
range of, effect on endurance limit, 7-13 
-relief, metals, 4—06 
repeated, 7-11 
effect on properties of non-ferrous metals 
and alloys, 7-14 
properties of metals under, 7-12 
testing machine, 7-54 


Strength, alloys, 4-19, 4-25; see also alloy in reversal, in building members, 17-14 
question rope, 6-26 
and toughness, steel for, 2-40 rotating dises, 11-24 


bolts, 9-43 

cast-iron beams, 7—27 
columns, 7-38 

helical gear teeth, 14—20 
materials, 7-03 to 7-60 
TII—45 


shear due to normal, 7-08 
shearing, def., 7—03 

in solids, 7-51 

shafts, 7-41 

structural steel, 17-15 


68 | Str-Sul 


Stress, stresses, (cont.) 
shearing, (cont.) 
torsion members, 7-42 
simple, 7-03 to 7-17 
springs, 10-06 
temperature-, 7-10 
tensile, def., 7-03 
due to shear, 7-08 
tension, def., 7-03 
structural steel, 17-15 
tight fits, 12-26 
torsional, shafts, 7-40 
total, def., 7-03 
unit, def., 7-03 
bending, in timber, 7-28 
building members, 17-15 
in timber, 7-29 
welds, 2-53 
working, Manila rope, 6-27 
masonry, 17-19 
phenolic laminated material, 14-18 
power springs, 10-16 
stone, 17—20 
structural lumber, 17-35 
Stretching, loads, metals, 21-60 
String, def., 6-27 
Strip, aircraft, steel for, 2-40 
corrosion-resistant, steel for, 2-40 
gaging, 21-110 
zinc, 4-13, 4-14 
Stroke sanders, 22—48 
Strontium, atomic weight, 1-03 
Structure, structures, 17-03 to 17-46; see also 
Buildings 
abrasive wheels, 21-67 
cored, metallography, 4-04 
dendritic, 4—04 
live load requirements, 17-12 
metals, 4-05 
metallography, 4-03 
riveting, 17-79 
special tests, 7-59 
stresses in framed, 17—03 to 17-09 
vibration, 16-13 
Structural Aerocrete construction, 17-27 
alloys, aluminum, 4-49 
design, 17-13 
members, effect of notches and holes, 7-09 
parts, alloys for, 4-19 
steel for, 2-40 
sections, aluminum, 4-47, 6-12 to 6-15 
steel, properties of, 17-47 to 17-81 
timber, 22-05 
preservation treatments, 22-31 
work, alloys for, 4-25 
Strut, moving, 8-06 
Stubs gage, 6-24, 6-25 
Stud, 9-24 
standard, 9-41 
steel for, 2-40 
Sugar of lead, 1-04 
Sulphite fiber friction wheels, 14—04 
Sulphur, atomic weight, 1-03 
compressibility, 1-16 
dioxide, 1-04, 1-13 
absorption by rubber, 5-30 
effect on cast iron, 2-04, 20-06 
on corrosion, 3-06 
on steel, 2-11 
hardness, 1-15 
in castings, effect of heat treatment, 20-20 
in malleable castings, 20-40 
increase in cupola, 20-14 
specific gravity and weight, 1-12 
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Sulphuric acid, 1-04, 1-12 
Summer wood, 22-05 
Sun, intrinsic brilliancy, 5-34 
Sunlight, foot-candles, 26-16 
Superheaters, refractories for, 5-20 
Super-nickel, properties, 4-30 
Supports, crane, 23-31 
Surface, surfaces 
bright, exposed to oxidation, steel for, 2-38 
brightness, 26-13 
broaching, 21-99 
machines, 21—100 
character of, 21-113 
films, corrosion, 3-04 
finish, effect on endurance limit, 7-13 
grinders, 21-85 
-grinding, wheels for, 21-71 to 21-75 
hardness, steel for, 2-40 
lubricated, laws of friction, 8-28 
machined, def., 21—09 
neutral, def., 7-17 
orange-peel, 4-05 
parabolic, center of gravity, 8-16 
quality measurement, 21-113 
unlubricated, laws of friction, 8-28 
work, def., 21-09 
Surfacing by welding, 2-60 
Surges, voltage, 25-08 
Surveyor’s measure, 28-52 
Suspensions, automobile, 16—17 
elastic, 16-06, 16-14 
automobile engines, 16-16 
frequency calculation, 16-15 
materials, 16-15 
floor, 16-16 
motor, elastic, 16-16 
railroad cars, 16-17 
vehicle, 16-17 
Swaging, effect on metals, 4-06 
machines, 21-57 
steel for, 2-40 
Swamp logging, 22-03 
Swing saw, 22-39 
Switches, combination, 25-53 
electric, alloys for, 4-25 
electric motors, def., 25-06 
line, 25-51 
Switchboard construction, aluminum, 4—48 
crane, 23-30 
guards, 27-09 
Swivels, hoist, 23-12 
Sycamore, allowable unit stresses, 7-28, 7-29 
holding power of wood screws, 9-46 
specific gravity and weight, 5-21 
time required to dry, 22-18 
Symbols, abrasive wheels, 21-67 
riveting, 17-80 ; 
welding, 2-54 
Synchronous machine, electric motors, 25-06 
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Table, coal picking, 23-60 
Tables, mathematical, 28-03 to 28-56 
Tableware, alloys for, 4-25 

forging equipment, 19-05 
Tackle blocks, 23-03 
Tail-rod guards, 27-08 

-rope haulage, 23-13 
Tainton process, electrogalvanizing, 4-13 
Tale, hardness, 1-15 

specific gravity and weight, 1-12 
Tallow oil, absorption by rubber, 5-31 
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Tamarack, allowable unit stresses, 7-28, 7-29 
characteristics and uses, 5-22 
specific gravity and weight, 5-21 
Tangents, table of, 28-46 
Tanks, stainless steel for, 3-22 
Tantalum, 1—038, 1-07, 1-09 
-carbide, 4-60 
grinding, 21-73 
Tap, taps, 9-20 to 9-24 
-drill sizes, 9-24 
for aluminum, 4-44 
for ingot iron, 2-09 
for magnesium alloys, 4-58 
for stainless steel, 3-23 
grinding, 21-73 
hand, 9-21, 9-23 
-holes, cupolas, 20-12 
machine screw, 9-21, 9-23 
nut, 9-22, 9-23 
tapper, 9-22, 9-23 
tolerances, 9-23 
Tape, measuring, alloy for, 2-18 
Taper, tapers, 12-18 to 12-23 
American standard, 12-17 
Brown & Sharpe, 12—22 
Cleveland Twist Drill Co., 12-21 
Jarno, 12—22 
key drive, 12-18 
lathe center, 12—20 
Morse, 12-20 
per foot, angle corresponding to, 12-23 
Reed, 12—20 
Sellers, 12-21 
Standard Tool Co., 12-20 
tolerances, for, 12-19 
tongue drive, 12-18 
turning in lathe, 21-03 
Tapioca flour glue, 22-25 
Tapper taps, 9-22, 9-23 
Tappet valves, forging equipment, 19-05 
Tar, bituminous, 1—12 
industrial furnace fuel, 18-09 
Tartaric acid, 1-04 
Tatham dynamometer, 24-84 
Taylor’s rules for belting, 24—22 
T-bolts, 9-40 
Teak, specific gravity and weight, 5-21 
Tees, aluminum, 6-14 
steel, 17-71 
Teeth, bevel gears, 14-21 
milling cutter, 21-39 
Tego adhesive, 22—26 
Telegraph wire, 6-16 to 6-19; see Wire, tele- 
graph and telephone 
Telephone wire, 6-16 to 6-19; see Wire, tele- 
graph and telephone 
Tellurium, atomic weight, 1-03 
properties, 1-07 
Telpher hoists, 23-42 
Tempaloy, properties, 4-32 
Temper, aluminum alloys, 4-38 
zinc, 4-15 
Tempering, effect on stainless steel, 3-21 
furnace temperatures, 18-03 
steel, 2-16 
castings, 20—27 
tool steel, 21-27 
Temperature, temperatures 
ambient, electric motors, 25-10 
annealing, malleable castings, 20-41 
Monel metal, 4—52 
nickel, 4-50 
control, 15-13 
industrial furnaces, 18-18 
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Temperature, temperatures, (cont.) 
conversion tables, 28-50, 28-51 
critical, metallography, 4-04 
cupola, 20-11 
drawing, alloys, 4—07 
effect on coefficient of friction, 8-29 
effect on metals, 4-05" 
elevated, alloys for, 4-24 
eutectic, metallography, 4-04 
for shrinkage fits, 12-30 
forging, 19-07 

Monel metal, 4—52 
nickel, 4—50 
glue, polishing, 21-90 
hardening, of steel, 2-14 
iron in cupola, 20-11 
melting, non-ferrous alloys, 20-50 
pouring, bearing metals, 4-63 
Monel metal, 4—52 
nickel, 4—50 
non-ferrous alloys, 20-51 
steel castings, 20-26 
quench, alloys, 4-07 
range, industrial furnaces, 18-03 
recrystallization, 4-04, 21-54 
rise, electric motors, 25-11, 25-21, 25-25, 
25-33, 25-40, 25-47 
stress, 7-10 
wood drying, 22-19 
working, magnesium alloys, 4-58 
resistance alloys, 4-55 

Tenements, live load requirements, 17-12 

Tenoner, double-end, 22-46 

Tenonning saws, 22-35 

Tensile strength, determination of, 7-56 

metals and alloys; see material in question 
plywood, 5-25 
relation to endurance limit, 7-12 
stress, def., 7-03 
due to shear, 7-08 

Tension, allowable, silent chain, 24-45 
and shear, combined, 7—09 
axial, def., 7-04 

endurance ratios under, 7-13 
belt, 24-14, 24-37 
centrifugal, 24-14 
measurement, 24—20 
def., 7-03 
in cord, 8-20 
initial, bolts, 9-43 
rope drives, 24—50 
-haulage systems, 23-14 
stresses, structural steel, 17-15 
test, determination of elongation, 7-57 
of reduction of area, 7—57 
of tensile strength, 7-56 
specimens, 7—54 
values, steel angles, 17-68 
working, belts, 24-16 

Teon belts, 24-37 

Terbium, atomic weight, 1-03 

Terne plate, 17-82, 17-84 
roofs, 17-81 
sheets, 17-82 

specifications, 17-83 

Terra-cotta, specific gravity and weight, 1-14 
tile, 17-85 

Terrazo floors, 17-36 

Test, tests 
bars, cast iron, 20—07 
bend, for ductility, 7-60 

specimens, 7—54 
steel, 2-28 
wrought iron, 2-05 
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Test, tests, (cont.) ‘ Test, tests, (cont.) 
bolts, 7-59 wire-rope, 7—59 
brake beams, 7-59 wood, 7-59 
bridge, 7-59 moisture content, 22-19 


car couplers, 7-59 
cast-iron beams, 7-27 
chain, 6-30, 7-59 
columns, 7—59 
compression, cast iron, 20-04 
specimens, 7—55 
corrosion, 3—06 
coupler yokes, 7—59 
coupons, malleable castings, 20-45 
creep limit, 7-58 
cupping, for ductility, 7-60 
destructive, of fly-wheels, 11-20 
drop, carbon steel rails, 2-37 
ductility, 7-60 
dust, 26-03 
dye adsorption, molding sand, 20-33 
electrical resistance method, 7—58 
engraver’s plates, 7-59 
etch, wrought-iron bars, 2-06 
eye bar, 7-59 
fiexure, 7-53 
fioor panel, 7-59 
galvanized coatings, 3-15 
galvanizing, 4-12 
gear teeth, 7-59 
Ikeda method, 7—58 
impact, 7-53 
bolts, 9-43 
cast iron, 20-04 
malleable castings, 20-43 
proof-, 2-30 
specimens, 7-55 
wood, 7-60 
insulators, 7-59 
loads, helical springs, 10-08, 10-10 
lugs, malleable castings, 20-45 
material, increment of load, 7-55 
interpretation, 7-56 
precautions, 7-55 
speed of testing, 7-55 
metal-cutting, 21-13 
methods, zine, 4-15 
molding sand, 20-32 
nick, wrought iron, 2-05 
pieces, 7—54 
pipe, 7-59 
Preece, 3-16 
proof, def., 7-58 
qualification, of welders, 2-60 
rise in temperature method,‘7—5S8 
rivets, 7-59 
service, corrosion of pipe, 3-08 
short time, endurance, 7—58 
special, materials, structures and machines, 
7-59 
specimens, 7—54 
inspection, 7-55 
static, bolts, 9-44 
tensile, zinc, 4-16 
steam boilers, 7-59 
step, wrought-iron bars, 2-06 
tensile, cast iron, 20—04 
tension, data obtained from, 7—56 
determination of elongation, 7—57 
of reduction of area, 7~57 
of tensile strength, 7—57 
of yield point, 7-56 
of yield strength, 7-56 
specimens, 7—54 
transverse, cast iron, 20-04, 20-06 


zine coating, 4-12 
Testing machines, 7-51 to 7-54 
flexure tests, 7—53 
impact, 7-53 
repeated stress, 7-54 
torsion, 7—53 
verification of, 7-52 
materials, 7-51 to 7-60 
metals and alloys, 4-07 
Texrope belts, 24-28 
sheaves, 24-29 
Textile machinery, belt service factors, 24-18, 
24-30 
castings, analyses, 20-09 
fly-wheels, 11-15 
Thallium, atomic weight, 1-03 
compressibility, 1-16 
Theiss formula, fly-wheel weight, 11-18 
Theorem of three moments, 7-32 
Theory, maximum strain, 7-47 
maximum stress, 7—47 
Thermal conductivity, carbon, 5-32 
earbon brick, 5-35 
cork, 5-25 
metals and alloys, 1-06; see also metal or 
alloy in question 
refractories, 5—08 
rubber, 5-27 
silicon carbide, 5-13 
expansion, brick and stone, 7-10 
carbon, 5-32 
earbon brick, 5-35 
metals and alloys, 1-06; see also metal or 
alloy in question 
refractories, 5-08 
rubber, 5—27 
silica brick, 5-06 
properties, cast iron, 20-05 
resistivity, firebrick, 5—09 
refractories, 5—09 
spalling, firebrick, 5-10 
Thermit welding, 2—50 
welding, carbon steel, 2-59 
Thermometer scales, 28—50 
Thermostats, industrial furnace, 18-18 
Thimbles, wire rope, 6—44, 23-10 
Thorium, atomic weight, 1-03 
Thread, threads 
(cordage), def., 6-27 
gages, 21-112 
grinding, 21-72 
milling machines, 21-46 
rolling, 21-58 
screw, 9-03 to 9-24; see Screw threads 
measurement, 21-109 
Threading, alloys for, 4-25 
Threadlocks, 9-19 
3-bearing sets, vibration, 16-10 
Three-halves powers, numbers, table, 28-25 
Three-phase circuit, def., 25-06 
Throttling range, 15-04 
Thrust bearings, 13-33 to 13-43; see Bearings, 
thrust 
electric motors, 25-10 
end, spiral bevel gears, 14—24 
in trusses, 17-03 
screw conveyors, 23-67 
twist drills, 21-50 
washers; see Washers 
Thrustor, 24-81 
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Thulium, atomic weight, 1-03 
Tie-plates, 17-17 
corrosion, 3-07 
Ties, railroad, preservative required, 5-22 
Tiering-machines, 23-74 
electric, 23-76 
gasoline, 23-79, 23-80 
Tile, tiles 
backer, 17-23 
fireproofing, 17-24 
floors, 17-36 
furring, 17-23, 17-24 
grinding, 21-75 
gypsum, 17-24 
hollow, arches, 17-25 
load bearing, 17-23 
mortar, 17-24 
partition, 17-12, 17-23, 17-24 
roof, 17-12, 17-41, 17-81 
sound transmission, 16-23 
specific gravity and weight, 1-12, 17-85 
terra cotta, 17—23 
Timber, allowable unit stresses, 7-28, 7-29 
factor of safety, 7-11 
hitch, 6-29, 6-30 
preservation, 5-22 
properties and standard sizes, 5-23 
structural, 22-05 
preservation treatments, 22-31 
working stresses, 17-35 
Time lag, control mechanism, 15-05 
measure, 28-53 
Tin, atomic weight, 1-03 
castings, shrinkage allowance, 20-10 
chloride, 1-04 
coefficient of friction, 8-24 
compressibility, 1-16 
corrosion protection, 3-12 
hardness, 1-07, 1-15 
heat content, 18—04 
molten, heat loss from, 18-27 
ore, weight, 5-37 
plastic properties, 21—56 
plate, 17-81, 17-83 
bending and seaming, 17-83 
coating, 17-83 
gage, 17-82 
sheets required for roofing, 17-83 
specifications, 17-82 
squaring, 17-83 
properties, 1-07, 1-09 
Tinners’ rivets, 6-50 
Tires, friction of, 8-27 
non-skid, 8-27 
steel, specifications, 2-24 
Titanium, atomic weight, 1—03 
-bearing steel, 3-22 
carbide, 4-60 
properties, 1-07 
T-nuts, 9-40 
Tobin-bronze, machinability, 21-19 
properties, 4-28 
Toggle-joint, 8-06 
Tolerance, aluminum castings, 4-35 
ball bearings, 13-75 to 13-77 
bolt heads, 9-24 
castle nuts, 9-29 
die-castings, 4-37 
fits, 12-23 
forging, 19-13 
grinding, 21-75 
holes in gears, 14-36 
nut, 9-24, 9-27, 9-29 
permanent mold castings, 4-35 
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Tolerance, (cont.) 
roller-chain, 24—42 
sprockets, 24-43 
screws and nuts, 9-07 
threads, def., 9-05 
set-screws, 9-35, 9-36 
taps, 9-23 
tapers, 12-19 
Toluene, absorption by rubber, 5--31 
Toncan iron pipe, corrosion, 3-08 
Tool, tools 
angles, 21-08 
bit, 21-08 
cemented-carbide, angles, 21-12 


cat 


effect of cutting speed on tool life, 21-12 


grinding, 21-24 
performance, 21-26 
chatter, 21-23 
chip breakers, 21-23 
proportions, 21-09, 21-24 
contour, 21-09 


cutting speeds, 21-03, 21-09, 21-14 to 21-19 


diamond, 21-26 
economic life, 21-11 
effect of length of tool, 21-23 
facing, 21-10 
feeds, 21-11 to 21-19 
finishing, 21-10 
for aluminum, 4—44 
for magnesium alloys, 4-58 
for Monel metal, 4—53, 21-13 
forged, 21-07, 21-09 
forging, 19-19 
grinders, 21-86 
grinding, 21-24 

wheel speeds, 21-69 
ground, 21—07 
hardening furnaces, 18-14 
heat treatment, 21-26 


high-speed, cutting speeds, 21-20, 21-21 
effect of cutting speed on life, 21-12 


grinding, 21-24 
time required for heating, 18-06 
lathe, 21-07 to 21-27 
for aluminum, 4—43 
grinding, 21-73 
nomenclature, 21-07 
life, effect of cutting speed, 21-12 
materials, 21-25 
mortising, 22-39 
non-ferrous, 21-25 
overhang, 21-23 
parting, 21-09 
cutting speeds, 21-20, 21-21 
horsepower, 21—20, 21-21 
planer, 21-30 
dovetailing, 21-32 
for aluminum, 4-43 
grinding, 21-73 
standard shapes, 21-31 
pressure, 21-13 
planers, 21-28 
rake angles, 21-10 
round-nose, 21—10 
cutting speeds, 21-20, 21-21 
horsepower, 21-20, 21-21 
setting of, 21-24 
shank, 21—08 
shaper, for aluminum, 4-43 


side-cutting, cutting speeds, 21-20, 21-21 


horsepower, 21—20, 21-21 

single-point, 21-07 to 21-27 
cutting speeds, 21-20, 21-21 
for aluminum, 4-43 
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Tool, tools, (cont.) 
single-point, (cont.) 
for ingot iron, 2-09 
nomenclature, 21-07 
size, 21—09 
speeds, 21-03, 21-14 to 21-19 
steel, annealing, 2-15 
hardness, 1-14 
Stellite, effect of cutting speed on life, 21-12 
grinding, 21-24 
performance, 21-25 
tipped, 21—07 
wood boring, 22-37 
woodworking, small, 22-34 to 22-39 
Tooth angle, bevel gears, 14-22 
depth, helical gears, 14-19 
forms, spiral gears, 14-27 
thickness, bevel gears, 14-22 
helical gears, 14-19 
Topaz, hardness, 1-15 
Torque capacity, spline fittings, 12-10 
efficiency, 25-16 
electric motors, 25-09, 25-14, 25-22, 25-26, 
25-34, 25-41 
power springs, 10-16 
running, 25-09 
spiral bevel gears, 14-24 
springs, 10-16 
torsion springs, 10-14 
twist-drills, 21-50 
effect of cutting fluid, 21-51 
Torsiograph, 16—05 
Torsion failure, 7—43 
formula, shafts, 7-41 
in I-beam, 7—43 
non-circular cross-sections, 7-41 
reversed, endurance ratios under, 7-13 
relation to endurance limit, 7-12 
shafts, 11—04 
springs, 10-03 to 10-22; see Springs, torsion 
testing machines, 7—53 
ultimate strength in, 7-43 
Toughness, alloys for, 4-19 
def., 7-06 
various materials, 7-08 
Tourmaline, hardness, 1-15 
Tower, Beauchamp, friction experiments, 8-29 
lubrication experiments, 13-45 
derricks, 23-25 
hoisting, 23-35 
Towing and running ropes, 6—42, 6-43 
Toxicity, dust, 26-04 
mercuric chloride, 22—29 
wood preservatives, 22-29 
zine, 4-11 
Toy castings, analyses, 20—09 
Track girders, 23-49 
hoist, 23-39 
hoppers, 23-49 
monorail, 23-44 
railroad, clearance, 27—09 
coefficient of rolling friction, 8-27 
strand, aerial tramways, 6-42, 6-43 
Traction dynamometers, 24-82 - 
Tractor, electric, 23-76, 23-77 
logging, 22—03 
trucks, gasoline, 23-79 
Trailers, 23-78 
Trains, subway, noise level, 16-19 
Tramrail hoists, 23-43 
Tramway, aerial, wire rope, 6-42, 6-43 
cable, 6-42, 6-43 
wire-rope, 23-14 
Transfers, saw mill, 22-09, 22-14 
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Transformations, allotropic, 4-04 
Transformer iron, silicon, 2-20 
Transmission, transmissions 
-case, milling, 21-43 
dynamometer, 24-84 
fluid, 24-79 
gearing, steel for, 2-41 
Graham variable speed, 24-78 
mechanical power, 24-03 to 24-84; see Power 
transmission 
Reeves variable speed, 24-75 
rope, 6-37 to 6-39 
flattened strand, 6-39 
Manila, 24—50 
shafts, steel for, 2-41 
sound, 16—21 
wire-rope, 24-53 
Transport system, Kennedy, 23-69 
Trap, cinder, 26—06 
rock, 1-12 
Trapezium, center of gravity, 8-16 
Trapezoid, center of gravity, 8-16 
elements of, 7-21 
Treads, stair, 17-14 
Treatment, heat; see Heat treatment 
of metals, 4-05 
surface of metals, 4-07 
wood preservation, 22-29 to 22-32 
Trench hoe, 23-19 
Triangle, center of gravity, 8-16 
elements of, 7-20 
radius of oscillation, 8-22 
Trigonometric functions, logarithmic, 28-49 
natural table, 28-46 
Trim, steel for, 2-41 
Trimming presses, 21—59 
saws, 22-13, 22-14 
power requirements, 22-14 
Trip, plunger feed, milling, 21-43 
Tripoli, buffing composition, 21-94 
Trolley, trolleys 
conveyor, 23-72 
hoists, electric, 23-41 
hand, 23-38 
I-beam, bearings, 13-92 
man, 23-33 
push type, 23-42 
wire, copper and bronze, properties, 6-22 
Troostite, 2-13 
Troughs, screw conveyor, 23-67 
Troy weight, 28-52 
Truck, trucks 
electric, 23-76 
cost of handling by, 23-79 
hydraulic lift, 23-76 
Jacklift, 23-76 
kiln, 22-21 
lift, 23-74, 23-76 
electric, 23-76 
fork type, 23-77 
motor, noise level, 16-19 
savings by, 23-80 
tractor-, gasoline, 23-79, 23-80 
trailer, bearings, 18-82, 138-92 
Trunnions, bronze for, 4—66 
Truss, trusses 
bow string, 17-43 
Burr, 17-04 
calculationby method of moments, 17-05, 17--07 
distribution of stress, 17-04 
Fink, 17-44 
graphical analyses, 17-08 
Howe, 17-06, 17-44 
king-post, 17-03, 17-44 
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Truss, trusses, (cont.) 
Lamella, 17-43 
Pratt, 17-04, 17-44 
queen-post, 17—03 
roof, 17-07, 17-48, 17-44 
spacing, 17—44 
steel roof, 17-44 
tension in, 17-03 
thrust in, 17—03 
two diagonals and tie-rod, 17-03 
Warren, 17-44 
girder, 17-06 
Whipple, 17—04 
wood roof, 17-43 
Trussed beam, graphical analysis, 17-09 
T-slots, 9-40 
Tube, tubes; see also Tubing 
alloys for, 4-25 
Bourdon, alloys for, 4-25 
brass, properties, 4-28 
collapsing pressures, 7-45, 7-46 
condenser, alloys for, 4—25 
copper, collapsing pressure, 7-46 
forging equipment, 19-05 
grinding, 21-73 
lap-welded, collapsing pressure, 7-45 
magnesium alloy, 4-56 
radius of gyration, 8-18 
sawing, speeds, 21—102 
seamless, alloys for, 4-25 
viscous flow through, 13-44 
weight in various materials, 6—03 
white metal, alloy for, 4-25 
Tubing, aluminum, 4-47 
copper, collapsing pressure, 7—46 
cupro-nickel, 4-53 
steel for, 2-39, 2-41 
Tumbling-barrel, dust-collection, 26-09 
Tungsten, 4-58 to 4-60 
atomic weight, 1—03 
-carbide, grinding, 21—70, 21-73 
tools, 21-26 
cemented-carbides, 4-59 
corrosion, 4—59 
filament, intrinsic brilliancy, 5-34 
lamps, 26-14 
erinding, 21-70, 21-74 
ore, weight, 5-37 
properties, 1-07, 1-09, 4-59 
-steels, specifications, 2-43 
tensile strength, 1-07, 4-59 
uses, 4-59 
Tuning, 16-09 
forks, 16-19 
Tupelo, time required to dry, 22-18 
Turbine blades, alloys for, 4-25 
-wheel vibration, 16—11 
Turnbuckles, dimensions, 9-42 
wire-rope, 6—45 
Turning, cutting fluid, 21-22 
Turpentine, absorption by rubber, 5-31 
oil, specific gravity, 1-12 
Tuyere, cupola, 20-10 
area, 20-12 
ratios, cupolas, 20-11 
Twaddell hydrometer scale, 1-10 
20-deg. stub tooth gears, 14-09 
Twin-engine feed, 22-11 
Twine holder, agricultural, steel for, 2-41 
Twist, angle of, shafts, 7-41, 7-42 
drills, 21-48 
drill and steel wire gage, 6-26 
gage, 21-48 
taper, 12-20 
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Twist, (cont.) 

wood drills, 22-38 
Twisted bars, specifications, 2-22 
Twisting moment, 7—40 
Two-phase circuit, def., 25-06 
Type-metal, molten, heat loss from, 18-27 
Typewriter castings, analyses, 20-09 


U 


Ultimate strength, def., 7-05 , 
_in torsion, 7-43 
Unbalance, measurement of, 16-08 
Under-voltage protection and release, 25-06, 
25-52 
Unfired pressure vessels, welding code, 2-55 


‘Unit, units 


bending stresses in timber, 7-28 

deformation, def., 7-04 

metric, 28-53 

sound level, 16-19 

stress, 7—03 

allowable, buildings, 17-15 
allowable, def., 7-10 

system, pulverized coal, 23-48 
Universal joint, 24-60 
Unloader, boat, 23-35 

car, belt conveyors, 23-65 

coal, 23-34 

grain, 23-68 

Hulett, 23-35 

pneumatic, 26-10, 23-68 
Unloading, coal cars, time required, 23-49 
Upset ends, bars, 9-41, 9-42 
Upsetting, cold, steel for, 2-41 

metals, 21-61 
Upton-Lewis testing machine, 7—54 
Uranium, atomic weight, 1-03 
U.S. sheet metal gage, 6-24, 6-25 
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Vacuum-pressure wood preservation process, 
22-30 
Vacuum pumps, motors for, 25-50 
Valve, valves 
alloys for, 4-19 
cast ’steel specifications, 20-28 
castings, analyses, 20—09 
facings, alloys for, 4-19 
grinding, 21-74 
motors, 25—50 
pressure reducing, 15-08 
radiator, alloy for, 4-19 
seats, airplane engines, alloys for, 4-25 
steel for, 2-41 
stems, alloy for, 4-19 
tappets, forging equipment, 19-05 
grinding, 21-74 
Vanadium, atomic weight, 1—03 
oxide, 1-04 : 
properties, 1—07 
steel, 2-20 
Van Winkle dynamometer, 24-84 
Variable-speed drives, 24-69 to 24-81 
Graham, 24-78 
P.1.V. gear, 24-72 
Reeves, 24-75 
vari-speed pulley, 24-78 
Varnish, 22—28 
corrosion-resistant, 3-12 
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V-belt drives, 24-28 
horsepower, 24-31 
sheaves, 24-29 
V-bucket carrier, 23-53, 23-54 
Vegetable glue, 22-25 
Vehicles, 23-74 to 23-80 
suspension, 16-17 
Velocity, angular, def., 8-19 
critical, air, 26-10 
curves, 8-19 
def., 8-18 
flotation, air, 26-10 
metric equivalents, 28-55 
reciprocating parts, graphical determination, 
11-14 
sound, 16-18 
_in solids, 16-19 
Veneer, 22-07 
backs, 22-24 
book-matched, 22—24 
cores, 22—24 
departmental arrangement, 22-25 
cross-band, 22-24 
cutting mechanism, 22-16 
delivery speeds, 22-15 
departmental arrangement, 22-17 
dimensions, 22—08 
dimensioned, 22-24 
dryers, 22-17 
face, 22—07, 22-23 
flitches, 22-07, 22-14 
half-round, 22-16 
jointers, 22-43 
lathes, 22-14, 22-15 
longwood, 22-23 
loose, 22—07 
manufacture, crew required, 22-17, 22-24 
departmental arrangement, 22-24 
moisture content, 22-17, 22-20 
rotary, width, 22-17 
sawn, 22-09 
sliced, 22—07 
slicer, 22-16 
standard thickness, 22—09 
stay-log, 22-16 
stone, 17—21 
tight, 22-07 
yield of, 22-04 
Vent lines, corrosion of, 3-07 
Ventilation, buffs, 21-93 
electric heating ovens, 18-22 
Vernier, 21-107 
caliper, 21-107 
Versed sines, table, 28-46 
Vertical shear, beams, under various loads, 7-22 
to 7-24 
V-guides, friction, 8-32 
Vibration, vibrations, 16—C3 to 16-18 
airplane, 16-16 
propellers, 16—08 
apparatus isolation, 16-16 
automobile engine suspension, 16-16 
balancing machines, 16—07 
bars, 16—04 ; 
bearing elasticity, 16-10 
building, 16-13 
control, thrust bearings, 13-38 
critical frequency, 16-11 
speeds, 16-09, 16-12 
calculation, 16-09 
damping, 16-06, 16-17, 16-18 
Diesel engine shafts, 16-11 
dises, 16-04, 16-12 
elastic suspensions, 16-06, 16-14 
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Vibration, vibrations, (cont.) 


electro-magnetic measurement, 16-06 
elliptical shafts, 16-10 
floor suspensions, 16-16 
fly-wheel shafts, 16-11 
forced, 16-08, 16-14 
foundation, 16-13 
free, 16-03 
frequency calculation, 16-03 
gear wheel, 16-12 
graphical record, 16-05 
gravity, deflection formula, 16-03 
ground, 16-13 
helical springs, 16-13" 
impact, of gears, 16-13 
influence on friction, 8-26 
isolation, 16-14, 16-16 
journal bearings, 16-09 
linear, 16-03 
measurement, 16—04 
of unbalance, 16-08 
mechanical balance, 16—06 
motor, 16—07 
suspensions, 16-16 
pendulum, 8-22 
prevention, 16—06 
reduction, 16-14 
removal of exciting cause, 16-06 
resonance, 16—03 
rotors, 16—09 
self-induced, 16—09 
shafts, concentrated load, 16-10 
varying cross-sections, 16-10 
ships, 16-14 
springs, 10-20, 16-03 
structures, 16-13 
suspension frequency calculation, 16-15 
3-bearing sets, 16-10 
torsional, 16—03 
loaded shafts, 16-11 
oscillations, 16-18 
tuning, 16—06, 16—09 
turbine wheels, 16-12 
vehicle suspension, 16-17 
wave trains, 16-12 
Vibrograph, 16-05 
Vickers hardness, 1-13 
conversion table, 1-14 


Viscosity, absolute, 13-58 


coefficient, 13-44 

Engler, 13—57 

-friction relations, lubrication, 13-44 

index, 13-53 

lubricants, 13—53 

Redwood, 13—57 

Saybolt, 138-57 
Viscous flow between plates, 13-44 
Visibility, foot-candles required, 26-17, 26-19 

meter, 26-18 
Visual acuity, 26-15 
Volatilization point, carbon, 5-32 
Volt-amperes, def., 25-03 
Voltage control, 15-13 

electric motors, 25—07 

ratings, A.C. motors, 25-11 

regulation, 25-07 

standard, electric motors, 25-11 

surges, 25-08 

variation, electric motors, 

25-42, 25-47 

Volume, measures of, 28—52 

metric equivalents, 28-55 
Volute springs, 10-14 
Vortex dust collector, 26-06 


25-22, 25-84; 
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Wall, walls 
air spaces, 16-22 
bearing, 17-20 
building construction, 17-21 
footings, 17-11 
furnace, firebrick required, 5-12 
knot, 6-29 
low sound transmissibility, 16-22 
sound transmission, 16-21 
transmission loss, 16-22 
spring connectors, 16-22 
Walnut, characteristics and uses, 5-22 
specific gravity and weight, 5-21 
time required to dry, 22-18 
Warehouses, building construction, 17-14 
live load requirements, 17-12 
Warren girder, 17-06 
truss, 17—44 
Washburn & Moen gage, 6-24, 6-25 
Washers, dust, 26-05 
lock, 9-19 
$.A.E. standard, 9-20 
shakeproof, 9-20 
steel for, 2-39 
malleable iron, 6-50 
5.A.E., 6-50 
spring, 9-19 
steel, 6-50 
steel for, 2-41 
thrust, bronze for, 4-66 
wrought, 6-50 
Watch parts, alloys for, 4-25 
-springs, alloy for, 2-18 
Watchcase metal, alloy for, 4-54 
Water, alloys resistant to, 4-19 
-brake dynamometers, 24-83 
compressibility, 1-15 
corrosion, 3-07 
drinking, zine content, 4-11 
fixation of oxygen in, 3-17 
-gas, carbureter, refractories, 5-17 
fuel, industrial furnaces, 18—07 
generators, refractories, 5-18 
glass, 1-04 
lubricant, 13-53 
mechanical deaeration, 3-17 
specific gravity and weight, 1-12 
stain, 22-28 
-tightness, alloy for, 4-19 
Waterproofing, 17-44, 17-45 
Wave, waves 
length, light, 21-111 
sound, 16-18 
trains, vibration, 16-12 
traveling, in springs, 10-20 
Wax, 22-28 
hardness, 1-15 
lubricant, 13-53 
Waxing, wood, 22-27 
Wear, bevel gears, 14-25 
grinding wheel, 21-76 
-resistance, alloys for, 4-19, 4-25 
cast iron, 20—03 
manganese-steel, 2-20 
spur gears, 14-16 ‘ 
Wearing-plate castings, analyses, 20-09 
Weaver’s knot, 6—29, 6-30 


Weaving machinery castings, analyses, 20-09 


Web, beams, permissible stress in, 17-15 
girders, permissible stress in, 17-15 
shear, beams, 7—25 
shearing value, beams, 17—47 
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Webb dynamometer, 24-84 
Wedge, 8-06 
Weigh-larry, 23-47 
Weighing on belt conveyors, 23-65 
Weight, weights 
and measures, common, 28-52 
atomic, 1-03 
measures of, 28-52 
metric equivalents, 28-54 
solids, 1-12 
various substances; see substance in question 
Weightometer, 23-65 
Weiss universal joint, 24-61 
Welds; see also Welding 
fusion, effect of contamination, 2-52 
gamma ray inspection, 2-53 
inspection methods, 2—52 
physical properties, 2—52 
S.A.E. steels, 2-59 
soundness of, 2-52 
stress removal, 2-53 
stresses in, 2-53 
structural steel, strength, 2-59 
x-ray examination, 2-52 
grinding, 21-74 
types, 2-48 
Welded construction, advantages, 2-53 
joints, efficiency, 2-57 
forms, 2—53 
tubing, steel for, 2—41 
Welders, qualifications of, 2-60 
Welding, aluminum, 4—44 
arc, 2-50, 2-51 
electrodes, 2-51 
atomic hydrogen, 2—52 
building construction, 17-19 
butt, 2-49 
carbon arc, 2-51, 5-36 
cast iron, 2-60 
electrodes, 5-36 
codes, 2—55 to 2-58 
copper, 4-10 
corrosion-resistant, steel for, 2-41, 2-59 
current density, 5-36 
design, 2-53 
stresses, 2-55 
electric, 2-48 
electrodes, 2-49 
equipment, 2—51 
flash, 2-49 
forge, 2-48 
furnace, refractories for, 5-20 
temperature, 18-03 
fusion, alloy steel, 2-59 
carbon steels, 2-58 
cast iron, 2-60 
castings, 2—58 
chromium steels, 2-59 
conditions for sound welds, 2—52 
heat-resistant steel, 2-59 
manganese-austenitic-steel, 2-59 
power boiler code, 2-57 
specifications, 2—55 to 2-58 
stainless steel, 2-59 


steel, 2-58 
stress relief, unfired pressure vessels, 
2-55 


structural steel, 2-59 

unfired pressure vessels, 2-55 
gas-, 2—50 

cast iron, 2-60 
ingot iron, 2—09 
iron and steel, 2-48 to 2-60 
magnesium alloys, 4-58 
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Welding (cont.) 
metal arc, 2-51 
cast iron, 2-60 
Monel metal, 4-53 
oxy-acetylene, 2-50 
percussive, 2—50 
pressure-piping, 2—57 
processes, 2—48, 2-49 
resistance-, 2-48 to 2-50 
rod, alloys for, 4-25 
analyses, 20—09 
seam, 2—50 
shot, 2-50 
specifications, 2-55 to 2-58 
spot, 2-50 
stainless steel, 3-22 
surfacing by, 2-60 
symbols, 2-54 
Thermit, 2—50 
carbon steels, 2-59 
zinc, 4-17 
Wells process, corrosion resistance, 3-13 
Westinghouse flexible coupling, 24-58 
Weston brake, 15-18 
Whale oil, specific gravity, 1-12 
Wharf cranes, 23-35 
Wheat, weight, 5-37 
Wheel, wheels 
abrasive, 21-66 to 21-81; 
wheels 
and axle, 8-05 
buffing, 21—92; see Bufis 
castings, analyses, 20-08, 20-09 
diamond, 21-68 
grinding, 21-66 to 21-81; see Abrasive wheels 
polishing, 21-88 to 21-91; see Polishing wheels 
rubber center, 16—20 
Whipple truss, 17—04 
Whirling of shafts, 16-09 
White alloys, properties, 4-22 
iron castings, analyses, 20-09 
lead, 1-04, 3-12 
metal, buffing, 21—94 
polishing, 21—91 
Whitworth quick-return motion, 8-08 
screw threads, 9-18 
Wiedemann-Franz law, 4-07 
Willow, specific gravity and weight, 5-21 
time required to dry, 22-18 
Winch head, 23-07 
hoist, 23-87, 23-40 
power, 23-45 
Wind box, cupola, 20-12 
loads, 17-39 
pressure on roofs, 17-88 
Windage, pulley, 24-10 
Windings, amortisseur, 25-40 
Windlass, 8-05 
Window, windows 
flashing, 17-43 
glass, 17-85 
sound absorption, 16—23 
weight, 17-12 
Wiper, bearing, 13-09 
Wire, wires 
alloys for, 4-25 
aluminum, 4—47, 6-23 
brass, properties, 4-26 
bronze, properties, 6-19, 6-22 
trolley, 6—22 
ealsun bronze, properties, 6-20 
cast-steel, 6-16 
coils, 6-18 
cold-drawn, properties, 10-04 


see Abrasive 
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Wire, wires, (cont.) 
copper, bare and insulated, 6-19 
feed, weight, 6-21 
hard-drawn, properties, 6-20, 6-22 
stranded, properties, 6-21 
trolley, properties, 6-22 
drawing, 21—59 
electric, Edison gage, 6-25 
Everdur, properties, 6-20 
Fourdrinier, alloys for, 4-25 
properties, 4-28 
gages, 6-23 to 6-26 
galvanized, galvanizing test, 6-18 
telegraph and telephone, 6-16 
hard drawn, steel for, 2-39 
jeweler’s, alloy for, 4-54 
molybdenum, 4—60 
non-ferrous, 6-19 to 6-23 
phosphor-bronze spring, fiber stress, 10—12 
piano, strength, 6-17 
pin, alloys for, 4-25 
plow steel, 6-16 
-rope, 6-34 to 6-47 
airplane strand and cord, 6-37 
attaching, 23-10 
bending stresses, 23-06 
blocks, 23-05 
breaking strength, 6-34 
clamps, 6—45 
clips, 6—45, 23-10 
deterioration, 23-09 
discarding, 23-09 
drums, 6—34, 23-07 
diameter ratios, 23-08 
elevator, 6—41 
exposure to heat, 6-36 
extra flexible hoisting, 6-38, 6-39 
failure, 23-09 
fastening to drum, 23-10 
fittings, 6-44 to 6-46 
flat, 6-42 
flattened strand, 6-39, 6—40 
friction, 23-08 
galvanized, 6-36, 6-37 
steel strand, 6-37 
steel bridge strand, 6-36 
guy, dimensions and strength, 6-36 
handling, 6-35 
haulage, 6-37 to 6-39, 23-13 
flattened strand, 6-39 
resistance of cars, 23-14 
rope tensions, 23-14 
hoisting, 23-04, 23-05 
internal wear, 23-07 
lay, 6-34 
locked coil cable, 6-42, 6-43 
wire cable, 6-42, 6-43 
lubrication, 6-35 
marlin-clad, 6-41 
non-spinning hoisting, 6-40 
plow steel bridge cable, 6-36 
power transmission, 24—53 
protection, 6-35 
retarder, 23-60 
reverse bending, 6-35, 23-07 
shackles, 6-44 
sheaves, 6-34, 23-07 
diameter ratios, 23-08 
grooves, clearance, 6-35 
slings, 23-12 
sockets, 6—45, 6-46, 23-10 
special flexible, 6-38, 6-39 
splices, 6—44, 6-46 
steel-clad hoisting, 6-41 
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Wire, wires, (cont.) 
rope, (cont.) 
swivels, 238-12 
tests, 7-59 
thimbles, 6-44, 23-10 
towing and running, 6—42, 6-43 
tramways, 6-42, 6-43, 23-14 
transmission, 6-37 to 6-39 
flattened strand, 6-39 
turnbuckles, 6-45 
unsafe, 23—09 
silicon-bronze, 6-19 
splices, 6-18 
spring brass, fiber stress, 10-12 
spring, properties, 10-64 
square spring, 10-12 
steel, 2-41, 6-17 
steel, copper, etc., 6-16 to 6-26 
telegraph and telephone, 6-16 to 6-19 
telegraph, joints in, 6-17 
trolley, properties, 6-22 
tungsten drawn, 4-59 
window screen, alloy for, 4-25 
Wiring, crane, 23-30 
Wobble saws, 22-39 
Wolman salts, wood preservative, 22-30 
Wood, woods, 5-20 to 5-25 
absorption capacity, 22-31 
beams, safe loads, 17-34 
bearings, 13-49 
bending, 22-32 to 22-34 
cold, 22-33 
dry, 22-32 
hot, 22-33 
plywood, 22-32, 22-33 
solid, 22-32 
wet, 22-32 . 
-block floors, 17-37 
case-hardened, 22-21 
characteristics of various, 5-21 
classes of, 22-05 
coefiicient of friction, 8-25 
of rolling friction, 8-27 
columns, 7—37 
building, 17-21 
commercial weights and measures, 5-21 
composition, 5-20 
cooking, 22-14 
cutting theory, 22-34 
drilling speeds, 21-47 
drying technique, 22-18 
equlibrium moisture content, 22-17 
filling, 22-27 
finishing, departmental arrangement, 22-28 
fire-retardant treatment, 22-30 
fly-wheels, 11-20 
friction of, 15-20 
heating value, 5-20 
impact tests, 7-60 
joints, fastenings for, 9-54 
methods of failure, 9-54 
jointers, 22—43 
-joist floors, 17-35 
lacquering, 22-27 
moisture content tests, 22-19 
planers, 22-40 ’ 
preservation, 22-29 to 22-32 
equipment and procedure, 22-30 
non-pressure processes, 22-31 
pre-conditioning process, 22-30 
pressure processes, 22-30 
treatments, specifications, 22-31 
properties of, 5-20 
pulleys, 24-09, 24-11 


Wood, woods, (cont.) 
resistance of drift bolts in, 9-46 
resistance of railroad spikes in, 9-46 
roof trusses, 17-43 
rubbing, 22-29 
screws; see Screws, wood 
sound absorption, 16—23 
specific gravity and weight, 5-21 
stain, 22-28 
staining, 22-27 
steaming, 22-14 
tests of, 7-59 
time required to dry, 22-18, 22-19 
uses, 5-21 
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various, allowable unit stresses, 7-28, 7-29 


waxing, 22-27 


, Wood's metal, hardness, 1-15 


W oodrufi keys, 12-05, 12-07 
Woodworking, 22-03 to 22-48 
bibliography, 22-48 
bits, 22-37 
dry kiln, 22-17 to 22-21 
finishing, 22-27 
legs and logging, 22-03 
lumber, 22—05 
machinery, 22-39 to 22-48 
bearings, 138-35, 18-92 
belt service factors, 24-18, 24-30 
boring machines, 22-45 
boring tools, 22-37 
earving machines, 22-44 
castings, analyses, 20-09 
cutter heads, 22-37 
knives, 22-37 
dust hoods, 26-08 
flooring machines, 22-44 
guards, 27-06 
hoods, 27—06 
jointers, 22—43 
knives, grinding wheels for, 21-72 
lathes, 22-45 
manufacturers, 22—48 
mortising machines, 22-46 
moulders, 22-43 
planers, 22—40 
routers, 22—44 
sanders, 22—47 
shapers, 22-44 
stickers, 22-43 
tenonning machines, 22—46 
materials, 22—03 to 22-09 
plywood and gluing, 22—21 to 22-27 
primary conversion machinery, 22-09 
processing, 22-17 to 22-34 
saw mills, 22—09 
sequence of machine operations, 22-22 
small tools, 22-34 to 22-39 
veneer, 22-07, 22-23 
Wool, ducts for conveying, 26-10 
sound absorption, 16-23 
specific gravity and weight, 1-12 
Woolen cloth, coefficient of friction, 8 25 


Work capacity, control mechanisms, 15-06 


external, 7-07 
metric equivalents, 28-56 
of accelerated rotation, 8-21 
of acceleration, 8-21 
places, foot-candles, 26-16, 26-17 
required for rupture, 7—07 
surface, def., 21-09 
Working stresses, masonry, 17-19 


Workmanship, building construction, specifica- 


tions, 17-18 
Worms, hobbed, 14-32 
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Worm-gear, 8-09; see Gears, worm 
drives, 14-25, 14-28 
loading, 14-33 
speed reducers, 24-72 
Worm-gearing, friction of, 8-31 
Worm-wheels, alloys for, 4-19 
W R?, electric motors, 25-09, 25-10 
Wrench clearance, bolt spacing for, 9-30 
heads, grinding, 21-75 
openings, dimensions, 9-30 
socket, 9-35 
Wrist-pins, gaging, 21-110 
Wrought-iron, 2-04 to 2-06 
bars, 2-05, 2-06 
etch and step tests, 2-06 
coefficient of friction, 8-24 
corrosion, 3-06 
cutting fluid, 21-22 
drilling lubricant, 21-48 
factor of safety, 7-11 
grades, 2-04 
grinding, 21-70, 21-74 
hardness, 1-14 
modulus of resilience, 7-08 
pipe, corrosion, 3-07 
plates, 2-04, 2-05 
properties, 2-04 
under repeated stress, 7-12 
specifications, 2—04 
thermal expansion, 7-10 
toughness, 7—08 


x 


Xenon, atomic weight, 1-03 
X-ray examination of fusion welds, 2-52 
inspection, 4-08 
tests, castings and forgings, 7-58 
Xylene, absorption by rubber, 5-31 


va 


Yard-lumber, 22-05 
Yarn, def., 6-27 
Yellow brass, properties, 4-22, 4-28 
Yield point, def., 7-04 
determination of, 7-56 
relation to endurance limit, 7-12 
strength, def., 7-05 
determination, 7—56 
Yielding, alloys and metals, 4-08 
Yoke, Scotch, 8-08 
Young’s modulus of elasticity, 7-05, 21-64 


metals and alloys; see material in question 


Ytterbium, atomic weight, 1-03 
Yttrium, atomic weight, 1-03 


Z 


Zees, aluminum, 6-14 
steel, 17-72 
Zeiss-Dywidag roof construction, 17-44 
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Zilloy roofing, 4-16 
Zinc, atomic weight, 1-03 
bending, 4-17 
boiler plate, 4-14 
castings, shrinkage allowance, 20-10 
chemical characteristics, 4-10 
chloride wood preservative, 22-29 
coatings, 3-16, 4-12 
compounds, 1—04 
compressibility, 1-16 
corrosion, 4-10 
corrugated sheets, 4-16 
cutting fluid, 21-22 
die-casting alloys, 4-13, 4-61 
drawing, 4-17 
dust, 4-13 
dynamic ductility, 4-15 
effect of carbon dioxide, 4-11 
of organic acids, 4-11 
of oxygen concentration, 4-11 
of steam, 4-11 
of various metals, 4-11, 4-12 
enameling, 4—17 
extrusion, 4-17 
fabrication, 4-16 
finishes, 4-17 
furnaces, refractories, 5-18, 5-20 
gage, 4-14 
galvanizing, 4-12, 4-13 
hardness, 1-07, 1-14 
heat content, 18—04 
hull plate, 4-14 
lubrication, 4-16 
machining, 4-17 
-meta-arsenite wood preservative, 22-30 
metallography, 4-11 
modulus of elasticity, 1-07, 4-16 
painting, 4-17 
plastic properties, 21-56 
plating, 4-17, 4-46 
properties, 1-07, 1-10, 4-10 
ribbon, 4-13 
rolled, 4-13 to 4-17 
roofing, 4-16, 17-42 
sawing, 21-102 
sheet, 4-13, 6-10 
sherardizing, 4-13 
slab, 4-12 
slush casting, 4-13 
softening temperatures, 4-06 
soldering, 4-17 
stamping, 4-17 
strength, 1-07, 4-15, 4-16 
temper, 4-15 
tensile tests, 4-16 
testing methods, 4-15 
toxicity, 4-11 
weight, 5-37 
welding, 4-17 
Zirconia, 5-38 
Zirconium, atomic weight, 1-03 
properties, 1-07 
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